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Indole-3-acetic acid 
(IAA) 

 

1   Introduction 
 

Auxin is a hormone involved in many aspects of plant growth and development such as 

embryogenesis, lateral root formation, vascular development, tropism, apical dominance and 

senescence (reviewed in Kepinski and Leyser, 2005a). At the cellular level, auxin is involved 

in the regulation of cell elongation, cell division and cell differentiation.  

The most abundant naturally occurring auxin is indole-3-acetic acid (IAA) (Figure 

1.1). Many synthetic auxins, such as α-naphthalene acetic acid (α-NAA) and 2,4-

dichlorophenoxyacetic acid (2,4-D) (Figure 1.1) are available and are used both in 

experimental approaches and commercially, mostly as herbicides. 

 

 

 

 

 

 

Figure 1.1 Indole-3-acetic acid (IAA), the most abundant naturally occurring auxin and the structure of 
some synthetic auxins. 

Most of these synthetic auxins are used as herbicides in horticulture and agriculture. The most widely used are 
probably dicamba and 2,4-D, which are not subject to breakdown by the plant and are very stable (Photo taken 
from Plant Physiology online, 4th edition and adapted). 

 

1.1 Auxin perception 

One of the first steps of a hormone action is its binding to a receptor. Beside the described 

function of auxin receptors from the TRANSPORT INHIBITOR RESPONSE 1/AUXIN-

BINDING F-BOX PROTEIN (TIR1/AFB) family, putative auxin receptor, the AUXIN-

BINDING PROTEIN 1 (ABP1) has been identified (reviewed in Tromas and Perrot-

Rechenmann, 2010; Shi and Yang, 2011; Sauer and Kleine-Vehn, 2011, and Scherer, 2011).  
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TIR1 is an F-BOX protein, which is located in the nucleus and allows the recognition 

and the degradation of repressors of auxin-regulated genes. Once the repressors are degraded, 

transcription of early auxin response genes can occur directly and leads to auxin responses. 

TIR1 encodes a member of large family of F-box proteins involved in regulated proteasome-

mediated protein degradation (Kepinski and Leyser, 2005b; Dharmasiri et al, 2005). 

ABP1 has been shown to participate in fast auxin responses at the plasma membrane, 

to mediate auxin control of cell division and cell elongation, and lately, to modulate 

regulation of early auxin response genes (reviewed in Tromas et al, 2010). All these 

functions support its role as an extracellular receptor for auxin. 

1.1.1 Auxin-Binding Proteins (ABPs) 

Auxin binding proteins (ABPs) are components of auxin signalling pathways. They were 

identified relatively early in the crude fractions of etiolated maize (Zea mays L.) coleoptiles 

(Hertel et al, 1972), and so far, at least five ABPs (in the literature also found as Zm-ERabp 

(Zea mays endoplasmic reticulum auxin-inding protein), 22kDaABP or ABPzm1) have been 

identified in maize (Schwob et al, 1993). However, their function in maize growth is still 

poorly understood. In contrast to maize, in Arabidopsis ABP gene family is represented by 

the only one member, ABP1 (Palme et al, 1992).  

1.1.1.1      Structure and localization of ABPs 

First sequence data of ABP were obtained in 1990s (Hesse et al, 1989; Tillmann et al, 1989). 

Hesse et al. (1989) purified three maize ABPs (ABP1, ABP2 and ABP3) from crude 

coleoptile membrane fractions. Few years later, Schwob et al. (1993) cloned, sequenced and 

compared three maize genes encoding ABP1, ABP4 and ABP5. In the predicted amino acid 

sequences four key features were found:  

1)    a transit peptide,  

2)       a C-terminal KDEL sequence thought to be involved in retaining proteins in the 

endoplasmic reticulum (ER),  

3)      the HRHSCE sequence thought to be responsible for auxin binding (Venis et al, 

1992) and 

4)      an NXT glycosilation site.  
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ZmABP1 forms homodimer of 20-22 kDa (Hesse et al, 1989). The mature proteins of 

ZmABP1 and ZmABP4 are 85% identical and the mature protein of Arabidopsis ABP1 is 

