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ABSTRACT 
 

 

 

TRANSCRIPT AND METABOLITE SIGNATURE OF THE LATE-FLOWERING MAIZE 
MUTANT INDETERMINATE1: IMPLICATIONS FOR THE FLORAL TRANSITION IN 

DAY-NEUTRAL SPECIES 

 

 

Viktoriya Coneva              Advisor:  
University of Guelph, 2012     Dr. Joseph Colasanti 
 
 

Temperate maize is one of few model species that relies mainly on endogenous 

indicators of the plant’s developmental stage to cue the onset of reproductive 

development.  The INDETERMINATE1 (ID1) transcription factor is a key regulator of the 

floral transition and id1 mutants are very late-flowering.  ID1 is expressed and remains 

localized in developing leaves, while florigenic signals originate in mature, 

photosynthetically active leaves.  Since very little is known about the molecular 

components of the floral transition in maize, and in autonomously flowering species at 

large, this work utilized id1 mutants to analyze the transcriptional and physiological 

alterations associated with the floral transition in maize.  Analyses of functional 

categories of transcriptional change between developing leaves of id1 non-flowering 

mutants and normal flowering maize suggest a role for ID1 in energy metabolism and 

epigenetic regulation of leaf development.  In addition, a novel family of -glucosidase 

genes were found to be expressed exclusively in immature leaves of normal flowering 

maize in a pattern similar to the ID1 gene suggesting that these genes may act in 

concert downstream of ID1.  Further, profiling of transcript and metabolite alterations in 



mature leaves, which are likely the source of floral cues, suggest that coordination of 

resource storage in the form of transitory starch is an important signal for floral 

promotion in maize.  Finally, analysis of the floral transition in Balsas teosinte, the 

progenitor of modern maize and an obligate short-day plant, suggests that ID1 may 

define a regulatory module unique to the autonomous floral regulation pathway in maize 

and related grass species.  
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1. CHAPTER 1:  INTRODUCTION  

1.1. Importance of flowering at the right time  

The life-cycle of all flowering plants consists of vegetative growth marked by the 

production of leaf biomass, and reproductive growth, when the resources accumulated 

during the vegetative phase are utilized for the formation of floral organs, fertilization and 

seed development.  The timing of this transition is critical for reproductive success.  

Plants need to coordinate vegetative growth with seasonal constraints on seed 

development such as approaching winter.  Thus, to optimize seed production, plants 

need to balance accumulation of sufficient biomass with environmental conditions 

favourable for reproductive development.  The mechanisms regulating the timing of the 

vegetative to reproductive transition are of fundamental significance to our 

understanding of plant biology and evolution through adaptability to different 

environments.  In addition, since flowering time directly affects yield in many crops, an 

understanding of these processes has important implications for agriculture.   

1.2. Regulation of flowering time 

1.2.1. Physiology of flowering time 

Flowering involves the coordination of vegetative biomass production with favourable 

environmental conditions for seed-set and development.  This is accomplished by 

complex regulatory networks, which coordinate developmental and physiological cues 

with indicators of seasonal and diel time, as well as the plant’s environment.  Ultimately, 

these signals converge to regulate the growth of the shoot apical meristem (SAM) of the 

plant.  The SAM is a highly organized structure populated with self-replenishing 

totipotent cells.  During vegetative growth it gives rise to all aerial organs of the plant 
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while maintaining a steady population of meristematic cells.  A shoot meristem continues 

to proliferate indeterminately unless it receives floral inductive signals, which cause it to 

differentiate into an inflorescence meristem  and ultimately to give rise to floral organs 

(McSteen et al., 2000).  Thus, the transition from vegetative to inflorescence identity 

defines a major phase change in the life-cycle of the plant and involves observable 

changes in meristem morphology.  The typical maize vegetative stage apex is dome-

shaped (Fig. 1.1a).  Upon floral evocation, the SAM elongates, and several higher order 

meristems develop culminating in the formation of the male inflorescence (Fig. 

1.1b)(McSteen et al., 2000).  

While floral inductive signals lead to changes in the identity of the SAM, early grafting 

experiments conducted by Russian physiologist Mikhail Chailakhyan showed that they 

likely originate in leaves and are able to move through graft junctions to induce flowering 

at the SAM (Chailakhyan, 1936).  The term “florigen” was thus coined to denote a 

universal floral stimulus that is produced in leaves under conditions favourable for 

flowering and travels long-distance through the phloem to the shoot apex to induce floral 

development (Chailakhyan, 1936).   

a b

Figure 1.1. Shoot apical Meristem (SAM) of maize before (a) and after (b) the floral transition (Photo 

by  Ryan Gail). 
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1.2.2. Photoperiodism and vernalization: lessons from the genetic model Arabidopsis 

thaliana  

The observation by Garner and Allard (1920), that the relative length of time a plant is 

exposed to light and darkness is a basic cue for the induction of flowering led to the 

definition of photoperiodism and the classification of plants as long day (LD), short day 

(SD) or day-neutral (DN) according to their requirement for a critical length of day or 

night to flower.  

The physiological conditions and molecular components of the photoperiodic response 

have been the subject of intensive investigation over the past century, and recent 

discoveries continue to add to this complex mechanism, which involves light perception, 

coordination of day-length with the circadian clock, and long-distance movement of 

substances from leaves to the shoot apex.  The regulatory components of photoperiodic 

flowering appear to operate in a remarkably conserved fashion across species.  

However, much of our understanding of the molecular and genetic underpinnings of 

these components has been gained through genetic studies in Arabidopsis thaliana 

(Arabidopsis), a small Brassicacea family model plant, for which extensive genetic 

resources are available.   In Arabidopsis the CONSTANS (CO) gene integrates inductive 

photoperiod information via the circadian clock and activates expression of the 

FLOWERING LOCUS T (FT) gene.  Regulation of CO protein stability provides a 

demonstration of the external coincidence model (reviewed in Imaizumi and Kay, 2006).   

In brief, the output from the clock, via the GIGANTEA (GI) protein, activates expression 

of CO, encoding a B-box zinc finger transcription factor expressed in leaves.  Levels of 

CO transcript oscillate in a circadian pattern peaking in late afternoon, while CO protein 

stability is light-regulated.  Thus, in long-days, the peak of CO transcription coincides 

with light conditions that promote CO protein stability.  Ultimately, CO directly activates 
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its prime target, the leaf-specific FT gene, which encodes a phosphatidylethanolamine-

binding protein (PEBP).  The 20kDa FT protein moves through the vasculature to the 

shoot apex and acts as a transcriptional co-factor along with the bZIP transcription factor 

encoded by the FLOWERING LOCUS D (FD) gene to activate expression of APETALA1 

(AP1) and promote floral meristem identity at the shoot apex (Abe et al., 2005; Wigge et 

al., 2005).   

In addition to regulation by the photoperiod pathway, the floral transition of many species 

adapted to temperate climates is accelerated by long periods of low temperature, a 

phenomenon termed vernalization.  This is an adaptive trait that prevents seeds sown in 

late summer or early fall from flowering just before a possibly harsh winter.  Analyses of 

Arabidopsis mutants that interfere with the vernalization response have defined a 

separate pathway in the flowering model (Fig. 1.2) (reviewed in Sung and Amasino, 

2005).   Instead of creating an inductive signal vernalization results in the removal of a 

block to flowering that must be overcome so that inductive signals can act upon plants 

that are suitably competent to undergo the floral transition.  The Arabidopsis 

FLOWERING LOCUS C (FLC) gene has been identified as a central floral repressor 

whose expression is reduced by prolonged exposure to cold through stable changes in 

chromatin structure (Sheldon et al., 2000).  This intricate timing mechanism is initiated 

by an antisense non-coding transcript from the FLC locus termed COOLAIR.  Upon 

prolonged exposure to cold, stable silencing of the FLC locus is accomplished by the 

activity of the conserved chromatin remodeling Polycomb Repressive Complex 2 (PRC2) 

recruited to the FLC locus by a non-coding RNA, termed COLDAIR (Cold Assisted 

Intronic Non-Coding RNA) (Heo and Sung, 2011).  FLC encodes a MADS-box 

transcription factor that represses flowering by directly interfering with FT expression in 

leaves and FD expression at the SAM (Searle et al., 2006).   Most Arabidopsis ecotypes 
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that flower early without vernalization have non-functional versions of FLC, or its positive 

regulator, FRIGIDA (FRI) (Fig. 1.3).    

 

 

 

 

Figure 1.2. Summary of the main patwhays that control flowering time in Arabidospis (from 

Corbesier and Coupland, 2006). 
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1.2.3. Endogenous flowering-time signals 

In addition to environmental cues of the right time to initiate floral development, such as 

light and temperature, many plants utilize endogenous (also referred to as autonomous) 

indicators of the plant’s age and physiological status in order to gauge readiness to 

flower.  These signals are inherently more difficult to study since they are 

developmentally controlled or physiologically determined, but also due to the fact that in 

photoperiod-sensitive species endogenous cues act in concert with environmental 

stimuli making it challenging to tease apart signals specific to the autonomous pathway.  

Autonomous pathway mutants result in alterations in flowering time that are independent 

of the supplied photoperiod, and are often reflected in changes in the total number of 

leaves produced.    

Interestingly, many genes that have been classified to act in the autonomous pathway in 

Arabidopsis may ultimately be involved in regulating the duration of juvenile and adult 

growth phases.  This vegetative phase change marks the ability of a plant to respond to 

floral induction, and is described by a state termed competence (Poethig, 1990).  

Examples of Arabidopsis mutants with pleiotropic phenotypes on flowering time and the 

vegetative phase change are efs (early flowering in short day) (Soppe et al., 1999), esd4 

(early in short days4) (Reeves et al., 2002), eaf1 (early flowering1) (Scott et al., 1999), 

and hst (hasty) (Telfer and Poethig, 1998).  The discoveries of genes that control both 

the plant’s competence to flower and the autonomous floral transition per se highlight the 

complexity of the developmental control of flowering.  

Another class of well-characterized Arabidopsis autonomous pathway mutants act to 

repress FLC transcription through modification of chromatin structure and RNA-mediated 

DNA methylation (Veley and Michaels, 2008; He, 2009; Amasino, 2010).  For example, 
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FPA, FCA, FVE, and FLD act to suppress FLC expression, thereby accelerating 

flowering time.  As described above, repression of FLC is accomplished through histone 

modifications (FVE, FLD) or through inhibition of FLC mRNA translation (FCA, FPA).   

As a result, FLC levels decrease in proportion with developmental time, thereby 

removing the block to activation of FT expression.  

In addition to being a manifestation of developmental time, plant size and leaf number 

are directly related to the amount of resources accumulated by the plant’s vegetative 

structures.  The nutrient diversion hypothesis put forward by Sachs and Hackett (1977) 

proposes that floral morphogenesis is preceded by an alteration in the allocation of 

nutrients to the SAM, providing a link between resource accumulation and floral 

evocation.  Indeed, florally inductive photoperiods have been reported to result in 

alterations in sucrose content of phloem exudate in Arabidopsis and the long-day 

mustard plant Sinapsis alba (Bodson and Outlaw Jr., 1985; Lejeune et al., 1993; 

Corbesier et al., 1998; Ohto et al., 2001).  While the precise role of sucrose at the shoot 

apex has not been demonstrated directly, it may act to support the metabolic demands 

of cell division associated with differentiation or to activate gene expression of MADS-

box floral identity genes (Blazquez et al., 1998; Corbesier and Coupland, 2005).  In 

addition to sucrose, transitory starch accumulation in leaves also appears significant for 

the timing of the floral transition.  Late-flowering phenotypes of Arabidopsis mutants with 

altered starch accumulation such as pgm1 (for phosphoglucomutase1), cam1 

(carbohydrate accumulation mutant1), pgi1 (for phosphoglucose isomerase), and adg1 

(for ADP-glucose pyrophosphorylase) (Eimert et al., 1995; Corbesier et al., 1998; Yu et 

al., 2000) and the increased starch accumulation of late-flowering gi (gigantea) mutant 

plants suggest that starch metabolism and the floral transition may share a common 

regulatory pathway (Eimert et al., 1995).   
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Evidence  that the ratio of organic carbon to nitrogen increases in the phloem sap of 

Sinapsis alba during an inductive treatment (Corbesier et al., 2002) suggests that floral 

transition decisions are based on multiple cues reflecting overall plant nutritional status.  

This supposition is also supported by the observation that abiotic stress treatments 

resulting in changes in the relative proportion of carbon and nitrogen at the meristem of 

day-neutral tobacco plants promote flowering (Rideout et al., 1992).   

The central importance of endogenous signals in regulating the timing of the floral 

transition in diverse species is reflected in the identification of numerous cereal loci 

termed EARLINESS PER SE (EPS), which affect flowering time independently of 

environmental signals.  Although many EPS QTL have been mapped in wheat and 

barley, these sources of flowering time variation remain poorly characterized to date 

underlining the complex nature of endogenous flowering time regulation (Cockram et al., 

2007).   

Thus, the inherent complexity of developmental networks and of whole-plant resource 

allocation decisions are likely behind the relative lag of current knowledge of the 

molecular components of the autonomous floral promotion pathway compared to other 

pathways.  More recently, microarray profiling experiments have captured broad 

functional categories of transcriptional change associated with the transition to flowering 

in rice, soybean and Arabidopsis and have re-emphasized a prominent role for 

metabolism-related transcripts (Wilson et al., 2005; Chen and Wang, 2008; Wong et al., 

2009).  A particularly interesting observation is that transcriptional differences in 

metabolism-related genes among Arabidopsis flowering-time mutants are not associated 

exclusively with the autonomous pathway, indicating that metabolic status is intricately 

linked with floral induction pathways (Wilson et al., 2005).   
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1.2.4. Hormones and regulation of the timing of the floral transition 

Finally, plant hormones, notably gibberellic acid (GA), have also been implicated in 

flowering time control (Fig. 1.2).  GA has a floral promotion effect in Arabidopsis, such 

that mutants with reduced GA synthesis (ga1) or perception (gai) fail or are delayed  in 

undergoing the floral transition in short days (Wilson et al., 1992).  In fact, the 

requirement for GA in non-inductive photoperiods has warranted the inclusion of a 

separate GA pathway in the Arabidopsis floral regulatory model (Fig. 1.2).  In ryegrass 

(Lolium temulentum) GA appears to play a major role in the floral transition, and it has 

been suggested to act as a leaf-derived, long distance signaling molecule (King et al., 

2006).  In maize polymorphisms at the DWARF8 (D8) locus, encoding a negative 

regulator of GA signaling orthologous to AtGAI, are associated with quantitative variation 

for flowering time and plant height suggesting a role for GA metabolism in regulation of 

flowering time (Peng et al., 1999; Thornsberry et al., 2001; Andersen et al., 2005). 

However, in contrast to ryegrass, it is likely that the role of GA on maize flowering time 

may be mediated by the hormone’s effect on node number rather than having a direct 

bearing on the floral transition.  

1.2.5. Regulation of flowering time in the grasses  

Although Arabidopsis has facilitated the dissection of flowering time networks, advances 

in agronomic species are of ultimate interest from an agricultural point of view. In all 

agronomically important grasses, manipulation of the timing of the floral transition is an 

important trait in maximizing yield potential.  Recent discoveries show that grasses have 

developed unique mechanisms to regulate flowering in addition to unique adaptations to 

conserved flowering-time regulation modules.   
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 Through comparison with Arabidopsis, genes with similarity to GI, CO and FT have 

been identified in many agronomically important grass species (Yano et al., 2000; 

Kojima et al., 2002; Griffiths et al., 2003; Hayama et al., 2003; Nemoto et al., 2003; 

Faure et al., 2007; Danilevskaya et al., 2008a).  In rice, Hd1 was found to encode an 

ortholog of the CO gene (Yano et al., 2000), and Hd3a corresponds to a gene with the 

same function as FT (Kojima et al., 2002).  Preliminary evidence suggests that, similar to 

FT, the protein encoded by Hd3a is synthesized in leaves and migrates through the 

phloem to the shoot apex (Tamaki et al., 2007) further supporting the notion that this 

gene indeed encodes a florigenic protein.  The putative CO ortholog in perennial 

ryegrass, a long day species, has also been shown to cause early flowering when over-

expressed in Arabidopsis (Martin et al., 2004).  Miller et al (2008) reported a putative 

maize CO ortholog, CONZ1 (CONSTANS ZEA) that maps to a location syntenic with the 

rice Hd1 gene, and whose expression appears to fluctuate in a circadian pattern.  

Similarly, a large maize FT-related gene family was described (Danilevskaya et al., 

2008a) and termed  ZCN  for ZEA CENTRORADIALIS after the first PEBP-encoding 

gene discovered in Antirrhinum (Bradley et al., 1996).  At least one ZCN gene, ZCN8, 

has been demonstrated to have orthologous functions to its Arabidopsis counterpart FT 

(Lazakis et al., 2011; Meng et al., 2011).  Over-expression of a wheat FT homolog, 

TaFT, causes earlier flowering in this temperate grass (Yan et al., 2006).  In addition, Li 

and Dubcovsky (2008) showed that the TaFT protein interacts with two putative 

orthologs of FD, called TaFDL2 and TaFDL6, and that this interaction mediates 

activation of wheat  floral identity genes (Yan et al., 2003).   

While it is clear that the core photoperiod response pathway is largely conserved 

between  Arabidopsis and grass species (Laurie et al., 2004; Turck et al., 2008), the fact 

that optimal flowering conditions are distinctly different among the grasses necessitates 
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specific adaptations in the regulation of this pathway.  For example, tropical grasses, 

such as rice and tropical maize, respond to short days to initiate flowering, temperate 

cereals, like wheat and barley, are sensitive to lengthening days, and maize adapted to 

high latitude growth, is largely day-length insensitive.  Examples have emerged that may 

elucidate how these differing demands are addressed within the framework of the 

conserved CO/FT pathway.  In rice, for example, Hd1, a CO orthology, can inhibit 

flowering under non-inductive conditions (Hayama et al., 2003).  This dual function of 

Hd1 as both a repressor and an activator of Hd3a is dependent on the level of active 

phytochrome B (phyB), Pfr, which accumulates during long days (Izawa et al., 2002).  

Further evidence for grass-specific modulation of CO activity comes from the fact that 

the wheat CO ortholog, TaHd1, is able to complement a rice line with a non-functional 

Hd1 allele, but results in early flowering under long days, which are inductive for wheat 

but not for rice (Nemoto et al., 2003).  So it seems that, although CO protein is 

conserved between these grasses, alterations to the mode of CO action confer species-

specific differences in flowering time control.   

In addition to modulation of orthologous protein regulation, novel regulatory genes that 

appear to be absent in Arabidopsis have been shown to act in the photoperiod pathway 

in grass species.  In rice, Early heading date1 (Ehd1), which encodes a B-type response 

regulator, is able to activate Hd3a expression independently of Hd1 in short days (Doi et 

al., 2004).  Further, the expression of Ehd1 was shown to be kept in check by a novel 

CCT (CO, CO-like, TOC1) domain protein encoded by the Ghd7 gene, which 

suppresses Ehd1 expression in non-inductive long-day conditions (Xue et al., 2008).  

Dissection of flowering time pathways in the temperate grasses wheat and barley have 

identified a day-length response based on what seems to be a Triticeae lineage-specific 

group of Pseudo Response Regulator Photoperiod (Ppd) genes.  In barley, two genes, 
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Ppd-H1 and Ppd-H2 promote flowering under long days and inhibit it in short day 

conditions, respectively (Laurie et al., 1995; Turner et al., 2005).   In wheat dominant 

Ppd-1 alleles are constitutively expressed, thus reducing photoperiod sensitivity and 

causing early flowering in short days (Worland et al., 1998).  Interestingly, reduced 

expression of the barley CO-like genes, HvCO1 and HvCO2 in the ppd-H1 mutant, 

combined with significantly lower levels of HvFT and a late flowering phenotype in long 

days, place photoperiod perception by the Ppd genes upstream of the CO/FT floral 

induction module (Turner et al., 2005). 

Similarly to Arabidopsis, vernalization in temperate cereals with a winter growth habit 

removes a block to flowering so that the plant can perceive inductive signals from the 

photoperiod pathway.  However neither FLC nor FRI orthologs have been found in 

grasses, so the underlying molecular machinery controlling vernalization in winter 

cereals is distinct from that of Arabidopsis.  Three genes that act together to maintain a 

winter growth habit in cold tolerant grasses have been identified: VRN1, VRN2 and 

VRN3 (reviewed in Trevaskis et al., 2007).  VRN1 (REDUCED VERNALIZATION 

RESPONSE1) encodes an AP1-related MADS box gene whose expression increases in 

direct proportion to time of exposure to cold temperatures (Yan et al., 2003; Trevaskis et 

al., 2004; Preston and Kellogg, 2006).  Modulation of VRN1 levels in leaves thus 

provides a quantitative measure of the length of time a plant is exposed to cold, with 

longer exposure resulting in earlier flowering.  The function of VRN1 is to repress VRN2 

expression (Hemming et al., 2008).  In temperate cereals VRN2, a CCT zinc-finger 

protein, acts to repress flowering under long-day conditions.  Thus, VRN2 prevents 

flowering under long days of summer so that plants do not initiate flowering prior to 

winter (Trevaskis et al., 2007).  The discovery that VRN3 corresponds to an ortholog of 

Arabidopsis FT reinforces the intimate link between the vernalization response and 
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photoperiod induction.  Further, experiments conducted with doubled haploid barley 

have led to speculation that HvFT1 acts as a possible point of integration between the 

requirement for low temperature and inductive long days to cause flowering.  In the 

absence of VRN2, flowering time becomes dependent strictly on day length cues 

mediated through Ppd-H1 (Fig. 1.3).  Thus, flowering is early if Ppd-H1 is present, while 

plants lacking both VRN2 and Ppd-H1 flower late (Hemming et al., 2008).  Therefore, it 

seems that, in the long days of summer, VRN2 counteracts Ppd-H1 to prevent flowering 

prior to vernalization, and that once vernalized, a plant is competent to respond to long 

days through the action of Ppd-H1, which, ultimately, acts to up-regulate HvFT1.   
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Figure 1.3. Major floral induction pathways in agronomically important grasses and the model 

plant Arabidopsis  (from Colasanti and Coneva, 2009). 
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1.3. Regulation of flowering time in maize  

1.3.1. Introduction to maize: crop significance  

Maize (Zea mays, ssp mays) is presently the third most important source of calories 

worldwide and the crop with the highest productivity on a per area basis.  As much as 

80% of the projected increase in demand for cereal grain by the year 2050 is expected 

to be specifically for maize (Hubert et al., 2010).  Large scale production of hybrid corn is 

made possible due to the physical separation of the male and female flowers on the 

plant (Strable and Scanlon, 2009) and has resulted in dramatic increases in yield 

compared to inbred maize (Lee and Tollenaar, 2007). 