63% and 64% identical to ZmABP1 and ZmABP4 proteins, respectively (Schwob et al, 

1993). Despite the presence of the KDEL sequence at the C-terminus (Pelham, 1990; Napier 

et al, 1992), a fraction of ABP1 reaches the plasma membrane (Leblanc et al, 1999; Diekman 

et al, 1995). Indeed, in maize, ZmABP1 is mainly located in the ER, with less than 5% 

exported to the plasma membrane (Henderson et al, 1997; Feckler et al, 2001). In 

Arabidopsis and tobacco, the relative amount of ABP1 in the ER or at the plasma membrane 

is much more equally distributed than in maize (Shimomura et al, 1999). Therefore, it has 

been proposed that ABP1 cycles between the ER and the plasma membrane (Jones, 1990; 

Cross, 1991). The optimal pH binding of NAA is 5.5 with essentially no binding around pH7, 

which supports the concept that in the ER the ABP1 behaves as a very low affinity auxin 

binding site, whereas the optimal conditions for its binding are at the plasma membrane 

(Löbler and Klämbt, 1985). 

In maize, ABP1 was detected in roots, mesocotyls, coleoptiles, ears and tassels 

(reviewed in Jones, 1994). Its abundance correlated with growing regions of etiolated 

seedling, i.e. apical regions of mesocotyl, basal regions of coleoptiles and young leaves.  

Using reverse genetic approach and Robertson’s Mutator transposable element system, Im et 

al. (2000) isolated and characterized three maize loss-of-function mutants in ZmABP1 and/or 

ZmABP4 genes. Analysing the phenotype of abp mutants they observed no significant 

differences between the single abp1 and abp4 and double abp1/abp4 mutants, suggesting the 

functional redundancy of these gene family in maize. However, they did observe that the 

amount of ABP1 protein in abp4 mutant was 4-7 times higher than in WT, whereas the ABP1 

transcript level did not differ among WT and individual abp4 mutants. This data indicate that 

the elimination of the ABP4 gene activates ABP1 expression post-transcriptionally. The 

expression analysis of ZmABP genes 1 and 4 revealed that ZmABP4 gene showed highest 

expression in male floral tissue while ZmABP1 was most expressed in female flower parts 

(Im et al, 2000). In addition, both genes were higher expressed in the coleoptile compared to 

primary leaves of etiolated Zea mays seedlings (Hesse et al, 1993; Schwob et al, 1993). In 

Arabidopsis, ABP1 is crucial for the embryogenesis because its loss-of-function in the null 

abp1 mutant causes embryo lethality already at the globular stage (Chen et al, 2001). In 
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contrast, plants heterozygous for the mutation in the single Arabidopsis ABP1 gene do not 

exhibit any phenotype (Chen et al, 2001).  

1.1.1.2 Auxin-dependent responses mediated by ABP1 

In Arabidopsis thaliana, ABP1 is involved in numerous auxin-dependent responses including 

early responses at the plasma membrane, regulation of gene expression, cell division and cell 

expansion (reviewed in Tromas et al, 2010).   

Auxin induces the decrease of the cytosolic pH (Felle et al, 1986, 1991; Felle, 1988; 

Shishova and Lindberg, 1999) by promoting proton secretion into the cell wall (Rayle and 

Cleland, 1980; Cleland et al, 1991) inducing the hyperpolarizaton of the plasma membrane 

(Ephritikhine et al, 1987). Acidification of the extracellular space can activate cell wall 

expansins, the major agent for cell wall loosening, thus facilitating future expansion of the 

cell wall (Cosgrove, 2000). Activation of a voltage-dependent inward rectifying K+ channels 

(Figure 1.2) contributes to the water uptake, which is necessary for cell expansion (Rück et 

al, 1993; Philippar et al, 1999; Philippar et al, 2004).  

ABP1 is involved in the binding of auxin at the plasma membrane (Goldsmith, 1993; 

Timpte, 2001; Napier et al, 2002) and polyclonal antibodies directed against maize ABP1 

inhibit auxin-mediated hyperpolarizaton of the plasma membrane (Barbier-Brygoo et al, 

1989) and cell division of tobacco mesophyll protoplasts (Fellner et al, 1996). In addition, 

maize ABP1 added to the tobacco protoplasts enhances the auxin-mediated hyperpolarizaton 

(Barbier-Brygoo et al, 1989). Taken together, these results suggest that the auxin-induced 

processes are mediated by ABP1 at the outer face of the plasma membrane (Barbier-Brygoo 

et al, 1989; Barbier-Brygoo et al, 1991). Since the ABP1 protein has no putative 

transmembrane region in its sequence, the existence of a “docking protein” has been 

proposed (Figure 1.2). Auxin is perceived by ABP1, which binds to the docking protein, 

allowing the transduction of the signal inside the cell (Klämbt, 1990). The C-terminal 

peptide-binding protein (CBP1) is a potential candidate as docking protein (Shimomura, 

2006). However, the direct interaction of CBP1 with ABP1 protein has not been 

demonstrated yet. 
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Figure 1.2 Rapid auxin responses mediated by ABP1. 