1.3.2. Tropical origins of maize: implications for the regulation of flowering time 

Maize is thought to have originated from a tropical progenitor, Balsas teosinte (Zea mays 

ssp parviglumis) (Matsuoka et al., 2002).  The natural range for this grass is in Central 

America and Mexico and typical of species native to this range of latitudes is the 

absolute dependence on shortening photoperiods to signal the floral transition.  Figure 

1.4 illustrates the substantial differences in plant architecture between teosinte and 

modern maize.  Selection pressure on traits for vegetative branching and inflorescence 

architecture has led to dramatic changes in the appearance and productivity of modern 

maize compared to its progenitor.  The selection process seems to have involved 

changes in relatively few loci controlling axillary branching.  In maize, suppression of 

branching and tillering has resulted in the concentration of photosynthetic resources in a 

single main stem of the plant, a phenomenon known as apical dominance, and a 

common feature of the domestication of many crop plants.  In fact, changes in the 

regulation of a single transcription-factor encoding gene, Teosinte branched1 (Tb1), are 
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thought to be responsible for the repression of axillary meristem initiation resulting in 

apical dominance (Doebley et al., 1997).   

In addition to changes in plant architecture and a significant increase in productivity per 

plant, another, perhaps less obvious adaptation of modern maize resulted from the 

considerable expansion of its geographic range of cultivation (Kuleshov, 1933).  Growing 

maize at higher latitudes meant that shortening days could no longer be utilized as the 

sole means of determining an opportune time to initiate reproductive growth.  In 

temperate climates, days shorten too late in the growing season and plants do not have 

sufficient time to complete reproductive development before the onset of winter.  Thus, 

although a gradient of responsiveness to photoperiod cues exists among maize inbreds 

(Russell and Stuber, 1983), fully temperate inbreds have adapted to high latitude growth 

by co-opting developmental indicators of the plant’s age and physiological status to 

signal flowering time.  As a result, temperate maize is one of few species that relies 

mainly on the autonomous floral promotion pathway. 
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Figure 1.4. Differences in vegetative and inflorescence architecture between modern maize 
(right) and its tropical progenitor, Balsas teosinte (left). 

Source: The National Geographic, http://tinyurl.com/3pap8pn 
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1.3.3. Regulation of flowering time in temperate maize: endogenous indicators of plant 

age  

Maize plants of the B73 temperate inbred initiate 16 to 18 leaf primordia before 

ultimately producing the terminal male inflorescence, the tassel.  At the floral transition 

stage approximately seven leaves, or about five nodes, have emerged from the leaf 

whorl and are visible (V7 stage).  Similarly to the B73 inbred, most lines of temperate 

maize initiate reproductive growth at a predictable stage of development by the 

conversion of the vegetative SAM into a terminal inflorescence meristem, which gives 

rise to the tassel (Galinat and Naylor, 1951).  The female floral organs, the ears, 

originate from axillary meristems located several nodes below the apex (McSteen et al., 

2000).   

Experiments with maize shoot apex culture, in which the SAM was excised from the 

plant after originating a particular number of leaf primordia, and then grown in culture 

aimed to define the requirements for floral initiation in maize resulted in several key 

observations.  First, the meristem committed to form a tassel only after it had initiated a 

nearly full complement of leaves (Irish and Nelson, 1991).  This suggests that the maize 

meristem receives and retains information about the number of leaves initiated.  

Evidence from other day-neutral plants, which rely on autonomous induction for 

flowering, such as tobacco, indicates similar leaf/node counting mechanisms are in place 

for floral induction (McDaniel et al., 1996).  Furthermore, additional meristem culture 

experiments in maize have shown that the floral inductive signal originates in leaf 

primordia and may have a cumulative effect on the SAM such that a certain number of 

primordia are required to provide a threshold of floral inductive signal (Irish and Jegla, 

1997).  The molecular identity of this inductive signal, however, is unknown. 
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1.3.4. QTL for flowering time regulation 

While few flowering time genes have been cloned in maize, Quantitative Trait Loci (QTL) 

with significant effects on the timing of the floral transition have been identified (Chardon 

et al., 2004; Salvi et al., 2007; Buckler et al., 2009).  QTL analysis makes use of genetic 

variation for a trait, for example by utilizing recombinant inbred lines (RILs), and co-

segregation for the trait of interest and molecular markers is tracked with the ultimate 

goal of identifying genomic regions with contributions to variation on the trait under 

investigation.  Interestingly, by utilizing the Nested Association Mapping population, 

which captures natural genetic diversity of maize, Buckler et al (2009) suggest that 

maize flowering time is controlled by numerous small effect QTL, which act in an additive 

fashion.  Further, this study reports little evidence of epistasis and a low significance for 

QTL x environment interaction relative to the contribution of purely genetic components 

to variation of flowering time.  The authors reason that this is due to the fact that maize is 

largely an out-crossing species, a habit that contributes to genetic variation.  Although 

this study reports a relatively minor role for environmental interactions in flowering time, 

it appears that elements of the ancestral photoperiod pathway are intact in maize.  A 

study designed specifically to capture genetic components of photoperiod sensitivity in 

maize utilizing RILs resulted in the identification of genomic regions which contain maize 

orthologs of known photoperiod-associated flowering genes, such as photoreceptors 

(PHYB, SE5, CRY2, PIF3), circadian clock components (CCA/LHY, CONZ1, 

TOC1/PRR7/PPD-1, ELF4), and other regulatory proteins (ZCN8, ZCN19, GHD7) (Coles 

et al., 2010).  The INDETERMINATE1 gene, ID1, which is the focus of the present study 

and will be discussed in more detail,  lies close to or within a major flowering time QTL 

on chromosome 1 (Chardon et al., 2004; Buckler et al., 2009). 
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1.3.5. Maize genes with flowering time effects 

As highlighted in the previous section, only a few genes which have an effect on the 

timing of the floral transition are known in maize.  Orthologs of the conserved CO/FT/FD 

module genes have recently been identified.   Distinct circadian expression of the maize 

homologs of circadian clock components CO and GI suggests that these proteins have 

the attributes necessary for a conserved function in activation of florigen in leaves (Miller 

et al., 2008).  Loss of function of the shoot-apex-specific DLF1 (DELAYED 

FLOWERING1) gene causes plants to flower later than normal.  The DLF1 gene 

encodes a bZIP transcription factor that is homologous to the Arabidopsis FD protein, 

suggesting that DLF1 may interact with a maize FT-like partner to induce flowering 

(Muszynski et al., 2006).  Moreover, at least one member of the maize FT-like family, 

ZCN8, physically interacts with DLF1 in yeast-two-hybrid assays and promotes flowering 

when over-expressed in both maize and Arabidopsis (Danilevskaya et al., 2008a; 

Lazakis et al., 2011; Meng et al., 2011).   

In addition to conserved elements of the CO/FT module, several genes expressed at the 

shoot apex and involved in floral identity determination have also been identified. Vgt1 

(Vegetative to generative transition1), which resides within a QTL hot-spot for flowering 

time-variation in maize, was resolved to a 2 kb non-coding region upstream of an AP2-

like transcription factor shown to be involved in flowering time control (Salvi et al., 2002).  

Thus, it appears that Vgt1 is a cis-acting regulatory element rather than a protein-

encoding gene.  ZFL2 (ZEA FLORICULA/LEAFY2), an ortholog of the Arabidopsis 

homeotic gene LEAFY, which regulates inflorescence development, also affects 

flowering time significantly (Chardon et al., 2004; Bomblies and Doebley, 2006).  The 

paralogous genes ZMM4 (ZEA MAYS MADS-box) and ZMM15 were identified in a 

differential transcriptional comparison of vegetative and reproductive shoot apices 



21 

 

outlining a role for these transcripts in the floral transition.  Furthermore, ectopic 

expression of ZMM4 was shown to cause early flowering in transgenic maize and 

genetic evidence has placed the ZMM genes downstream of the flowering time 

regulators DLF1 and  ID1 (Danilevskaya et al., 2008b).   

1.3.6. INDETERMINATE1 defines a novel family of genes with roles in flowering time 

and carbohydrate metabolism 

Mutants of the INDETERMINATE1 (ID1) gene (Fig. 1.5), which encodes a putative zinc-

finger transcription factor (Fig. 1.6), have the most extreme late-flowering phenotype of 

known maize flowering-time mutants, often producing 27 or more leaves before initiating 

inflorescence development (Colasanti et al., 1998; Kozaki et al., 2004; Colasanti and 

Muszynski, 2008).  ID1 localizes to nuclei and binds an 11 bp consensus motif of DNA in 

vitro (Kozaki et al., 2004; Wong and Colasanti, 2007).  Collectively, these data suggest 

that ID1 is a transcription factor.  The ID1 gene is expressed exclusively in immature, 

non-photosynthetically active leaves at early stages of development, with the highest 

expression at the floral transition (V7 in B73) (Fig. 1.6).  Importantly, ID1 transcript is not 

detected in mature leaves, or in the shoot apical meristem and subtending leaf primordia 

(Colasanti et al., 1998), and ID1 protein remains localized to nuclei of the same tissues 

in which the gene is expressed (Wong and Colasanti, 2007).   

ID1 is the founding member of a large family of proteins, defined by the 

INDETERMINATE DOMAIN (IDD), which extends from a nuclear localization signal 

(NLS) near the N-terminus and includes four zinc finger motifs (ZF1 to ZF4, Fig. 1.6A).  

There are at least 20 members of the IDD gene family in the maize genome (ZmIDD), 15 

in the genome of rice (OsIDD), and 16 in Arabidopsis (AtIDD) (Fig. 1.7) (Colasanti et al., 

2006).  Similar to maize ID1, homologs of ID1 in other grasses, such as sorghum and 
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rice, show protein accumulation in developing leaves (Colasanti et al., 2006).  

Interestingly, rice OsID1 (also referred to as RID1 or Ehd2) appears to be a functional 

ortholog of maize ID1 and to be required for day-length independent promotion of 

flowering (Matsubara et al., 2008; Park et al., 2008; Wu et al., 2008).  Mutant and knock-

down rice  plants with reduced OsID1 function are late-flowering in both inductive short 

days and non-inductive long days and in extreme cases, loss of OsID1 results in plants 

that are unable to initiate the floral transition regardless of photoperiod  (Wu et al., 2008).  

These findings highlight a possible role for ID1 and its orthologs as an important grass or 

monocot-specific endogenous flowering time regulation module.   

Although no clear ortholog of ID1 exists in Arabidopsis, several AtIDD genes 

characterized to date exhibit mutant phenotypes that suggest a link to the regulation of 

sucrose and/or starch metabolism.  For example, Atidd15/sgr5 mutants have an 

impaired shoot gravitropism response resulting from reduced starch accumulation in 

amyloplasts of the endodermis (Tanimoto et al., 2008).  Further, Arabidopsis plants 

lacking functional AtIDD8 flower late and have sucrose transport and metabolism 

alterations (Seo et al., 2011b).  Alternative splicing of AtIDD14 is proposed to act as a 

regulator of starch accumulation in response to cold conditions (Seo et al., 2011a).  

Finally, AtIDD1/ENY is important for seed maturation, likely by regulating hormone 

signaling and utilization of the starchy endosperm (Feurtado et al., 2011). 
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Figure 1.5. The indeterminate mutant (right) has a prolonged phase of vegetative growth 

compared to wild type plants (left) (from Colasanti and Muszynski, 2008).  

 

Figure 1.6. Gene structure (A) and expression pattern (B) of the INDETERMINATE1 gene. 

A. NLS, nuclear localization signal and ZF1 to ZF4, zinc fingers 1 to 4 define the 

INDETERMINATE-Domain (IDD). The triangle symbol in the 3’ end of exon 3 

represents the Ds2 transposable element insertion of the id1-m1 mutant allele. 

B. ID1 expression (red) in immature leaves of V7 (seven visible leaves) plants. Dashed 

leaves are removed to reveal the inner cylinder of immature leaves. 
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Figure 1.7. INDETERMINATE DOMAIN (IDD) gene families in maize (Z), rice (O), Arabidopsis 

(A), and the ZmID1 homolog in sorghum , SbID (from Colasanti et al., 2006). 

Paired trianlges: zinc fingers (ZF); open boxes: exons; lines: introns; vertical line: nuclear 

localization signal; dashed line: spacer region bewteen ZF1 and ZF2; coloured C-terminal 

boxes: conserved motifs.  
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1.3.7. Does a conserved FT florigenic module exist in maize? 

A family of twenty-five ZCN genes with homology to members of the FT family in 

Arabidopsis were uncovered in maize (Danilevskaya et al., 2008a) and at least one 

gene, ZCN8 has been shown to act in an orthologous manner to Arabidopsis FT to 

promote flowering in both maize and Arabidopsis (Lazakis et al., 2011; Meng et al., 

2011).  Moreover, ZCN8 expression from a phloem-specific promoter complements the 

late-flowering Arabidopsis ft mutant, demonstrating a considerable degree of functional 

conservation between ZCN8 and FT proteins (Lazakis et al., 2011).  Additionally, ZCN8 

maps to the Vgt2 locus, a known maize QTL for flowering time variation (Chardon et al., 

2005; Buckler et al., 2009; Coles et al., 2010).  However, the significance of the florigen 

pathway in flowering time in temperate maize has not yet been directly demonstrated.  

Further, the question remains of how such a pathway would be regulated outside of the 

context of photoperiod sensitivity.  The discovery that an FT ortholog in tomato termed 

SFT (SINGLE FLOWER TRUSS) promotes flowering in day-neutral tomato and tobacco 

plants points to the universality of FT proteins as leaf-derived, phloem mobile florigens 

whose functions are not inextricably dependent on photoperiod input (Lifschitz et al., 

2006).  Moreover, a potato homolog of the Arabidopsis FT protein, SP6A (SELF 

PRUNING 6A) was shown to act as a leaf-derived long-distance mobile signal to induce 

tuberization in short days (Navarro et al., 2011).  These two examples lend support to 

the notion that long-distance mobility of the FT protein has been co-opted for the 

regulation of several developmental phenomena and can respond to multiple cues, both 

developmental, as in the case of day-neutral regulation of SFT expression in tomato, 

and environmental in origin.  This evidence supports the possibility that maize may 

utilize ZCN8 and perhaps other ZCN proteins to signal readiness to flower in response to 

day-length independent cues.  
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1.3.8. Regulation of sucrose export from source leaves in maize  

As previously discussed in section 1.2.3, an increase in sucrose export from leaves has 

been shown to accompany inductive treatments in photoperiod-sensitive species.  Thus, 

the capacity of source leaves for sucrose accumulation and export is likely an important 

aspect of the autonomous floral induction (Fig. 1.8).  In maize, sucrose is synthesized in 

mesophyll cells and travels along a symplastic route to chloroplast-containing bundle 

sheath cells and finally into vascular parenchyma cells of the vascular bundle.  Sucrose 

is then exported to the apoplasm before being loaded onto sieve elements via the maize 

sucrose transporter protein ZmSUT1 (Furbank et al., 1985; Slewinski and Braun, 2010).  

Thus, sucrose export from maize leaves consists of both symplastic and apoplastic 

steps (Fig. 1.9) and mutants in both parts of the export pathway have been described.  

Defects in the symplastic portion of sucrose export, such as structurally modified 

plasmodesmata at the bundle sheath to vascular parenchyma interface in the sxd1 

(sucrose export defective1) mutant (Russin et al., 1996; Botha et al., 2000), as well as 

defects in apoplastic transport as in the sut1 mutant which is impaired in loading of 

sucrose from the apoplast (Aoki et al., 1999; Slewinski et al., 2009) exhibit carbohydrate 

hyper-accumulation in leaves accompanied by reduced vegetative growth and delayed 

flowering.  Furthermore, an association between transcript levels of SUT1 in source 

leaves and flowering time has been reported for potato and day-neutral tobacco (Burkle 

et al., 1998; Leggewie et al., 2003; Chincinska et al., 2008).  Further, expression of the 

Arabidopsis ortholog of ZmSUT1, AtSUC2, is affected in the late-flowering Atidd8 mutant 

(Seo et al., 2011b) suggesting that sucrose export from source leaves may be involved 

in the regulation of flowering time in at least several species.  

Although SUT1 expression is generally promoted by the diurnal availability of sucrose 

(Aoki et al., 1999), reduced sink demand resulting in elevated phloem concentrations of 
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sucrose down-regulates sucrose transporter transcript level (Ainsworth and Bush, 2011).  

Similarly, in sugar beet, SUT1 transcription is adjusted to balance photosynthetic activity 

with sink metabolic demand (Chiou and Bush, 1998; Vaughn et al., 2002) highlighting 

the dynamic regulation of SUT1 transcription in response to whole plant carbohydrate 

status.  In addition to transcriptional regulation, studies of the StSUT1 protein from 

potato demonstrate that post-transcriptional regulation of sub-cellular localization as well 

as reduction/oxidation-regulated protein multimerization are also mechanisms that 

regulate the activity of this transporter (Slewinski and Braun, 2010).  Thus, SUT1 

proteins from apoplastic loading species likely play an important role in the regulation of 

long-distance carbohydrate partitioning and may underlie many aspects of plant growth 

and development.  

In maize ZmSUT1 is a member of a gene family consisting of seven members. Although 

ZmSUT1 is the only member of the sucrose transporter family characterized in maize, 

comparisons of gene and amino acid sequences among SUTs in other species are 

beginning to reveal prominent roles for several SUT proteins.  Specifically, functions in 

the floral transition and other developmental processes which require coordination 

between external inputs and an evaluation of the plant’s physiological and metabolic 

status are emerging.  Perhaps the best characterized example of such regulation comes 

from potato.  Evidence strongly suggests that StSUT4 regulates flowering time and 

tuberization by coordinating sucrose export from the leaf through SUT1 and possibly by 

acting upstream of the CO/FT module of the photoperiod pathway (Chincinska et al., 

2008).   

A genetic screen for maize mutants impaired in sucrose export from leaves has 

identified several loci with putative functions in the regulation carbohydrate partitioning in 
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mature source leaves.  Mutations at two loci termed Tdy1 (Tie-dyed1) and Tdy2 result in 

hyper-accumulation of carbohydrates in non-clonal leaf sectors.  Tdy1 encodes a trans-

membrane protein which localizes to the endoplasmic reticulum of phloem cells in both 

source and sink tissues but its exact role in carbohydrate export is unknown (Ma et al., 

2009b).  Based on genetic evidence, Tdy2 is hypothesized to act synergistically 

withTdy1 but further functional characterization awaits the cloning of this gene (Baker 

and Braun, 2008).   

 

Figure 1.8. Outline of the metabolic and developmental factors that regulate sucrose export from 

leaves.  
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Figure 1.9. Current model for phloem loading of sucrose in source leaves of maize. 

A. Depiction of a maize leaf vascular bundle in cross section.  A closer view of the area 

surrounded by a rectangular box is shown in B.  

B.  Arrows depict the route of sucrose through several ground tissue cell types via 

plasmodesmata and the apoplasm to the companion cells (CC) and sieve elements 

(SE) of the phloem. 
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OBJECTIVES AND HYPOTHESES 

 

Little is known about the molecular signals and physiological status that define the floral 

transition in maize, and in autonomously flowering species in general.  Thus, this work 

aims to analyze the transcriptional and physiological alterations associated with the floral 

transition in maize by utilizing non-flowering indeterminate1 mutants.  Since florigenic 

signals are generated in mature source leaves, while the ID1 gene is only expressed in 

early leaf development before emergence from the whorl, several main hypotheses were 

tested:  

1. The immature leaf transcriptome of id1 mutants is quantitatively different from the 

transcriptome of normal-flowering maize plants.  Analysis of functional categories of 

expression change will shed light on molecular components of the ID1-regulated 

flowering time pathway in maize.  

2. Source leaves of non-flowering id1 mutants have a transcript and metabolite 

profile distinct from leaves of wild-type maize plants undergoing the floral transition.  

Analysis of these differences will identify components that define readiness to flower in 

maize with implications to the autonomous pathway at large.    

3. Transcript and metabolite alterations uncovered in 1 and 2 are specific to the 

ID1-regulated autonomous pathway in modern maize and are not characteristic of the 

floral transition in the photoperiod-sensitive progenitor of maize, teosinte. 
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2. CHAPTER 2: MATERIALS AND METHODS 

2.1. Transcript and metabolite profiling of immature maize leaves 

2.1.1. Plant growth and conditions 

Three separate introgressions of the id1-m1 allele in two different maize inbred 

backgrounds were utilized for the microarray experiment.  Lines 1-1x (referred to as “A”) 

and 2-5x (referred to as “B”) represent independent introgressions of the id1-m1 allele 

into the B73 inbred background, while line 62-2x (Referred to as “C”) was backcrossed 7 

times to the W22 inbred.  All seeds were planted in a 3:1 Pro-mix BX : Turface mixture.  

Plants were grown in the greenhouse under 14 hour days at 27o C and 10 hour nights at 

22o C with 20-20-20 fertilizer supplied with micronutrients and iron chelate added as 

needed.  All plants were genotyped at the 3 visible leaves stage (V3) using PCR primers 

IdF, IdR4 and DsR (Table S6) as detailed by Wong and Colasanti (2007) to identify 

mutant and wild-type (normal) maize seedlings.  Total RNA was extracted at the 7 visible 

leaves stage (V7) as detailed below.  For seedling root and shoot preparations, B73 

inbred maize seeds were sterilized with 10% bleach and placed on wet filter paper in 

sterile glass Petri plates using aseptic techniques.  Germination was allowed to proceed 

for 5 days at 25o C in darkness.  For semi-quantitative RT-PCR expression experiments 

line B plants grown under the specified greenhouse conditions were used.   

2.1.2. Preparation of samples for microarray analysis 

Immature leaves were excised from V7 stage plants by completely removing mature 

leaves 1 through 5 and obtaining a section of 7 cm starting 1 cm above the shoot apical 

meristem (SAM).  Three mutants and three wild-type plants from lines A and B, as well 

as two mutant and two heterozygous line C plants were used. Total RNA was extracted 
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from immature leaf tissue using TRIzol® (Invitrogen, 15596) as described by Colasanti 

et al. (1998).  A Qiagen RNeasy kit (Qiagen, K7404) was used for total RNA cleanup.  

The resulting total RNA was quantified spectrophotometrically, precipitated and adjusted 

to a concentration of 1 g/l.   

2.1.3. Oligonucleotide microarray hybridization and data analysis 

A Syngenta custom designed maize GeneChip microarray, manufactured by Affymetrix, 

was used for this study.  The GeneChip array consists of approximately 87,000 probe 

sets representing 82,000 unique maize EST clusters and genes, and various negative, 

spike, and transgenic control genes.  Each probe set contains an average of 13 perfect 

match 25mer oligonucleotide probes.  Five micrograms of total RNA from each sample 

were used as template for cDNA and complementary RNA (cRNA) synthesis.  The 

cRNAs were further fragmented and labeled as previously described (Zhu et al., 2006).  

Labeled cRNAs were applied to the maize GeneChip microarray and subsequent 

hybridization, washing, and staining were conducted according to the Affymetrix 

recommended protocol.  The image files (*.DAT) and raw files (*.CEL) were acquired 

using Microarray Analysis Suite 5.0 (Affymetrix).  The expression level for each gene 

was summarized from measurements of individual probes of a set using a custom 

algorithm.  Briefly, individual probe values were calculated by removing the local 

background (average of the lowest 2% of probe values in one of the 16 sectors on the 

array).  The expression value measured by a probe set was represented by the median 

of the intensity values of all probes except those with negative or zero values.  The 

absolute calls were assigned based on the difference between the expression value of a 

probe set and the local noise (standard deviation of all pixels) in the probe sets and 

global background levels (the average of the lowest 5% of the probe-set value).  Probe 

sets with a signal value above the global background plus twice the local noise were 
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called "present"; probe sets with a value less than global background were called 

"absent"; and probe sets with values greater than global background but less than global 

background plus twice the local noise were called "marginal".  The resulting data was 

imported in GeneSpring GX 7.3 (Agilent Technologies, Palo Alto, CA) and on a later 

date in version 11 of the same software.  The raw data was normalized to the median 

per chip and per gene.  Microarray data was grouped into mutants and wild type across 

backgrounds.  Additionally, line B samples were analyzed separately.  Principal 

Component Analysis and correlation plots were generated in GeneSpring GX 11. 

Normalized data was filtered on expression level.  Further, a fold change criterion of 2.0 

between average wt and id1 was tested by a 1-way ANOVA t-test with a P < 0.05 

corrected with the Benjamini-Hochberg multiple testing algorithm.  Fold change values 

for a subset of genes were checked with Northern blots and semi-quantitative RT-PCR 

as described below.   

2.1.4. Expression analysis of -glucosidases and select genes 

For Northern blots, 20 g of total RNA was run on a MOPS-formaldehyde gel and blotted 

onto a Hybond-N+ membrane for nucleic acid transfer (Amersham Pharmacia Biotech).  

Probes were generated by amplification of SuperScript II (Invitrogen, 18064) reverse 

transcribed RNA.  All primers were designed to amplify identified sequences used on the 

array and are listed in Table S6.  Amplification products were gel extracted using a 

QIAquick gel extraction kit (QIAGEN, 28704).  The identity of the purified Northern blot 

probes was verified by sequencing or restriction digestion.  The probes were 

radioactively labeled using -32P-dCTP and Amersham Biosciences Ready-to-go DNA 

Labeling Beads (Amersham Biosciences, 27-9240-01).  For expression analysis, plants 

were harvested at the V7 stage, leaves 1 through 5 were removed and immature leaf 

was divided into consecutive 2 cm sections starting at the shoot apex: ‘A’, ‘B’, ‘C’, and 
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‘D’.  The tip of mature leaf 5 (L5) was also included in the analysis.  The RNA was 

cleaned up using a Qiagen RNeasy kit (Qiagen, K7404), which includes a DNA removal 

step.  Complementary DNA (cDNA) was generated using oligo(dT)12-18 priming and 

SuperScript II Reverse Transcriptase (Invitrogen, 18064).  Finally, E. coli RNaseH 

(Invitrogen, 18021) was used to remove residual RNA after reverse transcription.  After 

quantifying and adjusting the cDNA concentration, 80 ng, 8 ng, 0.8 ng, and 0.08 ng of 

template were used in a dilution series with each set of primers in order to adjust the RT-

PCR reactions within a linear range.  All RT-PCR experiments were repeated at least 

three times to confirm reproducibility.  All primers were tested on cDNA and genomic 

DNA templates to confirm that they spanned intron sequences (Fig. S2). 

2.1.5. Alignment and phylogeny of predicted maize -glucosidase proteins 

Protein sequences for ZmDHR1, ZmDHR2, and ZmDHR3 were predicted based on full 

EST sequences and aligned with protein sequences for ZmGLU1 (CAA52293), ZmGLU2 

(AAD09850), and Sorghum bicolor glycosyl hydrolase dhurrinase (AAC49177) in BioEdit 

7.0 using a BLOSUM62 similarity matrix (Hall, 1999). The alignment was transferred to 

MEGA version 3.1 (Kumar et al., 2004) and a Neighbour Joining (NJ) tree was 

constructed with 500 bootstraps, pair-wise deletion of gaps and a Poisson correction 

model.  Arabidopsis thaliana glycosyl hydrolase family 1 protein (At5g44640) was used 

as an out-group. 

2.1.6. Functional analysis using MapMan and agriGO   

Gramene IDs of probe-sets with statistically significant differential  expression were 

imported into MapMan (Thimm et al., 2004) and AgriGO (Du et al., 2010) for functional 

analysis.  The maize genome mapping file “Zm_B73_5b_FGS_cds_2011” was used for 

MapMan analysis and “maize genome locus” was selected as background reference for 
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agriGO analysis with hypergeometric testing and the Yekutieli correction for multiple 

testing at the P < 0.05 level.  

2.1.7. Metabolite analysis 

Immature leaves for metabolite analysis were collected at the V7 stage by removing the 

leaf-sheaths of all but the last two visible leaves and excising a 7 cm section of the 

central leaf cylinder starting above the shoot apical meristem (SAM).  Samples were 

lyophilized and then ground to a fine powder with a Retsch® MM301 ball mill.  Methanol-

soluble compounds were extracted from 20 mg of dry sample using three 0.75 mL 

aliquots of at 70oC.  Phase separation was carried out using methanol:chloroform:water 

(5:3:7, v/v/v).  The polar fraction was analyzed for sucrose content and used for GC-MS 

analysis, while the pellet remaining after methanol extraction of the dry leaf samples was 

lyophilized, suspended in water and used for starch quantification.   

Sucrose was quantified using treatment with invertase (Sigma, I9274) and hexokinase 

(Sigma, H6380) in 0.1 M MES (2-(N-morpholino)ethanesulfonic acid) buffer pH 4.77. 

Next, NADP+ (Sigma, N5755) and glucose-6-phosphate dehydrogenase (Sigma, G6378) 

in 0.1M HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid) buffer pH 7.5 were 

added.  Finally the change in NADPH concentration was quantified 

spectrophotometrically as a function of absorbance at 340 nm and then converted to mg 

sucrose per gram leaf fresh weight by interpolation from a standard curve.  Glucose was 

similarly quantified in parallel with sucrose and then subtracted from the value of the 

invertase-treated samples.   

Total starch was determined using a starch quantification kit (Megazyme, KTSTA) as 

specified by the manufacturer.  



36 

 

2.1.8. Metabolite profiling using Gas Chromatography – Mass Spectrometry (GC-MS) 

Immature leaves of V7 stage plants were prepared as described in 2.1.7.  Ribitol was 

added to methanol and used in the extraction of dry ground plant material.   An 

experimentally optimized aliquot of the polar fraction was lyophilized and derivatized 

using methoxyamine and N-methyl-N-trimethylsilyl-trifluoroacetamide as previously 

described (Roessner et al., 2000).  One μL of derivatized sample was injected into the 

splitless injection port of a Varian 1200 gas chromatography-mass spectrometry system 

(Varian).  Chromatography was performed using a Rtx-5MS column (Chromatographic 

Specialties, Brockville, Ontario, Canada).  Mass spectra were recorded with an m/z 

scanning range of 50 to 650.  Data analysis was performed using the automated mass 

spectral deconvolution and identification system (AMDIS, http://chemdata.nist.gov/mass-

spc/amdis).  The resulting components were filtered in GASP (Nuin et al., 2004) using a 

signal to noise ratio of 5 as a cut-off requirement.  Component data was normalized to 

ribitol and average normalized component area was compared between genotypes for 

the same tissue type using a t-test at P < 0.1 or P < 0.05. The Golm Metabolite 

Database was used for component identification (Kopka et al., 2005).    

  

http://chemdata.nist.gov/mass-spc/amdis
http://chemdata.nist.gov/mass-spc/amdis
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2.2.   Mature (source) maize leaves 

2.2.1. Plant growth conditions and sample collection 

The id1-m1 allele backcrossed ten times to maize (Zea mays) inbred B73 was used for 

all experiments.  Plants were grown in 2:1 Sunshine LA4 to Turface soilless mix in 

Conviron controlled-condition growth chambers under a light intensity of 1000 µmol m-2 

s-1 in 15 hour light 9 hour dark cycles at 27oC during the light period, and 23oC during the 

dark period.  Carbon dioxide (CO2) was maintained at approximately 400 ppm and plants 

were fertilized weekly with 20-20-20 (Nitrogen-Phosphorus-Potassium).  At the two leaf-

tip stage, plants were genotyped for id1 using PCR primers IdF, IdR4 and DsR (Table 

S6) as described previously (Wong and Colasanti, 2007).  At the seven leaf-tip stage 

(V7), entire leaf blades of the youngest fully expanded leaf, leaf 5 (L5), were sampled for 

starch and sucrose quantification at Zeitgeber Time 0, 8, and 14 h after dawn (ZT0, ZT8, 

and ZT14).  Similarly, leaf 7 (L7) was sampled from plants at the ninth visible leaf-tip 

stage (V9).  Five biological samples were collected per time point and the experiment 

was repeated three times.  For GC-MS analysis and gene expression experiments L5 

leaf blades from V7 plants were collected at ZT8.   

2.2.2. Expression analysis using Affymetrix arrays and qRT-PCR 

For microarray analysis entire leaf blades (L5) from three wild-type plants and three id1 

mutants were collected as specified above and ground in liquid nitrogen.   RNA was then 

extracted from 150 mg of leaf tissue per plant using TRIzol® reagent (Invitrogen, 15596) 

and cleaned up on RNeasy columns (Qiagen, K7404) as per the manufacturers’ 

instructions.   For global expression analysis, we used the GeneChip Maize Genome 

array (Affymetrix, 900615) with 17,555 probe sets to interrogate approximately 14,850 

Zea mays transcripts.  Labeling, hybridization and scanning of the chips were carried out 
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by the London Regional Genomics Center facility (London, Ontario, Canada) according 

to company protocols.  The .cel files were loaded into GeneSpring GX 11 (Agilent 

Technologies) and GC-RMA normalization algorithm was used including baseline 

transformation.   Data was then filtered to exclude intensities under the 20th percentile.   

A minimum 2.0 fold change (FC) between normalized average wild-type and id1 

samples was applied, and statistical significance was assessed with a Benjamini-

Hochberg corrected P < 0.05.  MapMan pathway analysis was used to assign 

statistically significant probe sets to functional bins (Thimm et al., 2004).  AgriGO 

analysis for Gene Ontology (GO) term enrichment was carried out using Singular 

Enrichment Analysis with maize Afffymetrix Array as a background reference (Du et al., 

2010).  A hypergeometric distribution was used for the analysis, and the Yekutieli 

multiple testing correction was applied.  

2.2.3. Gene expression analysis using qRT-PCR 

 Further gene expression analysis was carried out using real time RT-PCR (qRT-PCR).  

RNA was extracted as detailed above from five biological replicates per genotype.  

Complementary DNA (cDNA) was prepared using qScript cDNA SuperMix (Quanta 

Biosciences, 95048) according to the manufacturer’s instructions.  A full list of qRT-PCR 

primers is available in Table S7.  A PerfeCTa SYBR Green SuperMix (Quanta 

Biosciences, 95055) and an Applied Biosystems 7300 Real Time PCR instrument were 

used, and resulting data was analyzed by the 2-ΔΔCt method to obtain fold difference in 

expression between id1 and wt for each gene (Livak and Schmittgen, 2001).  

Glyceraldehyde-3-phosphate dehydrogenase (ZmGAPH, NM_001112230) was used for 

normalization and the calibrator was the average ΔCt for the genotype with lower 

expression level for each gene of interest.  Statistical significance is reported for 

Student’s t tests with P < 0.05.  Primer sequences are supplied in Tables S7 and S8. 
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2.2.4. Transmission Electron Microscopy 

Leaf five (L5) was harvested between the 10th and 15th cm from the leaf tip of V7 plants 

at ZT0, ZT8, and ZT14.  Leaf tissue was fixed in 3% glutaraldehyde, 2% acrolein 

solution in 25 mM phosphate buffer and then post-fixed in 2% osmium tetroxide.  The 

fixed tissue was dehydrated through an ethanol series (30% to 100%) and then 

incubated in propylene oxide before embedding in Spurr’s resin (SPI-Chem, 02680-AB) 

according to the manufacturer’s instructions.  Sectioned material was examined with a 

Philips CM10 electron microscope.  

2.2.5. Carboxyfluorescein diacetate (CFDA) studies 

The blade of leaf 5 of plants at the V7 stage was cut under water and submerged in a 50 

µg mL-1 (5-,6-) carboxyfluorescein diacetate (CFDA) (Invitrogen, C195) solution to 

evaluate phloem transport  of the dye as previously described (Ma et al., 2009b).  Three 

plants of each genotype were tested and the experiment was repeated twice.  Cross-

sections of leaf five sheaths were examined three hours after CFDA application and 

observed with a Leica DM RE confocal microscope using an Argon 488 nm laser for 

excitation and emission settings for carboxyfluorescein in the 495 to 535 nm range and 

in the 620 to 670 nm range for chlorophyll autofluorescence.  

2.2.6. Photosynthesis measurements 

A Li-6400 instrument (LiCor, Nebraska, USA) was used for photosynthesis 

measurements.  Leaf five for V7 stage plants, leaf seven for V9, or leaf nine for V11 was 

clamped into a 6 cm2 leaf chamber (6400-02B) with a red/blue LED light source.  

Measurements for five plants of each genotype were obtained starting two hours after 

the onset of the light period (ZT2) and the experiment was repeated three times.  All 

measurements were performed using an airflow rate of 400 μL s-1 and auto-programs 
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with standard stability definitions.  Matching of the sample and reference IRGAs was 

performed for ΔCO2 < 20.  Statistical significance was evaluated using a Student’s t test 

with P < 0.05.  

2.2.7. Chlorophyll quantifiation 

For chlorophyll quantification entire leaf blades of leaf five at the V7 stage were collected 

and ground in liquid nitrogen using a Retsch® MM301 ball mill.  Chlorophylls were 

extracted using 80% aqueous acetone solution and quantified based on absorbance 

measurements at 645 nm and 663 nm.  Chlorophylls a and b, as well as total chlorophyll 

were determined as previously described (Arnon, 1949).  

2.2.8. Sucrose and starch quantification 

Entire leaf blades were collected as detailed in “Plant Growth Conditions and Sample 

Collection”, lyophilized and then ground to a fine powder with a Retsch® MM301 ball mill 

and extracted as detailed in 2.1.7. 

2.2.9.  Total soluble protein quantification 

Lyophilized pellets of extracted polar fractions were dissolved in 20 mM Tris HCl buffer 

(pH 7.2) containing 300 mM sodium chloride.  Bradford reagent was added and the 

samples were analyzed spectrophotometrically as previously described (Bradford, 

1976).  Protein amounts were interpolated from a bovine serum albumin (BSA) standard 

curve.  

2.2.10. GC-MS analysis of mature leaf blades 

Five id1 and wt blades of the mature fifth leaf of V7 stage plants were collected at ZT8.  

Polar fractions were extracted as detailed in 2.1.7 and GC-MS analysis was performed 

as described in 2.1.8.  Sucrose was present in mature leaf extract samples at 
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significantly higher levels relative to all other metabolites and was, therefore outside of 

the limit of quantification.  
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2.3. Balsas teosinte 

2.3.1. Plant growth conditions 

Experiments with Balsas teosinte (Zea mays ssp. parviglumis) were conducted in growth 

chambers under long day and short day regimes.  All plants were grown in long days (14 

h day/10 h night) until they had made 4 visible leaves. Half of the plants were then 

transferred to short days (10 h day/14 h night).  Night-break experiments for 

quantification of carbohydrates were carried out in Conviron controlled environment 

chambers and grown at 27 oC 10 hour light, 23 oC 14 hour darkness regime for short 

days and a single hour of light at the mid-point of the dark cycle for night-break 

treatments.  Teosinte seed were clipped to aid germination and placed on moist filter 

paper in Petri plates until radical mergence.  The seeds were then transferred to 

sunshine mix soil until shoot emergence. Next the seedlings were transferred to 

standard maize growth mixture of 2:1 Sunshine LA4: Turface in individual 6 inch pots.  

2.3.2. RNA extraction and relative transcript quantification 

All teosinte plants were harvested for RNA extraction two weeks after transfer to their 

respective light regimes.  cDNA for semi-quantitative RT-PCR analysis was carried out 

as described for maize in section 2.1.3, while cDNA for qRT-PCR was prepared 

according to 2.2.2.   In all cases, PCR primers designed with reference to the B73 maize 

genome were used.  Semi-quantitative RT-PCR analysis was carried out on at least 

three replicates and DNA controls and template dilution series were included to control 

for genomic DNA contamination and amplification within the linear range, respectively.   

2.3.3. Transmission electron microscopy  

Leaf blades of SD and LD grown teosinte were collected at the V7 stage and processed 

as described in 2.2.3. 
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2.3.4. Starch and sucrose quantification 

Experiments with mature leaves were repeated three times.  Two of the experiments 

used six replicates of each treatment (NB and SD) and time-point combination (ZT0, 

ZT9, ZT15), and the third experimental repetition used five replicates.  Immature leaves 

were collected once with six replicates per treatment per time-point.  Metabolite 

extraction and quantification was carried out as detailed in 2.1.7. 
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The following chapter entitled: “Expression differences between normal and 

indeterminate1 maize suggest downstream targets of ID1, a floral transition 

regulator in maize” contains data that appears in the following peer-reviewed 

publication: 

Coneva V, Zhu T, Colasanti J (2007) Expression differences between normal and 

indeterminate1 maize suggest downstream targets of ID1, a floral transition regulator in 

maize. Journal of Experimental Botany 58: 3679-3693. 

I would like to acknowledge co-authors Tong Zhu from Syngenta, who provided the 

maize microarray chips and performed the hybridization of plant RNA to the chips, and 

my Ph.D. advisor Dr. Joseph Colasanti. 

  



45 

 

3. CHAPTER 3: EXPRESSION DIFFERENCES BETWEEN NORMAL AND 

INDETERMINATE1 MAIZE SUGGEST DOWNSTREAM TARGETS OF ID1, A 

FLORAL TRANSITION REGULATOR IN MAIZE 

3.1. Abstract 

The INDETERMINATE1 (ID1) transcription factor is a key regulator of the transition to 

flowering in maize.  ID1 is expressed in immature leaves, where it controls the 

production or transmission of leaf-derived florigenic signals.  Loss-of-function id1 

mutants make many more leaves than normal plants and produce aberrant flowers; 

however they exhibit no obvious developmental defects in early growth stages.  A maize 

oligonucleotide microarray was used to assess the transcriptional differences between 

immature leaves of normal-flowering and id1 mutant plants prior to the floral transition.  

Most prominent differences are observed for transcripts of three -glucosidase genes 

termed ZmDHR1, ZmDHR2 and ZmDHR3 that are undetectable in immature leaves of 

id1 mutants, and are expressed in a pattern identical to the ID1 gene in normal plants.  

Gene Ontology (GO) analysis was carried out to define broad functional categories of 

transcriptional changes associated with ID1 expression.  Significant enrichment is 

observed for genes with potential roles in photosynthesis that are up-regulated in id1 

mutant immature leaves.  However, metabolite profiling shows that precocious 

expression of photosynthesis-related transcripts in non-photosynthetic leaves of id1 

mutants is not accompanied by major carbohydrate level alterations compared to wild-

type plants.  Interestingly, nucleosome assembly is another statistically enriched 

category of expression change and it contains genes down-regulated in id1 mutants.  

These data indicate a possible role for ID1 in developmental priming for energy 

production and in epigenetic regulation of leaf development.    
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3.2.  Introduction 

The transition from vegetative to reproductive development is a fundamental event in the 

life cycle of higher plants that is influenced by environmental and endogenous cues.  

Physiological studies have defined a basic floral induction circuit where florigenic signals 

are generated in leaves and transported via the phloem to the shoot apical meristem 

(SAM).  The vegetative SAM receives these signals and becomes committed to 

reproductive development (Corbesier and Coupland, 2006).  Genetic studies in various 

species have defined key regulatory genes that integrate distinct floral inductive 

pathways.  In the model plant Arabidopsis thaliana several overlapping regulatory 

pathways have been established that coordinate environmental inductive cues, such as 

photoperiod and temperature, with developmental cues such as plant size and GA 

signals (Corbesier and Coupland, 2006).   

In maize, the zinc finger protein encoded by the INDETERMINATE1 gene (ID1) is a key 

regulator of the transition from vegetative to reproductive growth.  Loss-of-function id1 

mutants produce many more leaves and flower later than normal wild-type siblings 

(Singleton, 1946; Colasanti et al., 1998).  The ID1 gene product is a nuclear localized 

zinc finger protein that binds a specific DNA sequence in vitro, suggesting that ID1 

functions to control expression of other genes (Kozaki et al., 2004).  ID1 mRNA and ID1 

protein are detected only in developing leaves and genetic studies indicate that ID1 acts 

specifically in leaves, suggesting that ID1 has a role in generating or transmitting a leaf-

derived florigenic signal (Colasanti and Sundaresan, 2000; Wong and Colasanti, 2007).  

Although potential maize orthologs of the major genetic components of the CO/FT 

pathway have been described (Muszynski et al., 2006; Miller et al., 2008; Lazakis et al., 

2011; Meng et al., 2011), many questions about the regulation of flowering time in this 

agronomically important grass remain.  Importantly, information on the molecular 



47 

 

components that form the ID1 floral regulatory pathway is needed.  Additionally, it is 

intriguing if ID1 activity intersects with a maize version of the CO/FT regulatory module 

or if a completely different system operates to control flowering in maize.   

Although ID1 is detected exclusively in immature leaves, id1 mutants have no apparent 

defects in leaf morphology or development, nor is the vegetative growth phase of id1 

plants affected (Colasanti et al., 1998).  Therefore, the use of molecular profiling is well-

suited to assess important gene expression differences that exist between normal and 

id1 mutant plants.  Thus, microarray profiling was used to compare immature leaves of 

normal and id1 mutant maize and reveal putative downstream targets of ID1 activity.   

3.3. Results 

3.3.1. Identification of expression differences between normal and id1 mutant maize 

plants 

Although id1 mutants are severely impaired in their ability to flower, up until the point of 

floral transition their growth rate and morphology is identical to normal maize plants 

when grown under standard growth chamber conditions (Fig. 3.1).   ID1 transcript and 

protein are confined to immature leaves at all stages of development, but the overall 

level of ID1 mRNA increases as the plant approaches the transition to flowering 

(Colasanti et al., 1998; Wong and Colasanti, 2007).  Therefore, expression differences 

between immature leaves of mutant and wild-type plants just prior to the normal 

transition to flowering were examined.  Restricting analysis to immature leaves at the 

transition stage should increase the chances of identifying genes that are targets of the 

ID1 transcription factor. 
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Plants segregating the id1-m1 null mutation, which is caused by a Ds2 transposable 

element insertion into an exon of the ID1 gene (Colasanti et al., 1998), were used for all 

experiments.  Lines created by backcrossing the id1-m1 allele into the B73 and W22 

inbred were used for the microarray analysis (Fig. 3.2).  The use of introgression lines 

and different inbred backgrounds further reduces the likelihood of expression differences 

unrelated to flowering.  Total RNA was prepared from the central cylinder of immature 

leaves of id1 mutant and normal flowering plants (referred to as “wild-type” or “wt”) that 

had made 7 to 8 visible leaves; i.e. the V7/V8 stage (Fig. 3.1), which marks the end of 

leaf initiation in the maize inbreds used (Colasanti et al., 1998; Wong and Colasanti, 

2007).     