Auxin is perceived at the outer face of the plasma membrane by ABP1, which interacts with an unknown 
membrane-associated protein or protein complex (docking protein). Binding of auxin to ABP1 activates a 
cascade of events including activations of the plasma membrane proton pump ATPase (H+-ATPase) and 
potassium (K+) inward rectifying channels. The activation of the H+-ATPase induces hyperpolarization of the 
plasma membrane and acidification of the extracellular space which contributes to cell wall loosening. The 
increase of intracellular K+ contributes to the uptake of water which is essential for cell expansion. It is not 
known whether these early events are part of a signalling cascade controlling downstream ABP1-mediated 
cellular responses (scheme adapted from Tromas et al, 2010) 

 

Chen et al. (2001) proposed a model in which ABP1 is a high-affinity auxin receptor 

mediating auxin-regulated cell elongation at low auxin levels, whereas another unknown 

low-affinity auxin receptor exists, which is involved in auxin-regulated cell division. The 

work of David et al. (2007) with the functional inactivation of ABP1 in tobacco BY2 cells or 

in tobacco and Arabidopsis plants demonstrated that ABP1 is crucial for auxin regulation of 

the cell cycle, acting at both the G1/S transition and G2/M transition.  

The involvement of ABP1 in auxin-induced cell expansion has been reported in maize 

coleoptile protoplasts and Arabidopsis hypocotyls (Steffens et al, 2001) as well as in 

protoplasts of pea (Pisum sativum) stem epidermal cells (Yamagami et al, 2004). ABP1 is 

involved in the regulation of early auxin response genes. Indeed, the accumulation of 10 of 

the 14 Aux/IAA transcripts rapidly reduced in shoots tissues of young seedlings after a short-
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term ABP1 inactivation. In addition, the responsiveness of the same genes to auxin was also 

affected with an increased response in shoot, whereas a reduced response in roots (Braun et 

al, 2008). ABP1 is involved in the auxin-dependent stimulation of cell expansion in leaves 

and acts as a negative regulator of cell expansion in roots as observed for auxin itself 

(reviewed in Tromas et al, 2010). Recently, evidences were provided that ABP1 is involved 

in the regulation of polar auxin transport (PAT), thus affecting local auxin concentration and 

cell expansion (Braun et al, 2008; Robert et al, 2010; Xu et al, 2010; Effendi et al, 2011). 

 

1.2 Relationship between auxin and calcium 

Auxin action causes different effects on the cellular level. Auxin induces increase in the 

cytosolic free calcium (Ca2+) concentrations (Felle, 1988; Shishova and Lindberg, 2004). In 

addition, as a response to auxin, a cytosolic alkalinization and a transient increase of 

cytosolic Ca2+ concentrations in guard cells have also been reported (Fricker et al, 1994; 

Gehring et al, 1998) 

1.2.1 Role of calcium in plant growth and development and the regulation of calcium 

homeostasis in plant 

Ca2+ is an important divalent cation, which plays many essential roles in plants.  It is one of 

the most essential macronutrients for plants as it acts also as a second messenger mediating a 

wide range of cellular responses (Sanders et al, 2002). Beside its role as a second messenger, 

it is an essential plant nutrient required for growth and development, especially for the root 

and shoot, which meristematic regions are very active in cell divisions. Ca2+ helps in the 

formation of microtubules that are essential in the anaphase of mitotic division. Ca2+ plays a 

role in strengthening the cell wall by cross-linking the carboxyl groups of the pectic polymers 

(Cleland et al, 1990) as well as in maintaining the structural and functional integrity of the 

outer surface of the plasma membrane (Clarkson and Hanson, 1980). Ca2+ is also an 

important counterion for inorganic and organic anions in the vacuole.  