The custom Affymetrix oligonucleotide array interrogated here contains 82,000 probe-

sets covering a significant portion of the maize transcriptome, with 50,058 displaying 

high similarities to known proteins.  To identify the gene sets with the greatest 

reproducible expression differences a two-fold change threshold and P-values below 

0.05 were set as criteria to analyze the hybridization data.  As a result, 55 entities were 

identified as statistically significant (Fig. 3.2, Table 3.1).  As expected, ID1 was among 

the 22 genes with reduced expression levels in id1 immature leaves, with an overall fold 

change of 2.63 (Table 3.1).  Furthermore, hybridization to two actin probe sets on the 

chip did not vary significantly between mutant and normal samples (not shown), 

validating the usefulness of this probe as an expression control in subsequent semi-

quantitative RT-PCR experiments. 

To further characterize genes with the greatest differences, microarray probe region 

sequences were used to query available EST and cDNA databases as well as the 

Genomic Survey Sequence (GSS) database comprised of genomic sequences enriched 
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for coding regions (http://www.ncbi.nlm.nih.gov/dbGSS/).  BLASTX searches with full 

length ESTs were also used in some cases to putatively annotate the 55 genes with 

significant expression differences shown in Table 3.1.  In the cases in which no maize 

entry was available at the time of analysis, the accession of the closest protein homolog 

is reported (indicated by an asterisk).  Putative annotation followed by two asterisks 

indicates that the EST was only successfully matched to an entry in the commercial EST 

database MaizeSeq (www.maizeseq.org), which is no longer available.  More recently, 

advances in sequencing, assembly and annotation of the maize genome 

(www.maizesequence.org) have allowed the assignment of Gramene IDs to most of the 

55 probe-sets and this information was included in Table 3.1.  

The largest magnitude of expression change is observed for the down-regulation in id1 

mutant plants of three -glucosidase-related genes, with fold changes ranging from 4.9 

to as much as 15.9 (Table 3.1).  It is intriguing to note that at least 19 of the 55 unique 

genes, or 34% (highlighted in green) are involved in various aspects of photosynthesis 

and carbohydrate metabolism, and 15 of these 19 entities are up-regulated in id1 

mutants.  Furthermore, to ascertain if any “Biological Process” Gene Ontology (GO) 

terms are enriched in the dataset of differentially expressed entities, agriGO analysis 

was performed (Du et al., 2010) using available Gramene IDs.  Indeed, photosynthesis-

related gene function was found to be significantly over-represented among expression 

differences (P = 7.52e-5, Fig. 3.3).  In addition to ID1, four genes encoding different 

classes of zinc finger proteins are down-regulated in id1 mutants (highlighted in yellow).  

Two genes encode CHY-type zinc fingers, one is a CSL-type zinc finger and the final 

predicted protein has a H3HC4 zinc finger motif. 
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Figure 3.1. Mutant id1 and normal (wt) plants at the 7 visible leaves stage (V7) are 

indistinguishable. The relative position of the shoot apical meristem is depicted by a 

red triangle. 

 

Figure 3.2. Flowchart of the microarray data analysis procedure. 
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Table 3.1. Summary of entities with a minimum of two fold expression difference between id1 

mutants and wild-type plants.  
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Figure 3.3. Diagram of significant agriGO terms based on the list of significant expression 
differences between wt and id1 in Table 3.1.  

Photosynthesis-related GO term 0015979 is significant with a P-value indicated in 

brackets. This term is present in five of the thirty three entities for which GO annotation 

was possible. It is also associated with 99 of the reference list entities (15818).  
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3.3.2. Confirmation of expression differences by semi-quantitative RT-PCR and 

Northern blotting 

The validity of expression differences detected by microarray analysis was examined by 

gene-specific probes on Northern blots and/or by semi-quantitative Reverse 

Transcription-Polymerase Chain Reaction (RT-PCR) with intron-spanning primers based 

on probe-set sequences.  The prominent down regulation of several -glucosidase 

genes was confirmed by Northern blots as well as by RT-PCR (Fig. 3.4).  RT-PCR was 

also used to examine the expression of six genes identified as up-regulated in id1 

mutants as well as three other genes found to be significantly down-regulated in mutant 

plants (Fig. 3.5).  In most cases RT-PCR analysis confirmed the differences detected by 

microarray.  For example, three -glucosidase genes with the greatest difference of 

expression (ZmDHR1, 2 and 3) were not detectable by RT-PCR (Fig. 3.5), and ZmDHR1 

and ZmDHR2 mRNAs were not detected by Northern analysis (Fig. 3.4). Similarly, 

expression of two of the zinc finger containing genes, CHY (GRMZM2G144782) and 

CSL (GRMZM2G023392), was significantly lower in id1 mutant leaves by RT-PCR and 

corresponded approximately to levels shown by microarray (Fig. 3.5).  In several cases, 

however, the magnitude of the changes observed by microarray analysis was not 

supported by RT-PCR.  Although RT-PCR analysis of ZmGlu2, showed its transcript 

levels to be significantly lower in id1 mutants (Fig. 3.6), this difference did not match the 

four-fold up-regulation in wild-type immature leaves as shown by microarray.  Similarly 

the PS1-encoding entity (GRMZM2G012397) showed no apparent difference in any 

tissue by RT-PCR even though microarray analysis suggested a 2.5 fold up-regulation in 

id1 immature leaves (Fig. 3.6).  Generally, the accuracy of the microarray profiles was 

confirmed, while the importance of confirming expression differences using other 

methods was also highlighted. 
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3.3.3.  Determination of expression patterns of identified genes in other maize tissues 

RT-PCR was used to examine transcript levels of 13 genes identified as differentially 

expressed between id1 and wt immature leaves in several vegetative tissues.  Section 

‘A’ contains the entire SAM as well as the youngest leaf primordia and encompasses a 

region from the base of the apex to 2 cm above it.  Sections ‘B’, ‘C’, and ‘D’ are 

consecutive 2 cm long sections above section ‘A’ (Fig. 3.5);  these sections are of 

special interest since they were found to have the highest levels of ID1 mRNA (Colasanti 

et al., 1998).  Transcript levels in the fifth mature green leaf of V7 plants and the 

emerging root and shoot of seedlings 3 days after germination (DAG) were also 

quantified. 

In addition to the -glucosidase-encoding genes, the expression of several genes found 

to be down-regulated in immature leaves of id1 mutants was also analyzed.  Transcripts 

for two putative zinc finger-encoding genes CHY and CSL as well as the Post-

Illumination Fluorescence Increase (PIFI) gene were also detected at lower levels in 

mature green leaves of id1 mutants relative to wild-type (Fig. 3.6).  However, unlike ID1, 

these genes are present in all sections of the stem as well as in germinating shoots and 

root tissues.  The CHY zinc-finger gene mRNA is present in all tissues equally, whereas 

CSL zinc-finger transcripts are most abundant in immature leaves and germinating roots 

and less so in green leaves (Fig. 3.5).  The expression of six genes up-regulated in id1 

immature leaves according to microarray data analysis was also examined.  Higher 

transcript levels in id1 immature leaves for four of the six genes were clearly validated by 

RT-PCR.  Interestingly, several genes encoding proteins with putative roles in 

photosynthesis, namely malate dehydrogenase (MDH, GRMZM2G027479), chloroplastic 

NADP-dependent malic enzyme (NADP-ME, GRMZM2G085019), a chloroplast-specific 

fructose bisphosphate aldolase (FBPase, GRMZM2G046284) and a Rubisco activase 
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gene (RCA, GRMZM2G162200) show no difference in expression between the fifth 

mature leaf of mutant and wild-type plants (Fig.3.6).  Therefore, immature leaves of id1 

mutants seem to precociously express several genes that are normally present in 

photosynthetically active tissues.   

Not unexpectedly, none of these photosynthesis-related genes showed expression 

patterns similar to the ID1 gene since all of them are expressed primarily in mature 

green leaves.  Expression patterns of the putative FBP aldolase precursor gene and the 

Rubisco activase precursor gene were very similar, both showing high levels of 

expression in green leaves, and fairly high levels in sections C and D of immature leaves 

(Fig. 3.6).  Transcripts of the putative maize IAA -glucosyltransferase gene, which 

showed only slightly higher levels in id1 immature leaves, was also detected at equal 

levels in green leaves of both mutant and wild type (Fig. 3.6). 
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Figure 3.4. Northern blot and semi-quantitative RT-PCR analysis of maize β-glucosidase genes.  

 

 

Figure 3.5. RT-PCR analysis of relative expression of several β-glucosidase related genes.  

A. Wild type plants at the 7 visible leaves stage (V7) were sectioned for RT-PCR 

analysis. Sections A through D, are 2 cm each.  L5: Leaf five as indicated; IL: 

immature leaves including sections B through D. The SAM is illustrated by a blue 

triangle.  B73 RNA from root (R) and shoot (S) of 3-day old seedlings was also 

included in this analysis. 

B. Expression profiling of select β-glucosidase genes from maize. 
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3.3.4. Expression analysis of maize -glucosidase-related genes  

Three of the four -glucosidase genes down-regulated in immature leaves of id1 mutants 

were found to be most similar to the dhurrinase class of glucose hydrolases and are, 

therefore, referred to here as ZmDHR1, ZmDHR2 and ZmDHR3.  Intriguingly, ZmDHR1 

and ZmDHR3 were both annotated as GRMZM2G077015 (Table 3.1) suggesting that 

these entities might refer to the same gene.  However, the recent identification of at least 

26 maize β-glucosidase genes (Gomez-Anduro et al., 2011) and the lack of information 

on the putative encoded proteins precludes unambiguous annotation within this family.  

Thus, since specific primers to each probe sequence were designed, further analysis 

treats ZmDHR1 and ZmDHR3 as distinct ESTs.  Expression of ZmDHR1 is 15.9 fold 

higher, on average, in normal-flowering plants relative to id1 mutants, the greatest 

statistically significant difference for any probe on the array, while three other -

glucosidase genes, represented by probe sets for ZmDHR2, ZmDHR3 and Zmglu2 were 

12.2 fold, 4.9 fold and 4.1 fold higher, respectively, in wild-type immature leaves relative 

to id1 mutants (Table 3.1).  Northern blots and RT-PCR were unable to detect transcript 

in id1 plants for any of these genes except ZmGlu2, while high levels of expression were 

detected in wild-type plants (Fig. 3.4, Fig. 3.5).   

It is interesting to note that unlike any of the genes analyzed and described in the 

previous section, the three maize -glucosidase genes all have expression patterns that 

are similar to the expression profile of the ID1 gene; i.e. they are expressed in distal 

regions of immature leaves but undetectable in mature leaf blades or the apical regions 

of wild-type plants (Fig. 3.5).  Also similar to ID1, the three ZmDHR genes are 

undetectable or expressed at very low levels in roots and shoots of seedlings (Fig. 3.5).  

Zmglu2 is expressed in mature leaf blades of both wild-type and mutant plants, with 
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lower but detectable expression levels in id1 mutants.  Moreover, ZmGlu2 transcripts are 

present in all sections of immature leaf as well as root and shoot of young seedlings, 

consistent with previous reports (Cicek and Esen, 1999).  Therefore, the expression 

pattern of ZmGlu2 is distinct from that of the three ZmDHR -glucosidase genes.  The 

expression of the well-characterized maize -glucosidase gene, ZmGlu1, is unchanged 

between id1 mutant and wild-type plants (Fig. 3.5).  Therefore, the three ZmDHR genes 

have a distinct expression pattern that overlaps with that of the ID1 gene. 
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Figure 3.6. Confirmation of relative expression changes between wt and id1 using semi-

quantitative RT-PCR.  

A. Colours are proportional to the magnitude of expression change between average 

normalized microarray chip data.  

B. Semi-quantitative RT-PCR results for genes in panel A. 
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3.3.5. Phylogenetic comparison of -glucosidase related genes  

BLAST searches of EST, cDNA and GSS databases with chip probe sequences allowed 

the reconstruction of the complete coding regions for differentially expressed -

glucosidase-encoding genes.  The complete coding sequences for ZmDHR1, ZmDHR2, 

and ZmDHR3 were translated in all possible open reading frames (ORF) and the ORF 

with similarity to -glucosidase proteins was selected for further analysis.  An alignment 

of predicted amino acid sequences for ZmDHR proteins along with ZmGLU1 

(CAA52293), ZmGLU2 (AAD09850) and a sorghum dhurrinase SbDHR1 (AAC49177) 

revealed a high degree of similarity among these -glucosidase proteins (Fig. 3.7A).  

The TFNEP and ITENG motifs, which form the catalytic site of all family 1 -

glycosidases (Czjzek et al., 2000) are conserved in the -glucosidase amino acid 

sequences examined here (red boxes, Fig. 3.7A).  The level of relatedness among 

maize -glucosidases was examined by constructing a Neighbor Joining (NJ) tree based 

on the generated amino acid alignment (Fig. 3.7B).  The sequence of SbDHR1 and an 

Arabidopsis glycosyl hydrolase family 1 protein (At5g44640) were also included.  Maize 

dhurrinase-related -glucosidases group together and are similarly distanced from maize 

ZmGLU2 and SbDHR1.  When compared as pairs, ZmDHR1 shares 73% identity with 

ZmGLU1 and 71% identity with ZmGLU2 and SbDHR1.  ZmDHR3 shares 71% of its 

sequence with ZmGLU1 and ZmGLU2, while it is 69% identical to SbDHR1.  ZmGLU1 is 

89% identical to ZmGLU2, while ZmGLU1 and ZmGLU2 proteins are about 71% 

identical to SbDHR1.  Therefore, ZmDHR1, ZmDHR2 and ZmDHR3 are closely related 

family 1 maize glycolytic hydrolases that are similar to sorghum dhurrinase in addition to 

maize ZmGLU1 and ZmGLU2.    
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Figure 3.7. A. Alignment of amino acid sequences of maize β-glucosidase related gene products 

and the Sorghum bicolor glycosyl hydrolase dhurrinase.  B. Neighbour Joining (NJ) 

tree comparing predicted β-glucosidase proteins from maize and sorghum. 

Arrowheads are explained in the text. Arabidopsis glucohydrolase (At_gluco_h, 

At5g44640) was used as an outgroup. 
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3.3.6. Analysis of a subset of microarray data to uncover a greater number expression 

differences associated with flowering  

Using the GeneSpring GX (Agilent Technologies, USA) Principal Component Analysis 

(PCA) tool, normalized data of all 16 microarray chips were explored.  By mathematically 

simplifying complex data, PCA can uncover similarities and trends within a dataset.  The 

results of this analysis, shown in Figure 3.8, suggest a strong grouping by genetic 

background (B73 vs W22) that is, in some cases, stronger than the grouping observed 

for genotype (id1 vs wt).  For example, line C (brown symbols), which is a W22 

derivative line (Fig. 3.8), forms a distinct grouping.  Thus, while useful in obtaining a list 

of expression differences that are strongly associated with flowering, including plants 

from the W22 and B73 backgrounds in this analysis may limit the potential to uncover 

some of the biologically-relevant information.  In addition, a more extensive list of 

statistically significant expression differences is more reliably amenable to functional 

analysis such as GO enrichment.  Therefore, line B was selected for further analysis due 

to the consistent clustering of id1 and wt replicates (blue symbols, Fig. 3.8).  The same 

analysis process including normalization and filtering of the data was applied to line B as 

with the analysis of all lines (Fig. 3.9A), and correlation among biological replicates of 

each genotype was high in line B (Fig. 3.9B) substantiating PCA results.  A list of 696 

entities with a minimum two-fold difference in expression (P < 0.05) between wt and id1 

immature leaves was obtained.  Next, the lists of differentially expressed entities 

obtained from analysis of line B (list 1) was overlayed with list 2 obtained from the 

analysis of all three lines.  Overlap between these lists would validate the assumption 

that removing the influence of genetic background from the analysis provides more 

information, while associations captured by inclusion of all microarray chips are retained.  

Indeed, list 2 is contained within list 1 with the exception of 2 probe-sets, which are 
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present in list 2 but were not detected by the analysis applied to generate list 1 (Fig. 

3.10).  

The list of 696 expression level changes was then utilized to obtain functional 

information about the general classes of genes associated with ID1 expression.  

MapMan analysis, which groups probe-sets into hierarchical functional categories, 

termed bins, based on putative biological function, was used (Thimm et al., 2004).  Of 

the 696 differentially expressed entities, 463 were assigned to 35 MapMan bins in the 

“Overview” visualization pathway using the genome mapping for maize.  Additionally, 

about a third of the assigned entities, 26%, were grouped in bin 35 representing 

unknown function.  Several major functional categories of transcription change were 

identified by calculating the relative proportions of probe-sets in each bin (Fig. 3.11).  

Similar to analysis of lines A, B, and C taken together, photosynthesis-related transcripts 

represent the largest group - 16% of entities, for which function is known or can be 

predicted (Fig. 3.3, Fig. 3.11).  Further, bins reflecting RNA (8%), DNA (6%), and protein 

(6%) metabolism are relatively abundant among transcriptional changes in non-flowering 

plants.  The RNA bin is largely composed of transcription factors; the DNA bin contains 

entities with similarity to proteins involved in DNA synthesis, chromatin structure and 

histone proteins, while the protein bin encompasses transcripts relating to protein 

synthesis, post-translational modifications and degradation functions.  Among 

transcription factor families, expression differences for genes with similarity to basic 

Helix-Loop-Helix (bHLH) and the CONSTANS-like zinc finger transcriptional regulators 

are most abundant (Table S1).  Interestingly, five C3HC4-type RING domain zinc finger 

family proteins with predicted E3 ubiquitin ligase function are present on the list of 

expression differences between id1 and wt developing leaves (Table S1) and two of 

these (GRMZM2G144782 and GRMZM2G131815) are also among the changes 
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reported in Table 3.1.  The majority of differentially expressed entities in the DNA bin 

encode putative histone proteins (Table S2).  

To ascertain if any GO terms are statistically enriched in the dataset of differentially 

expressed entities, agriGO analysis  was applied (Du et al., 2010).  Seventy-two GO 

terms that belong to the “Biological Process” ontology were found to be significantly 

over-represented in the dataset (Fig. 3.12).  The majority of statistically enriched terms 

belong to the “Photosynthesis” and ‘Nucleosome assembly” nodes which are enriched 

with high significance (red boxes).  Thus, both MapMan and GO analysis point to 

photosynthesis and chromatin structure-related transcriptional changes in the absence 

of ID1 activity.  
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Figure 3.8. Principal Component Analysis of sixeen microarray chips. 

Figure 3.9.  A. Flowchart of microarray data analysis for line B id1 and wt plants. B. Correlation 

plot of line B microarray chips  
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 Figure 3.10. Venn diagram of significant entities obtained by analyzing sets A, B, and C together 

(list 1) versus set B only (list 2).  

Figure 3.11. Differentially expressed genes for line B, immature leaves assigned to bins in the 

“Overview” visualization pathway of MapMan.   
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Figure 3.12. AgriGO analysis of microarray data for line B. 
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3.3.7. Comparative metabolite profiles of id1 mutant and wild-type immature leaves  

As detailed in previous sections, photosynthesis was repeatedly identified as a highly 

significant functional category of transcription level change between developing leaves 

of wt and id1 plants.  However, since immature leaves lack chlorophyll and do not 

engage in photosynthesis, potential changes in carbon assimilation in mature leaves 

may be reflected in quantitative differences in the levels of major carbohydrates in this 

sink tissue.  To investigate this possibility sucrose and starch levels were assayed at 

several Zeitgeber (ZT) time-points throughout the day using enzymatic methods.   No 

significant alterations in the abundance of these carbohydrates were detected between 

developing leaves of wt and id1 plants (Fig. 3.13).  

Further, to assess reproducible differences in relative abundance of a wider range of 

metabolites in an unbiased manner, Gas Chromatography-Mass Spectrometry (GC-MS) 

analysis was performed.  Approximately 120 components (peaks) were detected per 

sample and average normalized peak area was significantly different between wt and id1 

immature leaves for nine peaks (P < 0.05).  Putative identities were assigned for seven 

of these peaks based on the best mass spectrum match to metabolites in the Golm 

Metabolite Database (Kopka et al., 2005) and two peaks were assigned into general 

compound classes based on representative masses (Table S3, Fig. 3.14).  Most 

interestingly, no major carbohydrates such as sucrose and glucose, are on the list of 

quantitative significant metabolite differences between mutant and wt immature leaves.  

However, three sugars - fructose, a strong candidate for the disaccharide trehalose, and 

an unknown sugar-like metabolite with a retention time of 32.6 minutes - are lower in id1 

mutants.   
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Figure 3.13. Comparison between id1 mutant and wild type starch, sucrose and glucose levels in 

the zone of Id1 expression.  Error bars represent SD. 

 

Figure 3.14. Quantitative metabolite differences between id1 and wild type plant immature 

leaves.  Metabolites above this line do not exhibit statistically significant alterations 

between id1 and wt immature leaves (NS). 
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3.4. Discussion 

Molecular profiling of immature leaves was used to examine the expression differences 

between normal maize and id1 mutant plants in order to identify potential downstream 

targets of ID1.  Prior to the transition to flowering normal maize plants are 

indistinguishable from id1 mutants.  Hence, any observed expression differences are 

more likely associated with the inability of id1 mutant leaves to produce or transmit the 

florigenic signal, rather than with the formation of reproductive structures.  Also, focusing 

on developing leaves, the tissue where ID1 is expressed, is likely to reveal molecular 

components of the ID1-regulated floral pathway. 

3.4.1.  Immature leaves of id1 mutants precociously express photosynthesis-related 

transcripts but do not show alterations in the levels of major carbohydrates 

A total of 55 entities with a minimum two-fold differential expression between immature 

leaves of normal and id1 plants were detected.  Follow-up expression analysis was 

carried out for genes with the greatest expression differences and/or those that fall into 

defined functional categories.  More than one third of the differentially expressed genes 

are involved in carbohydrate metabolism, and about 80% of these are up-regulated in 

id1 mutant immature leaves (Table 3.1).  A microarray profiling study of expression 

differences in vegetative tissues of Arabidopsis flowering time mutants also found a 

significant proportion of differentially expressed genes that are involved in metabolism 

(Wilson et al., 2005).  Notable metabolism-related genes found to be differentially 

expressed between id1 and wt immature leaves include genes encoding a putative 

malate dehydrogenase (MDH, GRMZM2G027479) and NADP-dependent malic enzyme 

(NADP-ME, GRMZM2G085019).  MDH transcripts, while undetectable in immature 

leaves of normal plants, are expressed at high levels in mutant immature leaves (Fig. 