Ca2+ concentration in the cytosol fluctuates in response to growth, development and 

environmental perturbations (Sanders et al, 1999; Curran et al, 2000). Although an elevated 
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cytosolic Ca2+ concentration is necessary for signal transduction, a prolonged increase in 

Ca2+
 in cytosol is lethal. Sustained high cytosolic Ca2+ concentration is implicated in 

apoptosis, both during normal development and in hypersensitive responses to pathogens 

(Levine et al, 1996). Different biotic (the hormones abscisic acid, auxin and giberellin, 

pathogen elicitors, bacterial and fungal signals and nodulation factors) and abiotic signals 

(light, low and high temperature, touch, hyperosmotic stress and oxidative stress) can change 

the free Ca2+
 concentration in the cytosol (Sanders et al, 2002). The free cytosolic Ca2+ is 

maintained at very low concentrations ranging from 100 to 200 nM (Bush, 1995). However, 

the pool of cytosolic Ca2+ is much higher due to the presence of Ca2+-binding proteins with 

high affinity for Ca2+. In contrast, cell wall and cellular compartments such as vacuole, ER 

and mitochondria, contain mM concentrations of Ca2+, making large concentration gradients 

across the plasma membrane and endomembranes. The vacuole serves as a primary pool of 

Ca2+ ions in plant cells (Ueoka-Nakanishi et al, 1999). During biological responses, Ca2+ can 

be mobilized from and to the vacuole to act as an intracellular signalling molecule (Marty, 

1999).  

As a second messenger, Ca2+ is involved in different signalling pathways including 

auxin signalling pathway. Two signalling pathways have been proposed to participate in 

auxin-induced internode growth in pea (Pisum sativum): an ABP1-independent pathway, 

which is dependent on extracellular Ca2+ and an ABP1-dependent pathway, and not 

dependent on extracellular Ca2+ (Yamagami et al, 2004). However, latter case does not 

exclude the involvement of intracellular Ca2+ in auxin response through ABPs.  

As a consequence of concentration gradients across membranes, Ca2+ passively enters 

the cytosol through Ca2+ channels (Chung et al, 2000) either from apoplast or from 

intracellular organelles (vacuole, ER and mitochondria). The control of Ca2+ homeostasis can 

be achieved through four mechanisms: Ca2+ channels, Ca2+-binding proteins (calmodulin, 

CaM-like proteins, calcineurin B-like proteins and Ca2+-dependent protein kinases), Ca2+-

ATPases and Ca2+/H+ exchangers (CAtion eXchangers, CAXs) (Sanders et al, 2002; Pittman 

and Hirschi, 2003).  

The channel type, their cellular location and their abundance altogether influence the 

spatial characteristics of Ca2+ intracellular signal. The opening of Ca2+ channel influences 
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local biochemical processes since the diffusion of Ca2+ within the cytoplasm is very low 

(Clapham, 1995) and buffering of Ca2+ in the cytoplasm is very high (Malhó et al, 1998; 

Trewavas, 1999). The opening of Ca2+ channel produces a local increase in cytosolic Ca2+
 

concentration that dissipates rapidly after the channel has closed. Trewavas (1999) suggested 

that the local elevation of Ca2+
 concentration might generate soluble second messengers, such 

as inositol trisphosphate or cyclic ADP ribose, that diffuse through the cytoplasm to activate 

a relay of spatially separated Ca2+-channels. This activation of Ca2+ channels produces 

‘waves’ within the cytoplasm by the successive recruitment of receptive Ca2+ channels.  

The binding of Ca2+ to Ca2+-binding proteins changes their structural and/or 

enzymatic properties and provokes their subsequent interaction with target proteins, which 

can alter solute transport and enzymatic activities, cytoskeletal orientation, protein 

phosphorylation cascades and gene expression. The type of specific physiological response is 

determined not only by the cytosolic Ca2+ perturbations, but also by the expression of Ca2+-

binding proteins, their affinities for both Ca2+ and target proteins and the abundance and 

activity of the target proteins (reviewed in White and Broadley, 2003).  

Ca2+ is removed from the cytosol by Ca2+-ATPases and Ca2+/H+ exchangers which 

activity is energized by the pH gradient established by proton pumps, such as H+-ATPase or 

H+-pyrophosphatase (H+-PP-ase). The stoichiometry of the vacuolar CAX has been estimated 

to be 3H+/1Ca2+ (Blackford et al, 1990). Ca2+-ATPases and Ca2+/H+ exchangers insure a low 

cytosolic Ca2+ concentration in the cell appropriate for the cytoplasmic metabolism. They 

provide Ca2+ in the ER for the secretory system to function (Blatt, 2000; Ritchie et al, 2002) 

and remove divalent cations, such as Mg2+, Mn2+, Ni2+ or Zn2+, from the cytosol, to support 

the specialized biochemistry of particular organelles and to prevent mineral toxicities 

(Hirschi, 2001; Wu et al, 2002). The relative importance of Ca2+-ATPases and Ca2+/H+ 

exchangers in each of these functions is still unclear. Hirschi (2001) suggested that Ca2+-

ATPases, which have high affinity (Km=1-10 µM; Evans and Williams, 1998) but low 

capacity for Ca2+ transport, are responsible for maintaining Ca2+ homeostasis in the cytosol 

of the resting cell, whereas the Ca2+/H+ exchangers, which have lower affinities (Km=10-15 

µM) but high capacities for Ca2+ transport, are likely to remove Ca2+ from the cytosol during 

Ca2+ signals and thereby modulate Ca2+ perturbations in the cytosol. 
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1.2.2 CAtion eXchangers (CAXs) 

As mentioned earlier, CAXs belong to the group of proteins that mediate the cations 

extrusion from the cytosol out of the cell or to the storage compartments maintaining optimal 

cytosolic ionic concentrations (Shigaki et al, 2006). They can function as Ca2+/H+ and/or 

heavy metal (Cd2+ and Mn2+)/H+ exchangers (Hirschi et al, 1996; Hirschi et al, 2000). 

Several Ca2+/H+ antiporters have been isolated from bacteria, fungi and plants (Ivey et al, 

1993; Cunningham and Fink, 1996; Hirschi et al, 1996). The phenotypes of cax mutants 

suggest the involvement of CAXs and Ca2+ signalling in several processes such as plant 

development, hormonal responses or cold acclimation (Catala et al, 2003; Cheng et al, 2003, 

2005). In plants, they can be localized at the tonoplast, the plasma membrane or the thylakoid 

membrane (Hirschi, 2001; Cheng et al, 2003; Kasai and Muto, 1990; Ettinger et al, 1999). 

However, the localization of most of the CAXs is still unknown. First plant CAXs, AtCAX1 

and AtCAX2, were isolated from Arabidopsis thaliana by their ability to sequester Ca2+ into 

vacuoles of Saccharomyces cerevisiae mutants deficient in Ca2+ vacuolar transport (Hirschi 

et al, 1996). The high-affinity, high-capacity Ca2+/H+ transporter AtCAX1 is highly expressed 

in response to exogenous Ca2+ in plants, whereas the low affinity Ca2+/H+ transporters 

AtCAX2 and AtCAX4 are not induced by exogenous Ca2+ (Shigaki and Hirschi, 2000; Hirschi, 

2001). Up to date several CAXs were isolated from different plant species (Table 1.1).  

 

 

 

 

 

 

 

 

Table 1.1 List of known CAX sequences in different plant species. 

Species Gene name Reference 
AtCAX1 
AtCAX2 

Hirschi et al, 1996 

AtCAX3 Shigaki et al, 2002 
AtCAX4 Cheng et al, 2002 
AtCAX5 

Arabidopsis thaliana 

AtCAX6 
Mäser et al, 2001 

OsCAX1a 
OsCAX1b 
OsCAX1c 
OsCAX2 

Oryza sativa 

OsCAX3 

Kamiya et al, 2005 

Vigna radiata VCAX1 Ueoka-Nakanishi et al, 1999 
Capsella bursa-pastoris CbCAX51 Lin et al, 2008 

Hordeum vulgare HvCAX2 
Lycopersicon esculentum  LeCAX2 

Edmond et al, 2008 

Zea mays ZmHCX1 Shigaki & Hirschi, 2000 
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Shigaki and Hirschi (2000) identified the first monocot CAX-like gene in maize 

named ZmHCX1. Despite the high homology to the previously characterized CAXs, 

ZmHCX1 could not overcome the Ca2+ growth defect in yeast mutant defective in Ca2+ 

vacuolar transport suggesting that this gene does not encode for the vacuolar Ca2+/H+ 

transporter in maize (Hirschi et al, 1996; Ueoka-Nakanishi et al, 1999, 2000; Shigaki and 

Hirschi, 2000).  