3.6).  MDH enzymes have several roles in plants, such as generating ATP in the 
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tricarboxylic acid (TCA) cycle or converting oxaloacetate to malate in mesophyll cells of 

C4 plants, such as maize.  Interestingly, the malic enzyme gene has an expression 

profile similar to MDH in id1 mutants.  Malic enzyme, which acts in bundle sheath cells to 

decarboxylate malate and release CO2 for uptake into the Calvin cycle, also plays a key 

role in C4 photosynthesis.  Other carbohydrate metabolism and photosynthesis genes 

tested showed expression profiles similar to MDH and malic enzyme.  RubisCO activase 

(RCA, GRMZM2G162200) and FBP aldolase (GRMZM2G046284) are also expressed at 

significantly higher levels in id1 immature leaves compared to normal plants, and, like 

MDH and malic enzyme, their expression is approximately equal in wild-type and id1 

mature leaves (Fig. 3.6).  FBP aldolase is a key enzyme in the pentose phosphate 

pathway, which generates reducing power in the form of restored NADPH, while RCA 

regulates the activity of RubisCO, a fundamental enzyme required by all photosynthetic 

plants to fix carbon.  It has been shown that Rubisco and RCA levels correlate with the 

rate of photosynthesis (Jiang et al., 1994).  Finally, the putative Post-Illumination 

Fluorescence Increase encoding gene, PIFI (GRMZM2G012119), a nuclear-encoded 

chloroplast protein, is expressed at significantly lower levels in id1 mutants (Fig. 3.5).  

PIFI has been implicated in cyclic electron transport in Arabidopsis (Wang and Portis, 

2007) and some studies indicate that this process may play an important regulatory role 

in photosynthesis (Peltier and Cournac, 2002; Munekaga et al., 2004).   

Despite the precocious expression of several genes involved in photosynthesis, 

immature leaves of both id1 and wild-type plants lack chlorophyll and are unable to 

engage in photosynthesis.  Furthermore, no differences in the levels of major 

carbohydrates such as starch, glucose, and sucrose were detected between developing 

leaves of non-flowering id1 maize and wt (Fig. 3.13).   Thus, the observed expression 

differences in photosynthesis-related genes may reflect a change in the developmental 
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status of immature leaves of id1 mutants since these leaves express transcripts which 

normally accumulate to high levels in mature green leaves.   Interestingly, a microarray 

study comparing the transcriptomes of  juvenile and adult leaves at the same 

developmental stage similarly show that a significant proportion, about 30%, of 

transcripts related to photosynthesis are up-regulated in juvenile primordia (Strable et 

al., 2008).  This finding suggests that priming for energy production is developmentally 

controlled during early leaf development in maize, and adds support to the supposition 

that ID1 may be required in immature leaves to cue correct developmental time.  

Alternatively, expression differences related to photosynthesis may be due to carbon 

assimilate level alterations in other parts of the plant, such as source leaves.  Indeed, 

carbohydrate levels have long been suggested as a possible mechanism by which a 

plant monitors its internal environment with respect to the floral transition (Bernier et al., 

1993; Corbesier et al., 1998).  However, metabolite profiling using GC-MS yielded few 

quantitative differences.  Interestingly, id1 leaves have lower levels of a strong candidate 

for trehalose and of fructose compared to wild-type immature leaves (Fig. 3.14).  

Trehalose, a disaccharide characteristic of plant and fungal lineages, has been shown to 

act as a signal coordinating carbohydrate availability and developmental processes, 

such as the transition to flowering and embryo development in Arabidopsis, as well as 

inflorescence branching in maize (Schluepmann et al., 2003; van Dijken et al., 2004; 

Kolbe et al., 2005; Gomez et al., 2006; Satoh-Nagasawa et al., 2006).  The possible link 

between ID1 activity and the ability of trehalose to act as a signal coordinating 

carbohydrate availability with plant metabolism and developmental processes is 

intriguing and warrants further investigation.   
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3.4.2. ZmDHR -glucosidase gene expression is absent in id1 mutants 

Three -glucosidase-related genes are significantly down-regulated in id1 mutant plants 

(Table 3.1, Fig. 3.5).  One other -glucosidase, ZmGlu2, was also shown to be down-

regulated on the array, but Northern analysis and RT-PCR showed that this difference 

was not as prominent (Fig. 3.4).  A particularly striking finding is that ZmDHR1, 

ZmDHR2, and ZmDHR3 genes have an expression pattern identical to that of the ID1 

gene (Fig. 3.5).  This suggests that ID1 may control the expression of these genes.  The 

11 bp DNA consensus motif for ID1 binding, TTTGTCGTATT (Kozaki et al., 2004) was 

not found  in up to 200 bp upstream of the predicted open reading frame for any ZmDHR 

gene described here (not shown).  

Mutations in the ZmDHR genes identified here, or indeed for any other maize -

glucosidase genes, have not been described.  Recently, 26 -glucosidase-encoding 

genes were identified in the maize genome (Gomez-Anduro et al., 2011).  According to 

this study, ZmDHR1/ZmDHR3 (GRMZM2G077015) and ZmDHR2 (GRMZM2G076946) 

belong to Group1 of the maize gene family along with ZmGlu1 and ZmGlu2.  In addition, 

the closest Arabidopsis orthologs of these maize -glucosidase proteins also group 

within a single putative glycohydrolase subfamily (Xu et al., 2004).  This close grouping 

suggests similar biochemical function for ZmDHR, ZmGLU1 and ZmGLU2 proteins.  

Furthermore, analysis with intracellular localization prediction software WoLF PSORT 

(Horton et al., 2006) indicates that ZmDHR1, ZmDHR2, ZmDHR3, ZmGLU1, and 

ZmGLU2 proteins are likely targeted to the chloroplast (not shown).  Further, similar cis 

elements found in the predicted promoters of ZmDHR1/3 and ZmDHR2 suggest co-

regulation in response to growth and metabolism, light, and abscisic acid (ABA) 

signaling (Gomez-Anduro et al., 2011). 



74 

 

The glycolytic hydrolases of the -glucosidase class have been shown to have diverse 

functions, including hormone activation, cell wall synthesis, abiotic stress tolerance and 

pathogen defense (Esen, 1993).  Specificity for the aglycone portion of -glucosidase 

substrates is quite broad.   In contrast, cyanogenic -glucosidases, like the sorghum 

dhurrinases, recognize and cleave only dhurrin, which leads to the release of an 

activated toxic aglycone, for example cyanide, which is utilized by the plant for defense 

against pathogens and herbivores (Cicek and Esen, 1998).  Interestingly, Czjzek et al. 

(2000) established that substitution of the 487-NNNCTRYMKE or 466-FAGFTERY C-

terminal peptides of ZmGLU1 with the SbDHR1 477-ENGCERTMKR and 481-

SSGTTERF respectively, resulted in chimeric ZmGLU1 with an acquired ability to 

hydrolyse dhurrin thus identifying that these SbDHR1 peptides are required and 

sufficient for dhurrin cleavage.  None of the ZmDHR predicted protein sequences 

identified here encode the combination of key amino acid residues required for dhurrin 

cleavage S-481, S-482, and R-487 (arrowheads, Fig. 3.7A).   

Several studies report the involvement of -glucosidase proteins in hormone activation.  

For example, the maize ZmGlu1 gene activates hormone conjugates of cytokinin-O- and 

kinetin-N3-glucosides (Brzobohaty et al., 1993).  More recently, the Arabidopsis AtBG1 

-glucosidase was shown to have an important role in removing glucose conjugated to 

abscisic acid, thereby providing a mechanism for rapid ABA activation in response to 

abiotic stress (Lee et al., 2006).  In addition, chloroplast-specific expression of β-

glucosidase in tobacco resulted in elevated levels of several phytohormones including 

GA and ABA, as well as early flowering, and protection from some insect pests (Jin et 

al., 2011).  It is thus intriguing to speculate a potential role for the ZmDHR proteins 

described here in the activation of glucose-conjugated compounds in developing leaves 
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that can then migrate to the SAM to promote flowering.  However, at this point, given the 

broad range of functions associated with -glucosidase enzymes, and the lack of 

biochemical characterization of maize -glucosidase enzymes, it is not possible to 

ascribe a particular function to the ZmDHR genes based on sequence similarity.  Careful 

biochemical analysis and targeted metabolic analysis could provide more evidence for 

whether the novel ZmDHR proteins identified here catalyze the release of an active 

substance with a role in transmitting florigenic signals to the shoot apex.   

3.4.3. Expression differences in regulatory proteins that may be associated with ID1 

activity in maize  

Few entities with similarity to transcription factor proteins are present on the list of 

expression differences between id1 and wt developing leaves when microarray analysis 

is carried out on lines A, B, and C (Table 3.1).  However, MapMan analysis of 

expression differences between line B id1 and wt revealed that “Regulation of 

Transcription” is a major functional category associated with ID1 activity in developing 

leaves (Fig. 3.11) highlighting the possibility that ID1 may directly or indirectly control 

the expression of transcriptional regulators.  Putative members of the basic Helix-Loop-

Helix (bHLH) and the CONSTANS-like zinc finger transcription factor families are most 

abundant (Table S1).  Interestingly, several CO-like transcription factors function to 

mediate flowering time responses.   For example, Arabidopsis CO and its orthologs in 

rice and wheat are major regulators of photoperiod-induced flowering (Colasanti and 

Coneva, 2009), while CO-like genes Ghd7 in rice and HvCO9 in barley function to 

repress flowering in non-inductive conditions (Griffiths et al., 2003; Xue et al., 2008; 

Kikuchi et al., 2012).  Comprehensive analysis of CO-like genes in the maize genome 

will facilitate the analysis of the potential involvement of these in the floral transition and 

the potential genetic role of ID1 in regulation of CO-like gene expression.  
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In addition to entities involved in transcriptional regulation, genes with predicted protein 

regulatory functions were also of interest.  Five C3HC4-type zinc finger RING finger 

family proteins with proposed E3 ubiquitin ligase function are present on entity list 1 

(Table S1), and two of these are also present on entity list 2 (GRMZM2G144782 and 

GRMZM2G131815) suggesting that RING finger proteins may have an important 

regulatory function that is linked to ID1 activity.  While RING finger genes have not been 

functionally characterized in maize, genome-wide analysis of C3HC4 RING finger 

protein-encoding genes in Arabidopsis and rice reveal that this class of proteins may be 

involved in diverse processes including hormone and stress signaling (Stone et al., 

2005; Ma et al., 2009a).   An Arabidopsis protein with similarity to the deduced maize 

CHY/RING finger protein encoded by GRMZM2G144782 is PEX10, a peroxisomal 

protein required for attachment of peroxisomes to chloroplasts for the movement of 

metabolites between these cellular compartments (Schumann et al., 2007).  A possible 

connection to flowering time regulation is suggested by a study of an Arabidopsis RING-

domain zinc finger protein, RFI2 (RED and FAR RED INSENSITIVE2, At2g47700) 

(Chen and Ni, 2006).  RFI2 was reported to regulate the photoperiodic floral induction 

pathway in Arabidopsis by fine-tuning the circadian output received from phytochrome B 

and suppressing the expression of CO.   Another intriguing connection to flowering time 

is the repression of FLC in hub1 (histone monoubiquitination1) and hub2 mutants, which 

are loss-of-function for a C3HC4 RING finger protein (Cao et al., 2008).  These mutants 

lack monoubiquitination of specific lysines on histone H2B at the FLC locus - a 

modification that is required for active transcription of the floral repressor (Liu et al., 

2007).    
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3.4.4. GO analysis of the id1 leaf transcriptome suggests a role for ID1 in epigenetic 

regulation of leaf development 

Analysis of expression level differences between non-flowering id1 and wt immature 

leaves in the B73 background resulted in a list of 696 entities.  Functional analysis of 

differentially expressed entities using MapMan and agriGO revealed a significant 

proportion of transcriptional differences in genes involved in the regulation of 

transcription and chromatin assembly (Figs. 3.11, 3.12).  Specifically, differentially 

expressed entities encoding histone proteins are down-regulated in id1 immature leaves 

(Fig. S2).  The deposition of certain histone variants can change the properties of the 

surrounding chromatin, making it more or less amenable to transcription.  Most notably, 

replication independent incorporation of histone variants of H2A, and H3 are associated 

with transcriptional activation at silent promoters and limiting the spread of 

heterochromatin in eukaryotes (Johnson et al., 2004; Li et al., 2005; Jamai et al., 2007).  

Thus, the incorporation of histone variants is emerging as a distinct level of chromatin 

structure regulation in addition to the histone code, involving covalent modifications of 

histone tails.  Prominent examples of epigenetically regulated developmental processes 

in plants include seed development, embryo maturation, and flowering time.  In 

Arabidopsis, the vernalization and autonomous pathways of floral regulation converge 

on epigenetic regulation of FLC transcription.  During vegetative growth the expression 

of FLC is maintained by the deposition of permissive histone modifications as well as by 

the incorporation of H2A.Z in FLC chromatin (Deal et al., 2007), while the initiation of 

reproductive development requires the reversal of these permissive modifications and 

FLC silencing (He et al., 2011).  Thus, epigenetic modifications establish a cellular 

memory and are especially well-suited to the regulation of developmental phenomena, 

which necessitate the measurement of time between events.  It is intriguing to speculate 
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that ID1 may establish a distinct epigenetic blueprint during leaf development that would 

render mature leaves competent to respond to florigenic signals when the appropriate 

developmental stage is reached.  Such a model of ID1 activity would resolve the fact that 

cell-autonomous expression of ID1 is completely absent from mature leaves - the site of 

generation of florigenic signals.  Interestingly, the function of ID1 zinc fingers ZF1 and 

ZF4 is still unknown (Kozaki et al., 2004), thus permitting conjecture that these zinc 

fingers could interact with RNA or protein.  Indeed, ID1 has a highly similar arrangement 

of zinc fingers to TRM1, a maize protein with homology to YY1 a transcriptional regulator 

in yeast and mammals (Xu et al., 2001).  Interestingly, YY1 has recently been shown to 

bind both DNA and RNA with distinct sequence motifs and  to mediate gene silencing 

associated with X chromosome inactivation in mammals (Jeon and Lee, 2011).  Based 

on these observations, it is intriguing to consider a scenario whereby ID1 acts as a 

mediator molecule between RNA and DNA sequences to establish epigenetic marks at 

targeted genomic loci.  Additionally, ID1 could interact with other proteins to mediate the 

process of targeting RNA to regions of the genome fated for epigenetic modification.  A 

yeast-two-hybrid screen for ID1 interacting proteins and subsequent in vitro protein-

protein interaction experiments show that ID1 can interact with the ARGONAUTE4 

(AGO4) protein (A. Kozaki, H. Tanimoto, R.S. Hilbourn, J. Colasanti unpublished data).  

AGO4 is part of the RNA-Induced Silencing Complex (RISC) which methylates DNA in 

an RNA-dependent manner and it is required for transcriptional silencing of the FWA 

floral repressor gene in Arabidopsis (Zilberman et al., 2004).  Together, these 

observations help to establish a conceptual link between ID1 and epigenetic 

modifications in leaves that may alter their ability to produce or transmit florigenic signals 

at maturity.  
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The following chapter entitled: “Transcript and metabolite signature of maize source 

leaves suggests a role for transitory starch to sucrose balance at the autonomous 

floral transition” contains data from the following manuscript accepted for publication: 

Coneva V, Guevara D, Rothstein S, Colasanti J (2012) Transcript and metabolite 

signature of maize source leaves suggests a link between transitory starch to sucrose 

balance and the autonomous floral transition.  Journal of Experimental Botany 

submission number: JEXBOT/2011/075705. 
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4. CHAPTER 4: TRANSCRIPT AND METABOLITE SIGNATURE OF MAIZE 

SOURCE LEAVES SUGGESTS A ROLE FOR TRANSITORY STARCH TO 

SUCROSE BALANCE AT THE AUTONOMOUS FLORAL TRANSITION 

4.1.  Abstract 

Little is known about the nature of floral inductive cues in day-neutral plants that are 

insensitive to photoperiod variations and, therefore, rely on endogenous signals to 

initiate reproductive growth.  The INDETERMINATE1 (ID1) transcription factor is a key 

regulator of the transition to flowering in day-neutral maize.  The ID1 gene is expressed 

exclusively in developing leaves, where it controls the production or transmission of leaf-

derived florigenic signals.  Florigen-producing source leaves were compared to mature 

leaves of late-flowering id1 plants resulting in the characterization of metabolite and 

gene expression differences associated with the floral transition in maize.  While id1 

mutants have a similar capacity for photosynthesis as wild-type siblings, id1 source 

leaves show quantitative differences in carbohydrate allocation prior to the floral 

transition stage, with a marked increase in sucrose and other soluble sugars, 

accompanied by a decrease in tricarboxylic acid (TCA) cycle organic acids.  Importantly, 

source leaves of autonomous-flowering maize are typified by a higher transitory starch to 

sucrose ratio and a transcript profile enriched for sucrose and starch metabolism-related 

gene function.  Together, these data define a transcript and metabolite signature of the 

floral transition in temperate maize leaves and suggest that coordination of transitory 

starch accumulation is an important factor for the autonomous floral induction.   
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4.2. Introduction 

Flowering plants integrate multiple external and endogenous signals to optimize the 

timing of the transition from vegetative to reproductive growth.  Floral evocation in 

response to environmental signals, such as photoperiod and vernalization, has been 

described in detail (Jaeger et al., 2006; Amasino, 2010; Tsuji et al., 2011).  However, the 

nature and mechanisms of endogenous floral induction, which involves physiological 

readiness to allocate resources to floral organ formation, are less well understood for 

two main reasons.  First, autonomous signals are controlled developmentally, rather 

than by easily manipulated environmental stimuli, making it difficult to tease apart 

physiological responses specific to the floral transition.  Second, while most plants 

coordinate both environmental and endogenous cues to induce flowering, relatively few 

model species are strictly day-neutral.  Domestication of modern maize (Zea mays ssp 

mays) from its tropical progenitor Balsas teosinte (Zea mays ssp parviglumis) 

necessitated adaptations to optimize flowering time at higher latitudes.  Thus, whereas 

teosinte has a strict dependence on short-day photoperiods to induce flowering 

(Emerson, 1924), temperate maize is largely day-neutral, i.e. it flowers after initiating a 

particular number of leaves, regardless of day length.   

 Maize orthologs of the Arabidopsis floral regulators FLOWERING LOCUS T (FT) and 

FLOWERING LOCUS D (FD) genes have been identified (Muszynski et al., 2006; 

Lazakis et al., 2011; Meng et al., 2011).  However, the maize FT/FD module likely 

integrates environmental and endogenous leaf-derived signals to regulate flowering time 

(Lazakis et al., 2011; Meng et al., 2011).  Despite residual photoperiod sensitivity of 

some accessions (Chardon et al., 2004),  temperate maize relies mainly on endogenous 

indicators of the plant’s developmental stage to cue the floral transition.  The SAM of the 

temperate maize inbred B73 commits to inflorescence development after initiating 16 to 
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18 leaf primordia (Irish and Nelson, 1991; Irish and Jegla, 1997) and approximately 

seven leaves are visible at this stage (V7).  The molecular and biochemical nature of 

autonomous florigenic signals, however, remains unknown.   

Orthologs of ID1 in other grasses, such as sorghum and rice, also show protein 

accumulation in developing leaves (Colasanti et al., 2006).  Moreover, rice plants with 

reduced OsId1 expression are late-flowering irrespective of photoperiod, indicating that 

similarly to ID1, OsID1 likely functions in the autonomous pathway (Matsubara et al., 

2008; Park et al., 2008; Wu et al., 2008).  Although no clear ortholog of ID1 exists in 

Arabidopsis, several AtIDD genes characterized to date exhibit mutant phenotypes that 

suggest a link to the regulation of sucrose and/or starch metabolism  (Morita et al., 2006; 

Tanimoto et al., 2008; Feurtado et al., 2011; Seo et al., 2011a; Seo et al., 2011b).  

Collectively, these data lend support to the notion that the autonomous floral induction 

pathway may involve a coordinated change in carbohydrate metabolism in order to 

support the process of floral organ determination and subsequent reproductive 

development. 

Late-flowering id1 mutants were used to analyze the physiological basis of autonomous 

flowering-time regulation in day-neutral maize by comparing transcript and metabolite 

levels in mutant and wild-type source leaves at a developmental time just prior to the 

normal floral transition.   
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4.3. Results 

4.3.1. Use of indeterminate1 maize mutants as a late-flowering model in a day-neutral 

species  

 Late-flowering id1 maize affords a convenient system to study endogenous floral 

induction since the developmental signals necessary to initiate a normal transition to 

flowering are absent in the mutants.  Maize plants homozygous for the id1-m1 mutant 

allele (Colasanti et al., 1998) and their normal-flowering siblings were compared at the 

same stage of growth that corresponds to the floral transition point in wild-type plants 

(Fig. 4.1A).  Normal B73 plants at the V7 stage are approaching floral transition, but the 

shoot apical meristems of id1 and wild-type plants are indistinguishable at this stage; i.e. 

they are unelongated, dome-shaped apices typical of vegetative meristems (Fig. 4.1B).  

Although no morphological changes are evident in wt apices at this stage, quantitative 

RT-PCR (qRT-PCR) analysis showed that expression of ZCN8, a maize ortholog of 

Arabidopsis FT florigen-encoding gene is significantly up-regulated in leaf five (L5) of wt 

plants compared to the same leaf in the late-flowering id1 mutants (Fig. S3).   

At the V9 stage wild-type plants have undergone the transition to flowering evident from 

elongation of the wt SAM (Fig. 4.1B).  At V11, approximately ten days after the floral 

transition, the differentiating apical meristems of wild-type plants have greatly increased 

in size and exhibit clear tassel primordium morphology, including branch meristems (Fig. 

4.1B).   

Thus, the V7 stage is an ideal developmental point to assess physiological changes 

associated with the floral transition since it coincides with the period of floral induction 

signaling but precedes morphological changes of the SAM.  At this stage, physiological, 
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metabolite and transcriptional differences were profiled in mature leaves of wt and id1 

plants. 
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Figure 4.1. Normal-flowering (wt) and indeterminate1 (id1) mutant plants in the B73 maize inbred 

before the floral transition.  

A. V7 stage plants have seven visible leaf-tips. Leaf 5 (L5) is the youngest fully 

expanded leaf at the V7 stage. V5 leaf blades were sampled for analysis. 

B. Shoot apical meristems were dissected from V7, V9, and V11 stage id1 and wt 

plants. The length of the bar represents 0.1 mm.  
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4.3.2. Expression profiling of mature source leaves  

Microarray data analysis interrogating about a third of known maize genes yielded a list 

of 460 entities with a minimum of two-fold change in expression between leaf five of V7 

wt and id1 plants (Fig. 4.2).  Principal Component Analysis identified three main vectors 

explaining the variation and replicate samples of each genotype group well together (Fig. 

4.3).  MapMan analysis, which groups probe-sets into hierarchical functional categories, 

termed bins, based on putative biological function (Thimm et al., 2004) was then used to 

obtain a functional overview of the expression differences.  In this manner, 414 of 460 

probe-sets representing differentially expressed genes were assigned to 35 bins in the 

“Overview” visualization pathway using the Affymetrix mapping for maize.  About a third 

of the differentially expressed entities, 26%, could not be mapped to bins, and were 

instead grouped as “unknown”.  However, several major functional categories were 

identified by calculating the relative proportions of probe-sets in each bin (Fig. 4.4).  

Transcriptional changes in genes with putative functions in metabolism were visualized 

using the “Metabolism overview” MapMan pathway (Fig. 4.5).  Primary metabolic 

processes constitute 14.5% of all transcriptional changes.  To ascertain if any Gene 

Ontology (GO) terms are enriched in the dataset of differentially expressed entities 

agriGO analysis (Du et al., 2010) was performed.  Fifteen GO terms that belong to the 

“Biological Process” ontology were found to be significantly enriched in this dataset (Fig. 