All of the CAXs characterized so far share some common features. They are 

approximately 400 amino acids long and are predicted to have 11 transmembrane domains 

(Kamiya and Maeshima, 2004). They contain a central hydrophilic motif, rich in acidic 

amino acid residues (the acidic motif), that bisects the polypeptide into two groups of five or 

six transmembrane spans (Hirschi, 2001). Two domains modulate CAX activity: the N-

terminal regulatory region (NRR) (Pittman and Hirschi, 2001) and the Ca2+ domain (CaD) 

(Shigaki et al, 2001). The NRR of AtCAX1 is 36 amino acids long. Whereas the NRR must 

be removed to ensure a proper Ca2+ transport across the tonoplast in Saccharomyces 

cerevisiae (Pittman and Hirschi, 2001), in Arabidopsis, the presence of the NRR is necessary 

to get the active antiporter (Cheng et al, 2003). The NRR is predicted to be present in all 

Arabidopsis CAX-like transporters. This region controls AtCAX1 activity as well as other 

CAX transporters including VCAX1 and AtCAX2 (Pittman and Hirschi, 2001; Pittman et al, 

2002, 2004). The CaD region is 9 amino acids long and in AtCAX1 it is located between 

amino acids 87 and 95 (Figure 1.3).  

Shigaki et al. (2001) have shown that expression of AtCAX3 in yeast does not induce 

changes in Ca2+ transport and transgenic tobacco expressing AtCAX3 did produce any 

alteration in its ion sensitivity. However, when the CaD region of AtCAX1 was introduced 

into AtCAX3 the expression of the chimeric protein induced in yeast an increased transport 

of  Ca2+ and ion sensitivity of transgenic tobacco plants similar to those of tobacco plants 

over-expressing AtCAX1 (Hirschi, 1999). When the CaD of AtCAX1 was fused to AtCAX2, 

which besides Ca2+ transports also Cd2+ and Mn2+, this resulted in an increase in vacuolar 

transport of Ca2+ with no noticeable change in the transport of other ions. Shigaki et al. 

(2002) have shown that the Ile residue at the position 87 within the CaD is necessary for the 

Ca2+ transport.  
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Figure 1.3 Ca2+ domains in the CAX-like genes.  

(A) The region shown is put into context of the entire CAX open reading frame with a hydropathy plot of 
AtCAX1 (Shigaki and Hirschi, 2000). The positions of the 36-amino acid N-terminal regulatory region (NRR), 
the Ca2+ domain (CaD), and the acidic motif are highlighted. 

(B) Alignment of deduced amino acid sequences between the deduced first and second membrane-spanning 
domains (M1 and M2) of polypeptides encoded by A. thaliana (At) CAX1, CAX2, and CAX3, mung bean 
VCAX1, and S. cerevisiae (Sc) VCX1. Alignments were performed by using CLUSTAL W 1.8 program 
(Baylor College of Medicine; Thompson et al, 1994). Consensus amino acid residues are boxed in black 
(identical) or gray (similar). (Adapted from Shigaki et al, 2001) 

 

The plant CAX family can be divided into two clusters based on their different 

substrate specificity: type I-A (transports predominantly Ca2+) includes AtCAX1, AtCAX3, 

AtCAX4 from Arabidopsis and OsCAX1a, b and c from rice, whereas type I-B (transports 

multiple cations such as Ca2+, Cd2+, Mn2+) contains AtCAX2, AtCAX5 and AtCAX6 from 

Arabidopsis and OsCAX2, 3 and 4 from rice (Shigaki et al, 2006).  