4.6).  The majority of statistically enriched terms belong to the “carbohydrate metabolic 

process” node including “polysaccharide metabolic process”, which is enriched most 

significantly.  Specifically, several genes encoding key enzymes in starch and sucrose 

metabolism have altered expression levels in id1 mutant leaves.  For example, 

transcripts encoding the small subunit of an ADP glucose pyrophosphorylase (AGPase, 

NM001111708) along with a putative Sucrose Phosphate Synthase (SPS, BF728690), 
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key enzymes in starch and sucrose synthesis, respectively, are more abundant in id1 

mutant leaves (Fig. 4.7A).  ZmSUT1, encoding the maize sucrose transporter 

responsible for loading sucrose in source leaves for export to sinks (Aoki et al., 1999; 

Slewinski et al., 2009) is expressed at lower levels in id1 source leaves (Fig. 4.7A).  

Further, microarray data show that id1 mature leaves have higher transcript levels for 

predicted glycolysis and TCA cycle enzyme-encoding genes such as UDP-glucose 

pyrophosphorylase (UGPase, NM_001137270), 6-phosphofructokinase (PFK, 

NM001137275), phosphoenol pyruvate carboxylase (PEPCase, NM001158445), citrate 

synthase4 (NM001153134), and aconitase (NM001138804) (Fig. 4.4, Table S3).   

Other functional categories of expression level changes in normal versus late-flowering 

plants are transcriptional regulation, representing 11% of mapped probe-sets and protein 

modification (10%) as well as molecular signaling processes (7%), and stress-response 

(6%) (Fig. 4.4).  Six probe-sets with significant similarity to TPS/TPP genes (Trehalose-

6-Phosphate Synthase/Trehalose-6-Phosphate Phosphatase) also differ in expression in 

mature leaves of id1 versus normal-flowering plants.  Finally, a ZmGlu2 transcript 

(NM_001112422), which encodes a maize β-D-glucosidase precursor, is down-regulated 

in mature leaves of late-flowering plants (Table S3).  This observation is intriguing in light 

of the finding that expression of a number of maize -glucosidase genes is closely 

associated with ID1 expression in developing leaves (Chapter 3).   

Expression differences for selected genes were confirmed using real-time RT-PCR 

analysis (qRT-PCR).  The relative expression of genes mapping to bins reflecting 

several functional categories of expression change, namely major carbohydrate 

metabolism, cell wall metabolism, glycolysis and mitochondrial electron transport, 
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hormone metabolism, and regulation of transcription were confirmed by semi-

quantitative RT-PCR (Table S3).     

 

Figure 4.2. Flow chart of the experimental prcedure to comparetranscriptional profiles of mature 

leaves of id1 mutants and wild-type plants. 

 

Figure 4.3. PCA results of microarray chip data showing grouping by genotype.  
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Figure 4.4. Differentially expressed genes assigned to bins in the “Overview” visualization 

pathway of MapMan.   
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Figure 4.5. “Metabolism overview” MapMan pathway visualization of expression differences 

between mature leaves of id1 mutants and normal flowering maize. 
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 Figure 4.6. AgriGO analysis of functional categories of transcriptional change associated with mature leaves of id1 versus wt plants.  
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4.3.3. Major alterations in transitory starch and sucrose levels in source leaves of id1 

mutants  

Due to the observed transcript profiles enriched for sucrose and starch metabolism-

related gene function in source leaves, sucrose and transitory starch were quantified in 

pre-transition V7, as well as post-transition V9 mature leaf blades.  Leaf samples 

collected at three Zeitgeber (ZT) time points: dawn (ZT0), midday (ZT8), and the end of 

a long day (ZT14) were analyzed to account for diurnal fluctuations in starch and 

sucrose accumulation.  Overall, sucrose and starch levels are higher in id1 mutant 

leaves relative to wt plants, especially at midday (Fig. 4.7B).  Total carbohydrate amount 

(starch plus sucrose) is significantly higher in late-flowering plants both when expressed 

as a ratio to soluble leaf protein, or relative to dry leaf mass (Fig. S4A).  While maximum 

starch accumulation in leaves at the end of a long day is not significantly different 

between mutants and wild type, the amount of starch detected at the end of the dark 

period (ZT0) is higher in id1 mutant leaves (Fig. 4.7B).  However, expression level 

differences were not detected for genes encoding enzymes required for starch 

degradation, such as β-amylase and isoamylase (not shown), or for the chloroplast 

export of transitory starch degradation products, such as mex1 (maltose excess1, 

EU963397) and GlcT (Glucose Translocator, AF215854) (Fig. S4B) (Weise et al., 2004).  

 The relative ratio of transitory starch to sucrose was also compared in id1 and wild-type 

leaves.  At the V7 stage mutant plants have a markedly decreased starch to sucrose 

ratio during the day (Fig. 4.7C).  It is also intriguing that while wild-type leaves have a 

higher starch to sucrose ratio at V9 compared to V7, the ratio remains unchanged within 

the pre- to post- flowering period in the id1 mutant (Fig. S4C).   
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Figure 4.7. Transcriptional and metabolite level differences in sucrose and starch metabolism of 

id1 relative to wt leaf 5 at V7. 
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A. Relative expression of carbohydrate metabolism-related genes in id1 and wt source 

leaves.  

B. Sucrose and starch quantification in source leaves of pre-floral transition id1 and wt 

plants. 

C. Starch to sucrose ratio of log10 of each metabolite in mg g
-1

 leaf dry weight. 

Error bars represent SD. Samples were taken at 0, 8, and 14 hours after dawn (ZT). 

(+) denotes statistical significance between id1 and wt at a particular ZT.    
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4.3.4. Photosynthetic rate and leaf morphology are unchanged in id1  

To investigate if the observed higher levels of sucrose and starch in mature leaves of id1 

mutant plants may be due to increased carbohydrate assimilation, photosynthetic rate 

and capacity in mutant and wt plants were measured.  No alteration in the 

photosynthetic rate of id1 mutant leaves at the V7 stage was detected relative to wild-

type (Fig. 4.8A, 4.9A).  Leaf chlorophyll content was similar in id1 and normal-flowering 

plants at this stage (Fig. 4.8B).  Cross-sections of fully expanded leaves of the mutant 

and wild-type transition stage plants were also examined at key time-points in the diurnal 

cycle (ZT0, ZT8, and ZT14) using transmission electron microscopy (TEM).  No 

differences were apparent in mesophyll or bundle sheath chloroplast distribution or 

morphology, nor in the appearance or size of bundle sheath chloroplast starch grains 

(Fig. 4.9B).  Interestingly, a drop in the photosynthetic rate of wt leaves after the floral 

transition (V9) was observed compared with V7, while id1 mutants maintained a steady 

photosynthetic rate throughout this developmental period (Fig. 4.9A).  These data 

reinforce the supposition that major physiological changes, which occur between V7 and 

V9 in the wild type, but not in id1 mutants, are likely associated with the floral transition.  

In light of the observed differences in sucrose levels, the gross morphology of cell-to-cell 

connectivity along the symplastic route of sucrose loading was also examined.  No major 

differences were evident in the distribution or overall appearance of plasmodesmata 

connections between bundle sheath and vascular parenchyma cells (Fig. 4.9B).  Further, 

the ability of source leaves to transport the phloem mobile fluorescent tracer CFDA (5-

(6-) carboxyfluorescein diacetate) from blades to sheaths was assessed.  CFDA has 

been used to study phloem solute transport in maize leaves impaired in carbohydrate 

loading  (Ma et al., 2009b).  CFDA was supplied directly to transversely cut leaf blades 

and cross-sections of sheath tissue of the same leaf was examined three hours later.  
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Carboxyfluorescein (green) was always detected in sieve elements of the phloem of both 

id1 mutant and wild-type leaf sheaths (Fig. 4.9C), indicating that id1 leaves are able to 

transport the dye through the phloem, in a similar manner to wild type.  Together, these 

data show the elevated sucrose levels detected in id1 mutant leaves cannot be 

attributed to gross structural defects in cell-to-cell connectivity along the symplastic 

sucrose transport route or along the phloem stream, although minor alterations that are 

undetectable by these methods cannot be ruled out. 
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Figure 4.8. Electron Transport Rate (A.) and chlorophyll content (B.) of wt and id1 source leaves.  
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Figure 4.9. Photosynthetic capacity and leaf morphology of wt and non-flowering id1 mature 

leaves. 
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A. (A) Photosynthetic rate (PN) of the youngest fully expanded leaf of V7, V9, and V11 

id1 (dark grey bars) and wild-type (light grey bars) plants.   

B. TEM images of the 5
th
 leaf of V7 stage id1 (a, b) and wt (c, d) plants.  (a and c), 

chloroplasts in bundle sheath cells;  SG, starch grains.  (b and d), chloroplasts in 

mesophyll cells; Gr, grana.   

C. (a and b) interface between bundle sheath (BS) and vascular parenchyma (VP)  

cells in a vascular bundle of leaf 5 show symplastic connectivity between these cell 

types via plasmodesmata (PD);  (c and d) cross sections of leaf sheaths show 

carboxyflourescein fluorescence (green, asterisk) in cells of the vascular bundle 

(VB).  Red indicates chlorophyll autofluorescence.  Arrows indicate mature xylem 

vessels. Top: id1, bottom: wt. 
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4.3.5. Expression levels of ZmSUT genes  

In light of the observed down-regulation of ZmSUT1 expression in id1 leaf blades (Fig. 

4.7A), the elevated levels of sucrose and starch in the mutant (Fig. 4.7B), and the lack of 

detectable changes in leaf anatomy or photosynthetic rate in the mutant (Fig. 4.9), it is 

intriguing to speculate that id1 plants exhibit other differences reflecting alterations in 

carbohydrate metabolism.  To investigate this possibility, the expression levels of 

ZmSUT genes 2, 4, and 5 were compared between mutant and wt plants using qRT-

PCR.  According to phylogenetic grouping of SUT proteins from higher plants, ZmSUT5 

and 6 likely resulted from a duplication event and are thus expected to be highly similar 

(Braun and Slewinski, 2009).  Further, ZmSUT3 clades closely with ZmSUT1 and the 

closest rice homologs of these proteins, OsSUT1 and OsSUT3, can function similarly to 

import sucrose in yeast cells (Aoki et al., 2003).  Thus, further analysis was limited to 

ZmSUT1, 2, 4, and 5.  In addition to mature leaf blades, where sucrose is synthesized, 

immature leaves were also included, which from a physiological stand-point are sinks for 

sucrose unloading.  The results are summarized in Table 4.1 and show that several 

ZmSUT transcripts are down-regulated in id1 mutants.  ZmSUT2 is lower in source leaf 

blades of mutant plants, while ZmSUT4 and ZmSUT5 are expressed at decreased levels 

in id1 sink leaves.   

In an attempt to further investigate the reason behind the lower levels of ZmSUT1 

expression in id1 leaf blades compared to wt plants, transcript abundance for this gene 

was quantified in leaf blades of two transgenic maize lines over-expressing ID1 under 

the control of a maize ubiquitin promoter (Fig. 4.10A, Protocol S2).  ID1 transcript was 

detectable in leaf blades of maize ID1 over-expression lines designated 5-1+, 8-1+, 10-

1+, 12-1+, and 16-1+, while its transcript is not detected in siblings lacking the transgene 

marked as “-“ in Figure 4.10B.  SUT1 expression was then quantified in leaf blades of 
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10-1, the line with lowest ID1 miss-expression, and 12-1, which has the highest ID1 

levels in leaves.   ZmSUT1 expression was found to be elevated in blades of line 12-1 

plants, thus suggesting a correlation between ID1 expression level and the abundance 

of SUT1 transcript in leaves (Fig. 4.10B).    
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Table 4.1. Relative quantification (RQ) of ZmSUT expression levels in wt and id1 leaves at ZT8. 

Figure 4.10. ZmSUT1 expression correlates with ID1 expression level in transgenic ID1 

overexpressing  maize lines. 

A. Construct used for the generation of maize lines over-expressing ID1 from an 

ubiquitin promoter (pUbi).  See Appendix II.2 for more information on construct 

generation and transformation.  

B. Relative expression of ID1 and SUT1 were assessed in transgenic lines and B73 id1 

and wt maize plants.  Error bars denote SD, (+) signifies statistical significance (P < 

0.05).   

Gene Tissue RQ wt/id1 P-value 

ZmSUT2 Sink Leaves 1.08 NS 
Source Leaf Blade 1.81 0.007 

ZmSUT4 Sink Leaves 1.34 0.038 
Source Leaf Blade 1.33 0.068 

ZmSUT5 Sink Leaves 1.56 0.026 
Source Leaf Blade Not detected NA 
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4.3.6. Primary metabolite alterations in mature leaves associated with the floral 

transition  

To follow up on the observed transcript and carbohydrate alterations in id1 leaves at V7, 

wild-type and id1 leaf extracts were analyzed using Gas Chromatography coupled with 

Mass Spectrometry (GC-MS).  Approximately 120 components were de-convoluted per 

sample and average normalized peak area was significantly different between wt and id1 

leaves for 26 peaks (t-test, P < 0.05).  Putative identities were assigned for 13 peaks 

based on the best mass spectrum match to metabolites in the Golm Metabolite 

Database (Kopka et al., 2005), six peaks were assigned into general compound classes 

based on representative masses, and seven peaks were assigned as unknown (Table 

S5).  In addition to sucrose (Fig. 4.11), glucose, fructose, and glyceric acid-3-phosphate 

are among the primary metabolites present at higher levels in id1 mutant leaves, while 

pyroglutamic acid, and the TCA cycle organic acids citric acid and α-ketoglutaric acid are 

lower in id1 leaves (Fig. 4.11).  To follow up on the finding of higher starch levels in id1 

mutants (Fig. 4.7B), GC-MS profiles of mature leaves were examined for the presence of 

maltose, a transitory starch break-down product, but a corresponding peak was not 

detected.  Maltose was, however, detectable in a set of immature leaf samples (not 

shown), indicating that maltose is detectible by this method, but that the levels of this 

metabolite are below the detection limit in mature leaves at ZT8. 
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Figure 4.11. Comparison of metabolite levels in the fifth leaf of wt and id1 mutant plants at the V7 

stage based on GC-MS analysis. 

(++) indicates statistical significance between average wt and Id1 at the P < 0.05 

level. 
(+) indicates significance at the P < 0.1 level. 
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4.4. Discussion 

It is inherently difficult to characterize florigenic signals in autonomously flowering plants 

because physiological changes most likely form the basis of inductive cues.  Long-

standing evidence suggests that changes in the partitioning or allocation of carbohydrate 

assimilates are associated with the floral transition in higher plants (Sachs and Hackett, 

1983; Bodson and Outlaw Jr., 1985; Lejeune et al., 1993).  A clear understanding of 

metabolic changes in leaves at the floral transition is instrumental in teasing apart the 

molecular components of leaf-derived flowering signals, especially in day-neutral 

species such as temperate maize.  Thus, the extremely late-flowering id1 maize mutant 

was used as a non-flowering model in an autonomously flowering species to 

characterize the transcript and metabolite signature associated with florigenic signals in 

source leaves.  Overall transcriptional regulation of gene function involved in 

carbohydrate metabolism is enriched at the floral transition.  These findings were 

substantiated by higher levels of sucrose and a decreased transitory starch to sucrose 

ratio of id1 source leaves relative to plants undergoing the floral transition.  Finally, 

absence of gross structural occlusions of sucrose export combined with quantitative 

alterations in metabolites of the TCA cycle in leaves of non-flowering plants point to a 

shift in primary metabolism in mature id1 leaves.   

4.4.1. Expression differences in leaves of id1 maize highlight a central role for 

carbohydrate metabolism at the autonomous floral transition  

Primary metabolic processes constitute 14.5% of all transcriptional differences between 

wt and id1 source leaves (Fig. 4.5) and GO annotation analysis showed that 

“carbohydrate metabolic process” and its related nodes are enriched among this list of 

transcriptional changes (Fig. 4.6).  Specifically, genes involved in starch and sucrose 

metabolism are up-regulated in id1 source leaves (Fig. 4.7A), while genes encoding 
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enzymes involved in glycolysis and the TCA cycle are down-regulated (Fig. S4).  These 

results further highlight the close association between carbohydrate metabolism and the 

floral transition in maize, which was suggested by the finding that transcriptional 

changes in carbohydrate metabolism genes comprise approximately one third of global 

transcriptional differences in immature leaves of id1 mutants at V7 (Coneva et al., 2007).  

Microarray profiling experiments that aimed to capture broad functional categories of 

transcriptional changes associated with the transition to flowering in other species such 

as rice, soybean and Arabidopsis, have also reported a prominent role for metabolism-

related transcripts (Wilson et al., 2005; Chen and Wang, 2008; Wong et al., 2009).   

Evidence suggesting that SUS4, an Arabidopsis sucrose synthase encoding gene, is 

regulated by photoperiodic cues, as well as independently of photoperiod, through the 

activity of the Arabidopsis ID-Domain gene AtIDD8 (Seo et al., 2011b) lends support to 

the central importance of carbohydrate metabolism in the floral transition.  Further 

evidence from potato, a short-day species, strongly suggests that the sucrose 

transporter StSUT4 regulates flowering time by coordinating sucrose export from the leaf 

and by relaying light cues to the CO/FT module of the photoperiod pathway (Chincinska 

et al., 2008).  Thus, the control of carbohydrate metabolism is likely a key determinant of 

flowering-time.   

4.4.2. id1 source leaves have a distinct metabolite signature indicative of changes in 

carbohydrate utilization  

Examination of mature leaves at the developmental stage just preceding the floral 

transition in normal maize showed that id1 mutants accumulate significantly higher levels 

of sucrose, other soluble sugars, and, to a lesser degree, starch during the day than wild 

type (Fig. 4.7B).  The metabolite profile of id1 leaves is also characterized by lower 

levels of TCA cycle organic acids, such as citric acid and α-ketoglutaric acid, compared 
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to wild-type plants (Fig. 4.11).  Further, elevated carbohydrate levels in id1 leaves are 

not the result of an increased rate or capacity for photosynthesis in the mutant (Fig. 

4.9A).  The observed drop in photosynthetic rate of wild-type plants at V9 after the floral 

transition likely reflects changes in sink/source dynamics as a result of floral 

development.  Indeed, the floral transition has been shown to have an inhibitory effect on 

leaf photosynthesis (Urban et al., 2004) and this is consistent with the observation that 

non-flowering id1 leaves maintain a steady photosynthetic rate during the V7 to V9 

period.   

In addition to changes in the absolute levels of major carbohydrates in source leaves, 

id1 mutants have a significantly decreased transitory starch to sucrose ratio (Fig. 4.7B) 

and this ratio may be an indicator of the physiological status of the plant.  This 

supposition reconciles the finding that late-flowering plants have higher leaf sucrose 

content compared to normal-flowering plants, which may seem counter intuitive in light 

of previous studies where high sucrose levels in leaves were reported to promote the 

floral transition (Perilleux and Bernier, 1997; Corbesier et al., 1998; Ohto et al., 2001; 

Slewinski et al., 2009).  However, sucrose levels alone may not be sufficient to explain 

flowering-time effects, and some studies find that elevated sucrose is associated with an 

inhibitory effect on flowering time (Ohto et al., 2001; Seo et al., 2011b).  Several lines of 

evidence support the hypothesized importance of the balance between transitory starch 

and sucrose in the leaf.  First, an increase in the starch to soluble carbohydrate ratio in 

leaves is associated with floral promotion in day-neutral tobacco plants (Rideout et al., 

1992).  Further, when the sucrose to starch ratio is moderately enhanced in SPS over-

expressing tomato plants, a stimulation of flowering and fruit yield results, while a more 

dramatic increase in sucrose has no positive effect leading the authors to reason that 

starch/sucrose balance in these plants has important implications to growth and 
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development (Sharkey et al., 2004; Raines and Paul, 2006).  Moreover, QTL analyses in 

Arabidopsis support a negative correlation between soluble sugar levels in early stages 

of development and flowering, while transitory starch accumulation is associated with 

early flowering (Sulpice et al., 2009; El-Lithy et al., 2010).  Finally, pgm1 mutants 

accumulate about ten-fold higher levels of soluble carbohydrates, including sucrose, but 

are unable to synthesize starch.  Thus, similarly to id1 maize mutants, pgm1 mutants 

have a severely decreased leaf starch to sucrose ratio and are very late-flowering 

(Corbesier et al., 1998).  

In addition to changes in the relative abundance of sucrose and starch, id1 source 

leaves are also typified by lower levels of some organic acids (Fig. 4.11).  QTL analysis 

and metabolite profiling have uncovered strong correlations between the levels of 

primary metabolites and growth rate, biomass accumulation, and flowering in 

Arabidopsis (Meyer et al., 2007; Gibon et al., 2009; El-Lithy et al., 2010).  These 

associations are robust, demonstrating the close coordination between metabolic status 

and mechanisms that regulate plant development.  Based on the observed metabolite 

and transcriptional profiles, id1 mutant leaves may favor carbohydrate utilization over 

storage in source leaves (Fig. 4.12).  This hypothesis is supported by the metabolic 

profile of pea embryos, in which the Sucrose non-fermenting1 related kinase1 gene, 

SnRK1, is repressed.  Similar to id1 leaves, SnRK1 antisense-expressing pea embryos 

have elevated sucrose and a decreased starch to sucrose ratio, as well as lower TCA 

cycle organic acids (Radchuk et al., 2010).  Storage activity and seed maturation are 

strongly impaired in SnRK1 antisense lines (Radchuk et al., 2006) illustrating the 

importance of concerted carbohydrate allocation for normal development.    
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4.4.3. A role for transitory starch accumulation as a flowering-time cue in maize 

The finding that late-flowering id1 mutants have a significantly decreased starch to 

sucrose ratio (Fig. 4.7C) and the enrichment of “polysaccharide metabolic process” 

related GO terms among expression differences in id1 source leaves (Fig. 4.6) highlight 

a possible role for transitory starch accumulation at the floral transition in maize.  This 

association is also evident in a number of Arabidopsis mutants (pgm1, pgi1, and adg1), 

which are unable to produce transitory starch in leaves and are late-flowering, especially 

in short days (Corbesier et al., 1998; Yu et al., 2000; Blackman et al., 2010).  Moreover, 

analysis of starch content in rice leaves shows that a peak in starch accumulation 

coincides with heading (Chen and Wang, 2008).  However, as with sucrose levels, it is 

likely not absolute starch levels per se that influence flowering time, but rather the 

dynamic control of carbohydrate allocation in the leaf.  This idea is supported by the 

observation that both starch over-accumulating Arabidopsis mutants, such as sex1 

(starch excess1) and cam1 (carbohydrate accumulation1), and the starch-deficient 

mutants discussed above, are late-flowering (Eimert et al., 1995; Kong et al., 2010).  

Collectively, these data strongly suggest that transitory starch accumulation and 

mobilization are required to cue the floral transition.  No expression differences in genes 

encoding amylases, or a putative chloroplast maltose translocator mex1 were detected 

in id1 leaves, suggesting that starch mobilization is not affected (Fig. S4B).  However, 

because current knowledge of the mechanisms that control transitory starch degradation 

in C4 plants, such as maize, is limited (Weise et al., 2011), dissection of the observed 

association between transitory starch and the floral transition awaits a better 

understanding of this process. 



110 

 

4.4.4.  Is sucrose export linked to the floral transition in maize? 

 Carbohydrate export to sink tissues is an essential prerequisite for floral induction.  An 

association between transcript levels of sucrose transporters in source leaves and 

flowering time has been reported for a number of species (Burkle et al., 1998; Leggewie 

et al., 2003; Chincinska et al., 2008) including for the maize sut1 mutant (Slewinski et al., 

2009).  In maize, sucrose travels along a symplastic route from chloroplast-containing 

cells to vascular parenchyma cells and is then exported to the apoplasm before being 

loaded into sieve elements of the phloem via the ZmSUT1 symporter (Slewinski and 

Braun, 2010).  While no gross obstruction of the symplastic route or the phloem stream 

was observed in id1 mutants at the floral transition (Fig. 4.9C), ZmSUT1 expression is 

down-regulated in mutant leaves (Fig. 4.7A) pointing to the possibility that the apoplastic 

step of sucrose export from leaves may be affected in id1 mutants.  To further address 

this possibility, ZmSUT1 expression was quantified in leaf blades of two transgenic 

maize lines over-expressing ID1 (Fig. 4.10).  One of these lines, 10-1 was found to have 

lower ID1 transcript abundance in mature leaf blades relative to line 12-1, which has 

approximately 15-fold higher expression of ID1 than 10-1.  Interestingly, ZmSUT1 

expression was found to be significantly higher in 12-1 as compared to 10-1 (Fig. 4.10B) 

supporting a correlation between ID1 and ZmSUT1 expression.  However, it is unlikely 

that sucrose export is dramatically altered in id1 mutants.  First, sut1 mutants have fewer 

leaves at flowering and decreased growth compared to non-mutant plants (Burkle et al., 

1998; Slewinski et al., 2009).  These phenotypes contrast with the vigorous and 

extended vegetative growth of id1 mutants.  Additionally, although SUT1 levels are 

decreased by approximately 50% in id1 source leaves, sucrose and glucose levels in id1 

immature leaves, a sink tissue, are comparable to wild-type (Fig. 3.13) indicating that if 

differences in sucrose export exist between id1 and wt they are not sufficient to result in 
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detectable changes in sink tissues.  Alternatively, decreased ZmSUT1 levels in id1 

mutants may be due to negative feed-back regulation as a consequence of elevated 

sucrose (Fig. 4.7B).  Ultimately, the causal relationship between ID1, SUT1 expression 

and sucrose levels in source leaves of maize is an interesting area for further 

investigation, especially in light of the report by Kuhn and Frommer (Kuhn and Frommer, 

1995) showing that the potato IDD gene PCP1 is able to rescue a sucrose transport 

deficiency in yeast.   

Interestingly, in addition to SUT1, ZmSUT2, 4, and 5 are also down-regulated in leaves 

of id1 mutants (Table 4.1).  No functional information is yet available for any of these 

genes.  However, phylogenetic analysis suggests that ZmSUT2 belongs to the same 

group of SUT proteins as potato StSUT4, which has been demonstrated to regulate 

flowering time and tuberization, by coordinating light and carbohydrate signals 

(Chincinska et al., 2008).  The notion that ZmSUT2 may have an analogous function to  

StSUT4, is consistent with the observation that ZmSUT2 expression is lower in source 

leaves of id1 mutants, which display carbohydrate allocation alterations and lower 

ZmSUT1 levels.  ZmSUT4 belongs to a group of SUT proteins with little functional 

information available.  An initial report speculated that Arabidopsis members of this SUT 

group may have a role in sucrose sensing but this conjecture awaits experimental 

confirmation (Barker et al., 2000).  The ZmSUT5 clade of proteins are uncharacterized 

but many members have high expression in sink organs (Braun and Slewinski, 2009).  

Altogether, these data suggest that, although no alterations in major carbohydrate levels 

were detected in sink tissues of id1 mutants (Fig. 3.13), the possibility of subtle and/or 

transient adjustments in whole-plant carbohydrate allocation cannot be ruled out.   
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4.4.5. Autonomous flowering signals and the mechanism of ID1 action 

Transcript and metabolite data suggest that absence of ID1 activity is marked by 

significant carbohydrate allocation changes in source leaves away from the balance 

between utilization and storage of resources that is required to signal “readiness to 

flower”.  Thus, id1 mutants continue to grow vegetatively (Fig. 4.12).  The fact that ID1 is 

expressed and remains localized to immature leaves raises the question of how ID1 

activity results in the observed metabolite signature of mature leaves.   One intriguing 

possibility is that the observed elevation of sucrose levels in mature leaves of id1 

mutants combined with the lower levels of ZmSUT1 expression may reflect an alteration 

in the developmental status of leaves.   In this scenario absence of ID1 activity in 

immature leaves may result in leaves that are slightly behind the developmental 

schedule of normal-flowering plants, including delayed initiation of efficient sucrose 

export.    
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Figure 4.12. Schematic summary of the metabolic signatures of V7 source leaves associated 

with “readiness to flower” in wild type and vegetative growth in id1 mutants.   
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5. CHAPTER 5: TRANSCRIPT AND METABOLITE MEASUREMENTS IN 

FLOWERING AND NON-FLOWERING TEOSINTE - AN OBLIGATE SHORT-DAY 

PLANT  

5.1. Abstract 

Balsas teosinte (Zea mays ssp. parviglumis), the progenitor of modern maize, is a wild 

grass native to Mexico that has an obligate requirement for short-day photoperiods to 

induce the floral transition.  Teosinte provides a day-length inducible system to study 

flowering time in a close relative of modern maize.  The expression of genes found to be 

differentially expressed between id1 mutants and wild-type plants was investigated in 

florally induced vs. uninduced teosinte.  In addition, since metabolite level differences 

associated with the floral transition were observed in maize, sucrose and starch levels 

were quantified in teosinte plants to ascertain if quantitative differences in these 

carbohydrates are a common feature of the floral transition in maize and teosinte.  

Overall, teosinte showed little concordance with expression level differences 

characteristic of the immature leaves of flowering vs non-flowering maize.  Furthermore, 

although higher sucrose levels accumulated in immature leaves of florally induced 

teosinte relative to vegetatively growing plants, other major alterations in carbohydrate 

levels associated with flowering in maize were not characteristic of the floral transition of 

teosinte.  These data suggest that the ID1-regulated autonomous floral induction 

pathway involves novel components not present in the photoperiod induction pathway of 

the closely related tropical grass teosinte. 
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5.2. Introduction 

Despite substantial morphological and genetic diversity within Zea mays species,  

modern maize resulted from a single domestication event approximately 9000 years ago 

from the wild Mexican grass Balsas teosinte (Z. mays ssp parviglumis) and subsequent 

diversification (Matsuoka et al., 2002).  Genetic studies suggest that relatively few genes 

have been targeted for selection during domestication.  The best-studied gene Teosinte 

branched1 (Tb1) is a member of a family of bHLH transcriptional activators termed the 

TCP family (for TB1, CYC, PCF) after founding genes from maize, Antirrhinum and rice, 

respectively (Cubas et al., 1999).  TCP genes are expressed in meristems and are 

hypothesized to be involved in the evolution of key morphological traits through their 

activity as modifiers of cell division and organ growth.  Specifically, Tb1 promotes apical 

dominance in maize by suppressing axillary meristems from developing at lower nodes 

(Doebley et al., 1997).  Using sequencing or association mapping approaches,  a total of 

nine genes, some of which have demonstrated roles in inflorescence architecture, were 

identified as likely candidates in the domestication process (Yamasaki et al., 2005; 

Weber et al., 2008).  

In addition to morphological changes associated with the domestication process, maize 

has undergone selection for growth in an extended geographic range.  Maize inbreds 

and landraces are grown from 58o northern latitude to 35o  in the south, a range far wider 

than the natural range for teosinte (Kuleshov, 1933).  Thus, adaptations in the regulation 

of flowering time for modern maize were necessitated by growth at higher latitudes.  

While teosinte is an obligate short-day plant (Emerson, 1924), a continuum of 

photoperiod sensitivity exists among maize lines that corresponds to latitude of growth.  

The degree of photoperiod sensitivity is reflected in the number of leaves produced 

before tassel initiation (Russell and Stuber, 1983).  For example, tropical lines initiate 20 
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leaves under inductive short-day conditions but up to 30 leaves when grown in long 

days.  In addition, Emerson (1924) showed that the timing of inductive treatment in 

teosinte and photoperiod-responsive maize is important, suggesting that the SAM is 

competent to respond to inductive photoperiods within a specific developmental window, 

which precedes the floral transition.    

The discovery of a florigen module consisting of photoperiod-induced expression of FT 

in leaves, and the movement of the protein product to the shoot apex (Kobayashi and 

Weigel, 2007) precipitated the hypothesis that the genetic basis of photoperiodic 

sensitivity in teosinte and tropical maize may be a similar induction of an FT ortholog(s) 

in leaves.  Indeed, ZCN8, a member of the maize FT-like gene family,  has a distinct 

diurnal expression profile in the leaves of pre-transition teosinte and tropical maize 

accessions and this pattern is only observed in short days (Lazakis et al., 2011; Meng et 

al., 2011) highlighting the responsiveness of ZCN8 to floral inductive conditions.   

Thus, I took advantage of the floral inducibility of teosinte to ascertain whether any of the 

differentially expressed genes or metabolite changes associated with id1 maize mutants, 

show similar differences in expression in florally induced vs. uninduced teosinte plants.   
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5.3. Results 

5.3.1. Comparison of differentially expressed genes in developing leaves of florally 

induced and vegetatively growing teosinte 

We have determined that 100% of teosinte plants grown under non-inductive long days 

(LD) of 14 hour days and 10 hour nights undergo reproductive development and form 

flowers after being shifted to a short day (SD) photoperiod (10 hour days/14 hour nights) 

for 2 weeks (V. Coneva and J. Colasanti, unpublished observations).  Teosinte was 

germinated and grown under LD conditions until four to five leaves had formed, and then 

some of the plants were shifted to SD conditions to induce flowering, while others 

remained under LD to develop vegetatively.  After two weeks RNA was extracted from 

the immature leaf cylinder of induced and uninduced teosinte plants at the V7/V8 stage 

and semi-quantitative RT-PCR was performed to check relative expression levels of 

genes associated with the floral transition in temperate maize.   

The expression of 15 genes, whose expression was also compared between id1 and 

wild-type immature leaves was examined.  The majority of these genes showed no 

expression differences in induced and uninduced teosinte immature leaves.  Importantly, 

ID1 is expressed at comparable levels in florally induced and uninduced teosinte (Fig. 

5.1A).  Further, photosynthesis-related genes expressed at higher levels in id1 mutant 

vs. wild-type immature leaves, such as FBP aldolase (GRMZM2G046284), chloroplast 

NADP-ME(GRMZM2G085019), MDH (GRMZM2G027479) and RCA 

(GRMZM2G162200) showed no obvious expression differences in immature teosinte 

leaves (Fig. 5.1).  Some genes showed the opposite patterns to what would be 

expected.  Specifically, IAA -glucosyltransferase (GRMZM2G457929) mRNA, which is 

marginally higher in non-flowering id1 mutants (Fig. 3.5), was higher in SD grown florally 



118 

 

induced teosinte (Fig. 5.1), as were transcripts of the ZmDHR3 gene 

(GRMZM2G077015, Fig. 5.1).  Interestingly, transcripts for CHY and CSL zinc-finger 

genes and PIFI, which are down-regulated in non-flowering id1 mutants (Fig. 3.5), were 

detected at higher levels in SD grown, florally induced teosinte (Fig. 5.1).  Similarly, 

ZmDHR1 (GRMZM2G077015) and ZmDHR2 (GRMZM2G076946) transcripts appear 

only marginally higher in immature leaves of florally induced teosinte when compared to 

LD plants.  Possible explanations of the significance of these findings from this 

preliminary analysis with teosinte are discussed below.  

5.3.2. Quantification of sucrose and starch in florally induced and uninduced teosinte 

In order to establish if alterations in the levels of major carbohydrates are associated 

with the floral transition in teosinte the difference in total light received by plants grown in 

short-day and long-day conditions needed to be minimized.  Thus, with the knowledge 

that a critical length of night is required by SD species, night break (NB) treatments were 

substituted for long days (Fig. 5.2).  As little as one hour of light in the middle of a 14-

hour night results in 100% vegetatively growing plants confirmed by observation of shoot 

meristems at V8 and V10  (not shown).  Despite the clear effects of these light regimes 

on the floral transition, differences in leaf number, as well as the extent of tillering were 

observed between plants grown in these two conditions (Fig. 5.2).  In addition to the 

effect of light regime on the growth of teosinte plants, considerable heterogeneity was 

observed among plants subjected to identical growing conditions (Fig. 5.2).  Thus, three 

independent experiments to quantify sucrose and starch content in mature leaves were 

conducted.  With the exception of higher levels of starch at ZT0 in the night-break 

treatment no other reproducible differences in carbohydrate accumulation were detected 

between mature leaf blades of plants grown in SD and NB regimes (Fig. 5.3A).  

Carbohydrates were also quantified in immature leaves of florally induced and 
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uninduced plants.  Data based on one experiment with six biological replicates showed 

that more sucrose accumulates at the end of the day (ZT9) in immature leaves of florally 

induced plants (Fig. 5.3B).   

Next, due to the importance of sucrose export for the floral transition, two aspects of 

sucrose loading in mature leaves were investigated in short-day and long-day grown 

teosinte.  Observation of fully expanded leaf blades using TEM detected no major 

obstructions at the bundle sheath-vascular parenchyma interface (Fig. 5.4).  This 

interface represents the final symplastic step in sucrose transport in mature maize 

leaves.  Next, qRT-PCR with ZmSUT1 primers shows 1.6 fold higher levels of this gene 

in florally uninduced teosinte plants exposed to night break conditions (Fig. 5.5).  

Although this is a modest change, the opposite is observed in maize, where normal 

flowering plants have about two-fold higher ZmSUT1 transcript levels than non-flowering 

id1 mutants (Fig. 4.7A).  
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Figure 5.1. Semi-quantitative RT-PCR analysis of immature teosinte leaves at V7. 

Figure 5.2. Teosinte plants grown in short-day versus night-break photoperiods are florally 

induced and vegetatively growing, respectively. 
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 Figure 5.3. Sucrose and starch levels in leaf five (A.) and immature leaves (B.) of flowering (SD) 

vs non-flowering (NB) teosinte plants at 0, 9, and 15 hours after dawn (ZT).  

Error bars represent SE for three experiments for L5 and Standard Deviation for IL; (+) 

denotes statistical significance between SD and NB-grown teosinte plants at a particular 

ZT.  
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Figure 5.4. Plasmodesmata (PD) along a bundle sheath-vascular parenchyma parenchyma 

interface in mature leaves of flowering (SD) and non-flowering (LD) teosinte. 

Figure 5.5. Relative expression of SUT1 in flowering and non-flowering teosinte and maize (B73). 

Error bars denote SD; (+) represents statistical significance.  
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5.4. Discussion 

5.4.1. Comparison of gene expression in immature leaves of florally induced teosinte 

and temperate maize 

Overall, ID1 along with many of the other genes shown to be associated with flowering in 

maize, showed little or no difference in transcript levels in immature leaves of SD vs. LD 

grown teosinte plants (Fig. 5.1).  Notable exceptions include CHY and CSL zinc finger 

protein-encoding genes, which are up-regulated in florally competent wild-type maize 

relative to id1 mutants, and are also expressed at higher levels in florally induced SD 

teosinte.  Similarly, ZmDHR1 and ZmDHR2 transcripts are slightly, but consistently, 

higher in immature leaves of florally induced SD teosinte when compared with LD plants.  

However, several of the genes tested show the opposite to the expected pattern of 

expression differences in teosinte immature leaves.  Notably, the IAA -

glucosyltransferase-encoding gene is detected at slightly lower levels in immature leaves 

of wild-type plants (Fig. 3.5), but at significantly elevated levels in florally induced 

teosinte immature leaves (Fig. 5.1B).  One possible reason for the disparities between 

temperate maize and teosinte expression profiles might be because, in the case of 

photoperiod-induced teosinte, expression differences related to floral inductive signals 

are likely limited to mature green leaves.  Two additional difficulties in interpreting 

teosinte expression data are its heterogeneous genetic make-up and the fact that no 

genomic sequence resources are available for this wild grass.  The latter consideration 

is especially significant when the expression of multi-gene family members is evaluated 

due to the increased potential for non-specific amplification in teosinte using maize-

specific primers.  Thus, although ZmDHR2 expression appears elevated in florally 
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induced teosinte, more data is needed to support an association with flowering in 

teosinte. 

5.4.2. Carbohydrate level differences between flowering and non-flowering teosinte   

Overall, the major alterations in starch and sucrose levels observed in leaves of id1 

mutants and wild-type siblings were not observed when comparing florally induced and 

un-induced teosinte (Fig. 5.3A).  This finding supports the notion that carbohydrate level 

changes in mature leaves of id1 maize are associated specifically with the autonomous 

floral transition rather than being a general feature of the flowering process.  However, 

higher levels of sucrose were detected in immature leaves of florally induced teosinte, 

which suggests that perhaps increased sink demand by florally determined SAMs may 

change assimilate flow and re-affirms the importance of sucrose in the floral transition.  

The modest but statistically significant increase in ZmSUT1 expression level in the 

mature leaf blades of uninduced teosinte compared to florally induced plants is unclear 

but may reflect export to vegetative sinks.   

5.4.3. The ID1-regulated autonomous pathway as a maize adaptation to high latitude 

growth  

As discussed in the introduction to this chapter, the evolution of day-neutral maize from 

obligate short-day photoperiod-requiring progenitors was facilitated by ancient farmers 

as they migrated to higher latitudes.  Perhaps during the rapid evolution of day-neutral 

maize the pre-existing short-day pathway was overshadowed by an ID1-regulated 

autonomous floral induction pathway in temperate maize.  The highly significant up-

regulation of ZCN8 expression in florally induced teosinte combined with the observation 

that in temperate maize ZCN8 expression is dependent on ID1 (Lazakis et al., 2011; 

Meng et al., 2011) support the model summarized in Fig. 5.6.  According to this model, 
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ZCN8 integrates photoperiod cues with developmental information relayed through the 

ID1-regulated autonomous pathway.  Thus, ID1 may act in parallel with the photoperiod 

pathway in teosinte and tropical maize to specify the correct developmental window for 

the floral transition.  Introgression of id1 mutant alleles in a teosinte or tropical maize 

would likely elucidate the role of ID1 in regulating the timing of the floral transition.  

Increased number of leaves and decreased transcript levels of ZCN8 in the leaves of 

short-day grown teosinte lacking functional ID1 would be expected if the tenets of the 

proposed model hold true.  
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Figure 5.6. Model for the specific role of ID1 in the autonomous floral regulation pathway and in 

the evolution of day-neutral maize. 
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6. CHAPTER 6: CONCLUSION AND PERSPECTIVES 

6.1. Conclusions 

Despite recent progress in our understanding of the signals that regulate the timing of 

the floral transition in model organisms such as Arabidopsis and rice, little is known 

about the molecular components of the autonomous pathway.  Moreover, how 

endogenous signals are integrated with information from environmental cues, such as 

photoperiod, is not yet well understood.  Maize is one of the world’s most important 

crops, and one of few largely day-neutral model organisms.  This work aimed to improve 

current knowledge on the molecular mechanisms of the autonomous floral transition in 

maize and specifically to dissect the role of the INDETERMINATE1 gene in this process.   

Altogether, data detailed in this work support the notion that the autonomous floral 

transition in maize is characterized by highly coordinated changes in primary metabolism 

in source leaves.  Similar experiments in the tropical progenitor of maize, teosinte 

showed that the ID1-regulated floral transition is mechanistically distinct from the 

photoperiod pathway.  Ultimately, the transcriptional and metabolite profiles of immature 

and mature, fully expanded leaves discussed in the preceding chapters are consistent 

with the model proposed in Figure 6.1.  According to this working model ID1 activity in 

immature leaves may act to create an epigenetic blueprint necessary for correct time-

keeping during leaf development.  This enables timely sink to source transition in mature 

leaves and the production of florigenic signals, including the proposed transitory starch 

to sucrose balance required to initiate the floral transition at the SAM.  While additional 

experiments are needed to test this model, the present work establishes a foundation for 

the further characterization of the molecular components and mechanisms that underlay 

the ID1-regulated autonomous floral transition. 
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Figure 6.1. Model of the hypothesized mechanism by which ID1 activity in immature leaves 

results in the ability of mature leaves to produce readiness to flower signals.  
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6.2. Future work 

This works aims to provide a broad and comprehensive analysis of the components of 

ID1-regulated floral transition, and further work should focus on identifying the specific 

direct targets of ID1.  I have begun to address this goal by creating constructs, in which 

the ID1 coding sequence is fused to an ecdysone steroid receptor ligand binding 

domain.  Expression of this construct in transgenic maize should confer inducible import 

of the fusion protein into plant nuclei upon addition of methoxyfenozide, the chemical 

ligand for the ecdysone receptor.  Proof of concept for this strategy in plants has been 

demonstrated with results that confer specific and strong induction of targets (Simon et 

al., 1996; Padidam et al., 2003; Koo et al., 2004).  These constructs and the generation 

of transgenic maize plants are described in more detail in Appendix II.2.   This approach 

will aim to elucidate some of the molecular components of the ID1-regulated floral 

induction pathway in maize.  Recently, the quest to uncover direct  targets of the 

homeodomain transcription factor KNOTTED1 (KN1) in maize have led to the 

identification of a GA oxidase enzyme, which establishes a boundary between meristem 

cell identity and differentiating organ primordia through negative regulation of GA 

(Bolduc and Hake, 2009).  This study provides support for the notion that information on 

direct targets of a transcription factor can yield insight into understanding important 

developmental phenomena.  

Ultimately, many higher plants encode ID-Domain zinc fingers and grass species related 

to maize, such as rice and sorghum, appear to encode proteins of orthologous function.  

Thus, further knowledge of molecular and physiological aspects of ID1-regulated 

flowering time signals may have implications to the understanding of developmentally 

encoded flowering time cues in a number of agronomically important grasses.  
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APPENDIX I. SUPPLEMENTAL FIGURES AND TABLES 

 

 

 

 

 

 

 

Figure S1. Ectopic over-expression of ZmDH2 in Arabidopsis. Construct (A.) and expression 

levels (B.) for ZmDHR2 in T3 homozygous lines compared.  

See Appendix II.1 for more information on the generation of this construct and 

transgenic Arabidopsis lines.  
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Figure S2. Genomic DNA controls for semi-quantitative RT-PCR primers in Chapter 2.  
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Table S1. List of differentially expressed entities in developing leaves with similarity to 
transcription factors and other proteins with regulatory function grouped by MapMan 
bin.  