1.2.3 Relationship between auxin, Ca2+, ABPs and CAXs 

In plants, the cytosolic pH is slightly alkaline and is regulated by the H+-pumps on the 

plasma membrane (P-ATPase) and tonoplast (V-ATPase and H+-PP-ase). CAX-mediated 

transport may alter the cytosolic Ca2+ concentration and pH, as well as intracellular Ca2+ 

gradients (Barkla et al, 2008). Any slight alteration in pH has the potential to significantly 

reduce Ca2+ loading to the vacuole and thus dramatically alter the cytosolic Ca2+ levels 
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(Pittman et al, 2005). The overexpression of AtCAX1 in Arabidopsis resulted in an increased 

V-ATPase activity, whereas mutations in AtCAX1 caused a decrease in the measured V-

ATPase activity (Cheng et al, 2003). In Arabidopsis cax1 mutant, the Ca2+-pump (Ca2+-

ATPase) is upregulated as a compensatory mechanism to correct the perturbations in the Ca2+ 

gradient (Cheng et al, 2003). In turn, the P-ATPase could be activated in order to restore the 

normal cytoplasmic content of H+ (Barkla et al, 2008; Zhao et al, 2008). However, not all 

CAX mutants show this complex feedback. 

Since cax1 mutant in Arabidopsis shows typical symptoms of auxin deficiency (i.e. 

reduction of the number of lateral roots and branching shoots), it can be assumed that 

AtCAX1 is involved in the auxin transduction pathway, as well as in the mobilization of the 

intracellular Ca2+ (Cheng et al, 2003). Moreover, these mutants showed alterations in auxin-

mediated growth responses and altered expression of auxin-regulated promoters, reinforcing 

the idea that CAXs are important components of the auxin signalling pathway. Very recently, 

it was demonstrated that vacuolar CAX1 and CAX3 in Arabidopsis influence auxin transport 

in guard cells via regulation of apoplastic pH (Cho et al, 2012). The authors also showed that 

cax1 and cax3 mutants are less responsive than WT to the IAA-induced inhibition of 

hypocotyl elongation. 

Up to date, no information is available concerning the possible interaction between 

ABP1 and CAXs. On the base of literature data, it can be assumed that auxin action, 

mediated via ABP1 could change the cytosolic Ca2+ concentration via the regulation of Ca2+ 

transport by both AtCAX1 and AtCAX2, which are sensitive to and regulated by cytosolic 

pH (Pittman et al, 2005). However, the involvement of auxin in the regulation of CAX 

expression in maize and the role of ABPs in this possible relationship has not been 

investigated yet. Moreover, maize CAX homologs of AtCAX1 still remain to be identified 

and characterized. 

Shishova and Lindberg (2010) proposed a hypothetical model of auxin perception, 

which explains the possible interplay among ABP1, P-ATPase and cytosolic Ca2+ (Figure 

1.4). The extrapolation of this model could also explain the relationship between auxin, 

ABP1 and the vacuolar Ca2+ uptake provided by CAX. 
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Figure 1.4 A hypothetical model of auxin perception, summarizing different mechanisms at the plasma 
membrane of a plant cell. 

Auxin perception is processed by a TIR1 receptor within the nucleus and results in rapid expression of auxin-
induced genes. A possible perception of auxin at the plasma membrane might appear through the 2-
subunitreceptor. The external subunit is provided by ABP1, while the transmembrane domain is still under 
discussion. It might be coupled with a G-protein and lead to an activation of phospholipases, and a subsequent 
elevation of cytosolic free Ca2+ concentration through receptor-operated IP3-regulated channels. The receptor 
transmembrane domain might also represent a Ca2+-channel, which manages fast shifts in Ca2+ concentration via 
extracellular Ca2+. In both cases the rise in free Ca2+ concentration results in short inhibition of H+-ATPase, 
which causes a number of physiological effects, including cytosol acidification. (Figure taken from Shishova, 
and Lindberg, 2010) 

 

 

1.3 Functional interplay between auxin and light 

As it was mentioned before, auxin, as an internal factor, has multiple effects on the growth of 

plants including cell enlargement required for stem elongation, leaf expansion and tropic 

growth. Auxin also inhibits lateral shoot growth and promotes lateral root formation. On the 

other side, light, as an external factor, regulates numerous developmental events including 

seed germination, stem elongation, apical hook opening, leaf expansion, phototropism, 

chloroplast movement. These overlapping functions of auxin and light indicate a functional 

interplay between them (reviewed in Tian and Reed, 2001; Halliday et al, 2010). However, 

mechanisms of a cross-talk between auxin and light are still not fully understood (reviewed 
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in Halliday at al, 2009). In addition, it is still not completely known how auxin could be 

involved in the light-induced growth inhibition.  