  

 Bin description Gramene ID 

RNA   

27.3.3 
AP2/EREBP, APETALA2/Ethylene-
responsive element binding protein family 

grmzm2g424348 

27.3.6 bHLH,Basic Helix-Loop-Helix family 
grmzm2g114873, grmzm2g350312, 
grmzm2g045431, grmzm2g159456 

27.3.7 
C2C2(Zn) CO-like, Constans-like zinc 
finger family 

grmzm2g114137, grmzm2g095299, 
grmzm2g107886, grmzm2g019335 

27.3.11 C2H2 zinc finger family grmzm2g011357 

27.3.16 CCAAT box binding factor family, HAP5 grmzm2g089812 

27.3.17 
CPP(Zn),CPP1-related transcription factor 
family 

grmzm2g153754 

27.3.18 E2F/DP transcription factor family grmzm2g361659 

27.3.20 G2-like transcription factor family, GARP grmzm2g067702 

27.3.22 HB,Homeobox transcription factor family grmzm2g132367 

27.3.25 MYB domain transcription factor family grmzm2g078820, grmzm2g162434 

27.3.27 NAC domain transcription factor family grmzm2g064541 

27.3.30 
Trihelix, Triple-Helix transcription factor 
family 

grmzm2g305362 

27.3.32 WRKY domain transcription factor family grmzm2g401521, grmzm2g015433 

27.3.53 High mobility group (HMG) family grmzm2g060253 

27.3.62 
Nucleosome/chromatin assembly factor 
group 

grmzm2g125648, grmzm2g066528 

27.3.67 Putative transcription regulator 
grmzm2g119168, grmzm2g108712, 
grmzm2g099239 

27.3.71 SNF7 grmzm2g069827 

27.3.99 Regulation of transcription,unclassified 
grmzm2g055135, grmzm2g023392, 
grmzm2g441903, grmzm2g116079, 
grmzm2g094353 

Protein   

29.5.11.4.2 Protein.degradation.ubiquitin.E3.RING 

grmzm2g003930, grmzm2g144782, 
grmzm2g032821, grmzm2g131815, 

grmzm2g392320 
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Table S2. List of differentially expressed entities in developing leaves with similarity to histone 

proteins grouped by MapMan bin.  

  

Bin  Bin description Gramene ID Histone 

DNA    

28.1.3 Chromatin structure.histone 
grmzm2g069911 
grmzm2g080274 

H1 

28.1.3 Chromatin structure.histone 
grmzm2g305046 
grmzm2g046055 
grmzm2g107540 

H2A 

28.1.3 Chromatin structure.histone 
grmzm2g306258 
grmzm2g079089 
grmzm2g057852 

H2B 

28.1.3 Chromatin structure.histone 
grmzm2g078314 
grmzm2g451254 

H3 

28.1.3 Chromatin structure.histone 
grmzm2g355773 
grmzm2g475899 

H3.2 

28.1.3 Chromatin structure.histone 

grmzm2g063896 
grmzm2g149178 
grmzm2g072855 
grmzm2g016232 
grmzm2g479684 
grmzm2g181153 
grmzm2g421279 

H4 
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Figure S3. Relative quantification of ZCN8 expression in leaf five (L5) of V7 stage wild-type and 

non-flowering id1 plants.  

 

Table S3. Confirmation of differentially expressed genes in mature leaves of wt versus id1 plants 

using quantitative RT-PCR.  

Function Gene Symbol Gene Title

Major CHO Agpsemzm ADP-glucose pyrophosphorylase small subunit

Ppc1C Phosphoenolpyruvate carboxylase

Sut1 Sucrose transporter1

Cipk CBL-interacting protein kinase

Cell wall Ces8 Cellulose synthase8

Xet Xyloglucan endotransglucosylase/hydrolase protein 23

Expb Beta-expansin 4

Glycolysis and ET Pepck Phosphoenolpyruvate carboxylase kinase 1

Aox3 Alternative oxidase AOX3 precursor

C4t C4-dicarboxylate transporter/malic acid transport protein

Hormones Cko2 Cytokinin oxidase 2

Ts1/LOX8 Tassel seed1/lipoxygenase

Transcription H3C4 Histone H3.2

Other Glu2 Beta-D-glucosidase precursor
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Figure S4. Starch and sucrose metabolism in mature leaves. 

A. Ratios of major carbohydrates on a protein basis. 

B. Relative expression of mex1 and GlcT chloroplast/cytosol translocators in L5 blades at 

V7 

C. Ratios of transitory starch to sucrose after the floral transition (V9) in wt and id1 

mutant plants.  

Error bars represent SD, (+) denotes statistical significance. 
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Table S4. List of significant metabolite level differences between wt and id1 immature leaves.  

  

RT wt/id1 log2 het/id1 p-value m/z Putative identi ty % match to Golm metabol i te database

23.52 2.5181 1.3323 0.0241 56, 84, 158, 174, 186, 276 N-Acetylglutamic acid (2TMS) 90

24.16 0.6912 -0.5328 0.0178 103, 133, 147, 220, 292, 409 Threonic acid (4TMS) 94

24.43 0.2759 -1.8580 0.0246 114, 276, 290, 378 Amino acid l ike NA

30.98 1.3735 0.4578 0.0177 103, 133, 147, 217, 307, 364 Fructose methoxyamine (5TMS) internal  s tandard

32.61 3.0878 1.6266 0.0018 103, 204, 217, 332, 361 Sugar l ike NA

35.12 0.8283 -0.2717 0.0407 147, 191, 217, 265, 291, 305, 318, 432, 367, 432, 507, 612 Myo-Inos itol  (6TMS) 82

45.55 1.6731 0.7425 0.0236 191, 217, 361 Trehalose (8TMS) 30

48.94 1.7361 0.7958 0.0397 147, 219, 255, 307, 324, 345, 381, 397, 419, 447 3-trans-Caffeoylquinic acid (6TMS) 43

50.50 1.9049 0.9297 0.0081 147, 219, 239, 255, 307, 324, 345, 381, 397, 419, 462 3-trans-Caffeoylquinic acid (6TMS) 46
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Table S5. List of statistically significant metabolite level differences between wt and id1 mature leaves arranged by retention time (RT).  

  

RT p-value wt/id1 log2 (wt/id1) m/z Putative identity % match to Golm metabolite database

22.9 0.0002 0.010 -6.656 103, 129, 147, 189, 205, 217, 307, 319 Threitol (4TMS) 45

23.2 0.0009 1.435 0.521 156, 230, 258 Pyroglutamic acid (2TMS) 87

24.2 0.0375 1.276 0.352 103, 117, 205, 220, 292, 319, 409 Threonic acid (4TMS) 90

24.6 0.0554 2.118 1.083 147, 156, 198, 202, 229, 288, 304, 319 2-Ketoglutaric acid methoxyamine (2TMS) 92

25.8 0.0097 2.742 1.455 147, 221, 327, 343, 415, 503, 591 L-Phenylalanine (2TMS) 25

27.3 0.0467 0.245 -2.029 103, 307, 319, 463 Sugar alcohol NA

28.7 0.0099 0.148 -2.759 103, 299, 315, 328, 357, 370, 445 Glyceric acid-3-phosphate (4TMS) 62

29.7 0.0005 0.439 -1.189 204, 255, 372, 447, 462 Shikimic acid (4TMS) 87

29.9 0.0966 2.763 1.466 174, 273, 305, 347, 363, 375, 465 Citric acid (4TMS) 80

30.4 0.0113 0.595 -0.750 129, 147, 157, 173, 245, 316, 406 L(+)-Ascorbic acid {BP} 51

30.7 0.0024 0.629 -0.668 147, 204, 255, 334, 345, 372, 419, 435, 462 D(-)-Quinic acid (5TMS) 79

30.9 0.00003 0.103 -3.277 103, 147, 217, 307, 364 Fructose methoxyamine (5TMS) internal standard

31.5 0.0007 0.381 -1.393 103, 147, 160, 205, 217, 319 Glucose methoxyamine (5TMS) internal standard

34.0 0.0007 0.252 -1.990 147, 204, 217, 220, 319, 466 Sugar l ike NA

35.1 0.0198 0.073 -3.778 204, 220, 319, 448 Sugar l ike NA

35.1 0.0001 0.794 -0.333 147, 191, 204, 217, 265, 291, 305, 367, 393, 419, 432, 507, 612 Myo-Inositol (6TMS) 82

37.0 0.0222 7.477 2.903 357, 503, 516 Phosphorylated compound NA

42.2 0.0330 0.124 -3.014 204, 321 Disaccharide like NA

42.7 0.0036 2.407 1.267 129, 204, 219, 361 Disaccharide like NA
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Table S6. Chapter 2 primer list: Analysis of immature leaves of id1 mutants and normal-flowering maize.

Primer name  Sequence 5'-3' Product size (bp) (Putative) Annotation of target gene

ZmU44087 L GATGAACAGGCCAAAGAAAGG 561 Zmglu2   Beta-D-glucosidase precursor (Zm)

ZmU44087 R CAGCAGAGACCAAGCGAAGTAG 

Zm019329 L CTCAGTGCTCAAAGACGC 404 Zmdhr1  Dhurrhinase-related beta-glucosidase protein 1 (Zm)

Zm019329 R CCGATCCGTTGAGTATTTC

Zm022251 L GTTCACCTTCAACGAGCCAC 413 Zmdhr2  Dhurrinase-related beta-gluocsidase protein 2 (Zm)

Zm022251 R CCACTAGCTTCTCTTTCTCGTC

Zm022542 L GGCACGCTTGTCTTCTTC 487 Zmdhr3  Dhurrhinase-related glucosidase protein 3 (Zm)

Zm022542 R GTTCTATGCCGTTCTCTTTC

Zmglu1 L AGGTGTGCTTTGATAACTTCG 527 Zmglu1  Beta-D-glucosidase (Zm)

Zmglu1 R TGAGTAGTTTGGTGAGATATCG

Zm059623 L ATTCGTGGTGCCTGATTAGG 626 CHY zinc finger family protein (Os) / Putative PGPD14 protein (Os)

Zm059623 R CTTCTCATGCCCAGTGTGC

Zm061836 L CTCACGATGTCCAGCTTGC 314 PIFI Post-Illumination Chlorophyll Flourescence Increase Protein (Zm)

Zm061836 R GTGAGTGTCTACCGTCTTGG

mzendmex L GGAGTTGACCCATCAGTTTGC 312 NADP-dependent malic enzyme, chloroplast precursor (Zm)

mzendmex R GAGTGCTGCTAACAAACCTGC

Zm000657 L GCAGGAAGAGGTCGTCGTC 350 Photosystem I reaction center subunit psaK, chloroplast precursor (Os)

Zm000657 R GATCGAGGCTGCTGAGTC

Zm002995 L GGATACCGCCATACCACAAG 400 Fructose-bisphosphate aldolase, chloroplast precursor (Os)

Zm002995 R GGTACAGCGTCTCCTCGAAG

Zm018613 L ACTGGAAGAAGGACGGCTGTG 416 CSL zinc finger domain-containing protein (At)

Zm018613 R ACGACACCAACGGGCAATGG

AF084478 L AGCAGACCGACGAGGACAGG 345 RubisCO activase, chloroplast precursor (Zm)

AF084478 R AGACCAGCTCGCATTGGAACG

Zm003067 L TGCCTCGACTTCGCCACCTC 333 Indole-3-acetate beta-glucosyltransferase (Os), 

Zm003067 R CCAATCGAACCAAATCCAGC

Zm035719 L AGCAAACGACTGCAAGATC 521 Malate dehydrogenase (MDH), cytoplasmic (Zm) 

Zm035719 R ACAGGGCTTCGTCTCAATGG

Zm_Actin L GTMARCAACTGGGAYGACATGGAGAA 650 Actin (Zm)

Zm_Actin R ACRTCRCACTTCATGATRGAGTTGTABGT

IdF GAGCTCGGGGGACTTGACTG 900 ID1 protein (Zm)

SQ1 GGCTTCTTGCAGCAGCAGC
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Table S7. Chapter 3 primer list: Analysis of mature leaves of id1 mutant maize.  

Primer Transcript ID Sequence 5' - 3'

IdF NA GAGCTCTGGGGGACTTGACTG

IdR4 CTAGGTTTTCTCTCGATCCGTCCG

DsR GAGGTATTTTACCGACCGTTCCCG

qSUT1F NM_001111370 GCCGTCCGTGCTCCTCGTA

qSUT1R AGTCGGTGTCGTAGAGGATGAAC

qgapdhF NM_001111943   CGCTCTGAACGACCACTTC

qgapdhR ACACAAGCAGCAACCATCC

pepc F NM_001112033 TGATGGCTGCTAACTTGTACTTCTC

pepc R CACTGCAGCGCCACATAGAC

agps F NM_001111708 GAGGTCCTTGCAGCACAACAG

agps R ACGCACGGCATCTGCAGTA

cko2 F NM_001112056 ACCGCAGGTCAGCAATGTCA

cko2 R TATCCTCGGGTGAGCAGGTAAC

glu2 F NM_001112422 TCCCCTCTGACTTCATCTTTGG

glu2 R CAATTGCTTTCCCCCTTTCC

ts1 F NM_001112509 GGGAGCTCTGGCGGCTAG

ts1 R GGCTGCGTCGGGTCCTC

pepC F NM_001112033  CGCAGGCGGCAGAGAATTGTCT

pepC R CTGCGCGTCGATGGACTGGT

aox3 F NM_001112193 GCCGGTGCAAATAAACAGCA

aox3 R AGTAGCTGACGACGGCCTTCTT

C4T F NM_001154494 CGACCGAGTTCTTGCTTGGAT

C4T R CCATCGAACCAAGTAGGCAATC

Cesa8 F NM_001111488 GGACGGTATTCAAGGACCCATT

Cesa8 R TACAGTGCCTGCCGTCTGAAA

Xet F NM_001156031 TCGTCGTCGTTCACTTCAGACC

Xet R CCAAACATTATTCGCCAGACCA

Expb F NM_001155021 CCATCACAGCTTTGGCCTTTT

Expb R GCTCACGGTGGAACTCATCAGT

H3.2 F NM_001137804 CCGGTCTCTACTGCGATTCCT

H3.2 R GCACTGCATCGAAACCAACAG

Pepck F NM_001158445 CCTGGCGGTAGACTGGTTTAGA

Pepck R TGGAGATTCATCGGATGCG

CIPK F NM_001115006 TCATTGGTGCGGTGGATTACT

CIPK R AAGTCCCGGTGATACACACCTC

SnRK1 F NM_001112203 TGATCCCACGAATGCTTGTTG

SnRK1 R TTGATGCTCCCGAATTTCCCT

mex1 F EU963397 CGCTGTCACTGCCTCCAA

mex1 R GAGTCCCACTCCTGGTACTTCTTC

GlcT F AF215854 TGCCTCTGGCAGGAAATCC

GlcT R GGATGGAACTACAGCAATTCCAA
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Table S8. ZmSUT2,4, and 5 gene primers. 

  

Primer GenBank ID Seqeunce 5'-3'

qSUT2F AY581895 GTTGTGTGGGCCTATAACTGGTT

qSUT2R ACGGCACTTATCACTCCAAACA

qSUT4F AY639018 GCCGACCTCACAGAGAATG

qSUT4R CGAATACCATCCACTGTATGC

qSUT5F BT034450 GGCCTATCGCCGGATTTG

qSUT5R TGCACCGGTCGCTGTAGTAG
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APPENDIX II. SUPPLEMENTAL PROTOCOLS 

II.1. Generation of Arabidopsis ZmDHR2 over-expression lines 

Figure a1. Binary plasmid map used for over-expression of ZmDHR2 in Arabidopsis. 

 

Full-length ZmDHR2 transcript was amplified from B73 maize cDNA using primers F: 5’- 

GAGATCTAATGGCTCCACTTCTTCTTGCTTC and R: 5’- 

CGAATTCAGCTAGCTAGCTGCACTGTTC. The amplified sequence was cloned in a 

pGEM®-T-Easy vector (Promega, A1360) using EcoRI and BglII restriction sites and 

upon confirmation by sequencing, ZmDHR was cloned into a pMON-530 binary vector 

with the following features (Fig. a1):  

 

Zmdhr2 

OriV 

Bam 

Sal I 

Pst I 

Hind III 

Bgl II 

Eco RI 

Stu I 

 0 

Bam HI 

75 25 

Bam HI 

Spc/stR 

pBR322 

P35S 

nos 3’ 

OriT 

trfA 

  50 

Pst I 

nos-npt 

pMON 530-ZmDHR2 

12 kb 



XIII 

 

- P35S promoter from cauliflower mosaic virus driving the expression of full 

length ZmDHR2; 

- A nopaline synthase terminator (nosT) from Agrobacterium tumefaciens;  

- Resistance to Kanamycin conferred by the nos-npt gene.   

Agrobacterium tumefaciens strain GV2260 carrying pMON-530-ZmDHR2 was 

transformed into Arabidopsis thaliana of the Columbia 0 (Col 0) ecotype by floral dip 

(Clough and Bent, 1998).  Kanamycin resistant T1 plants were allowed to self-fertilize. 

Segregation for Kanamycin resistance was used in the T2 and T3 generations to select 

lines homozygous for p35S::ZmDHR2.  Four independent homozygous lines were 

selected and the relative expression of ZmDHR2 was quantified in using qRT-PCR with 

primers F: 5’-TCGCTTGGTCCAGAATACTG and R: 5’-TCGATGCCTTTATGGTTAATG 

(Fig. S1).  No phenotype was observed in the transgenic lines under standard growth 

conditions or when seedlings were grown on Murashige and Skoog media supplemented 

with 1% sucrose, 1% glucose, or 1% sorbitol.  

 

Acknowledgement: Cloning of ZmDHR2 was performed by undergraduate student 

Alexandra Livernois. 
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II.2. Generation of transgenic maize  

II. 2.1. Ubiquitin-driven expression of ID1 fuse to the ecdysone receptor ligand binding 

domain  

Figure a2. Binary vector map containing a ID1:EcR construct for over-expression in maize.  

The map was generated using PlasMapper (Dong et al., 2004). 

Features of pUbi::ID1:EcR in pIPK002/p7iU: 

The maize ubiquitin promoter (pUbi) drives the expression of the phosphinothricin 

acetyltransferase (PAT) gene, which confers resistance to herbicide phosphinothricin.  An 

intron (int) sequence increases efficiency of transcription of PAT gene.  Termination of 

transcription is signaled by t35S terminator sequence from the cauliflower mosaic virus. 

pUbi-int is a promoter sequence derived from a rice ubiquitin gene. 

The ID1:EcR-t cassette expresses the ID1 flowering time gene form maize (Zea mays) 

fused to the ligand binding domain of the ecdysone receptor (EcR) from Choristoneura 

fumiferana, followed by a termination of transcription signal.  Translational fusion of ID1 

to EcR aims to make import of ID1 into the plant cell nucleus conditional upon addition to 

the ecdysone ligand or its non-steroidal chemical agonist methoxyfenozide.  
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The ligand-binding domain of EcR was amplified from a pBSK-VGE vector (Padidam et 

al., 2003) using: 

 attB5206: 5’GGGGACAACTTTGTATACAAAAGTTGtgGCATTGTTAACAGGATTATTTG 

attB2539:5’GGGACCACTTTGTACAAGAAAGCTGGGTACTAGCCGAGCGTGCGTAGC

TCAGA.  Full-length ID1 was amplified from B73 maize immature leaf cDNA using attB1 

5’GGGGACAAGTTTGTACAAAAAAGCAGGCTATCGACGACAGACGATGCAG and 

attB5r 5’ GGGACAACTTTTGTATACAAAGTTGTAGGATCAAAGTTGTGGCTCCAGGT. 

The resulting fragments were cloned into pDONR® P5-P2 and pDONR® P1-P5r 

Gateway MultiSite Pro vectors (Invitrogen, 12537).  Upon transformation of these 

vectors in E. coli Dh5α, ID1 and EcR were sequenced. 

The binary vector pIPK002/p7iU was generated from two vector backbones. pIPKb002 

(EU161573) (Himmelbach et al., 2007) was used, but the Hpt resistance  gene was 

substituted with the PAT gene from p7iU (DNA Cloning Service, http://www.dna-

cloning.com/) utilizing SfiI restriction sites.  The ID1 and EcR cassettes were cloned into 

pIPK002/p7iU using LR Clonase® enzyme (Invitrogen, 11791) and confirmed by 

restriction digestion and sequencing to ensure fidelity of all features of this open reading 

frame.  The resulting plasmid DNA was submitted for transformation into maize Hi-II at 

the Iowa State University Plant Transformation Facility 

(http://www.agron.iastate.edu/ptf/) using Agrobacterium-mediated  transformation of 

immature zygotic embryos (Frame et al., 2002). Seed from the cross between twelve 

independent Hi-II transgenic events and a B73 pollen donor were obtained from the 

facility.  

  

http://www.dna-cloning.com/
http://www.dna-cloning.com/
http://www.agron.iastate.edu/ptf/
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II.2.2. Generation of control constructs: ubiquitin-driven expression of ID1 and EcR 

The same binary vector backbone was used to clone control constructs as for the 

generation of ID1:EcR fusion detailed in Figure a2.  The features of pUbi::ID1 and 

pUbi::EcR controls include a pUbi-PAT-int-PAT-t35 plant selectable marker open 

reading frame; a ubiquitin promoter driving the expression of ID1 or EcR; ID1-nopT or 

EcR-nopT open reading frames containing the ID1 flowering time gene form maize (Zea 

mays) or the ligand binding domain of the ecdysone receptor (EcR) from Choristoneura 

fumiferana, followed by a termination of transcription signal (nopT). 

The full-length coding sequence of the ID1 gene was amplified from maize immature leaf 

cDNA (V7) using: 

attB1:5’GGGGACAAGTTTGTACAAAAAAGCAGGCTATCGACGACAGACGATGCAG 

attB2:5’GGGGACCACTTTGTACAAGAAAGCTGGGTCTAGAAGTTGTGGCTCCAGGTC

TC. EcR was amplified from vector pBSK-VGE (Padidam et al., 2003) using: 

attB1F:5’GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGCATTGTTAACAGGATTAT

TTG 

attB2:5’GGGACCACTTTGTACAAGAAAGCTGGGTACTAGCCGAGCGTGCGTAGCTC

AGA.  

The amplified fragments were cloned separately into pDONR®221 vectors (Invitrogen, 

12536) and into the hybrid binary vector pIPK002/p7iU as described for pUbi::ID1:EcR 

and submitted for transformation into maize according to Iowa State University Plant 

Transformation Facility.  

Upon several rounds of introgression of transgenic plants into the B73 inbred carrying 

the id1-m1 allele, the ability of pUbi::ID1:EcR + methoxyfenozide or of pUbi::ID1 
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expression to complement the late-flowering phenotype of the id1 mutant background 

will be evaluated.  To obtain direct targets of ID1, pUbi::ID1:EcR expressing plants will 

be treated with methoxyfenozide to induce import of the fusion protein into plant nuclei.  

Simultaneous application of cycloheximide to block protein synthesis should ensure 

transcriptional differences between methoxyfenozide treated and untreated controls are 

limited to direct targets of the ID1 transcription factor.  Global transcript profiling of 

immature leaves of treated and control plants can then be performed using RNA-Seq or 

microarrays.   