It has been shown that light affects auxin biosynthesis (Iino, 1982a; Iino, 1982b; 

Nishimura et al, 2006), homeostasis (Tanaka et al, 2002; Hoecker et al, 2004), transport 

(Jones et al, 1991; Jensen et al, 1998; Nagashima et al, 2008) and signalling/response 

(Galston and Baker, 1953; Kondo et al, 1969). Numerous studies have shown the existence 

of a correlation between light responses and auxin content or polar auxin transport (PAT). 

For example, light reduced the intensity of PAT in etiolated coleoptile segments (Huisinga, 

1964, 1967; Naqvi, 1975; Fellner et al, 2003) and reduced the concentration of free IAA in 

etiolated maize seedlings (Briggs, 1963; Bandurski et al, 1977; Iino, 1982a). Several studies 

have implicated the importance of light and PAT in mesocotyl photomorphogenesis (Van 

Overbeek, 1936; Vanderhoef and Briggs, 1978; Iino, 1982b; Jones, 1990; Barker-Bridgers et 

al, 1998). It has been shown that auxin distribution can be modified by light which controls 

the abundance of auxin efflux carriers, P-glycoproteins (PGPs) and PIN-FORMED proteins 

(PINs) (Sidler et al, 1998; Friml et al, 2002; Nagashima et al, 2008). In addition, several 

studies provided the evidence of light controlling auxin-regulated genes (reviewed in 

Halliday et al, 2010) 

Several hypotheses have been made about the involvement of ABP1 in the light-

regulated growth (Walton and Ray, 1981; Napier et al, 1988; Jones et al, 1989; Jones and 

Venis, 1989). For example, Jones et al. (1991) showed that the red light (RL) reduced the 

growth rate of maize mesocotyl by decreasing the content of IAA and the abundance of 

ABP1. In addition, Im et al. (2000) reported that expression of ABP1 in maize seedlings was 

much less in light- than in dark-grown plants. By contrast, Fellner et al. (2006) showed that 

the expression of ABP4, another member of ABP family, was up-regulated in mesocotyl of 

RL- and far red light (FR)-grown maize seedlings. Interestingly, Bořucká and Fellner (2012) 

showed that functional ABP1 and ABP4 are required for normal expression of PHYB gene 

and that expression of PHYB is not reduced by white light when ABP1 or ABP4 are 

knockout. 
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1.3.1 Interaction between auxin and light in the regulation of shoot and leaf growth 

The interaction between auxin and light in the regulation of shoot and leaf growth was 

intensively reviewed (Tian and Reed, 2001; Chen, 2001; Dengler and Kang, 2001; Casal et 

al, 2003). In leaves, auxin and light promote cell expansion (Cosgrove, 1994; Jones et al, 

1998). Leaf growth is regulated by light acting via phytochrome and other photoreceptor 

signalling pathways (Downs, 1955; Dale, 1988; Van Volkenburgh and Cleland, 1990). 

Cellular mechanisms of light-stimulated leaf expansion involve enhanced proton efflux from 

mesophyll and epidermal cells. In epidermal cells, blue and red light increase the proton 

efflux by two different mechanisms (Van Volkenburgh et al, 1990; Van Volkenburgh, 1999). 

Elzenga (1997) proposed that the blue light stimulates proton efflux by a direct interaction 

between the blue light receptor and the proton pump, whereas the red light-induced 

stimulation of proton pump may involve an indirect modulation of calcium and potassium 

channels (Staal et al, 1994; Elzenga, 1997). However, it is still unknown how light and auxin 

interact in the regulation of the leaf angle development. 

One of the interesting phenotypic characters of modern maize hybrids is their more 

upright leaf position in comparison with the older, density sensitive varieties. It is assumed 

that upright leaves are responsible for the observed tolerance of modern maize hybrids to 

neighbours and higher yield in dense planting (Duvick, 2001). Previous results obtained from 

the analysis of maize hybrids led to the hypothesis that the development of upright leaves in 

the modern maize hybrids is a consequence of their reduced responsiveness to auxin, light, 

and increased expression of ABP4 compare to old hybrid (Fellner et al, 2003, 2006). The 

authors further showed that in both hybrids (old and modern), light (white, red and blue) can 

increase the leaf declination from the vertical, whereas N-1-naphthylphthalamic acid (NPA), 

an inhibitor of PAT, reduced the leaf declination in old, but not in modern maize hybrids. 

Their results further support the hypothesis that auxin and PAT are involved in the elongation 

of maize seedlings and that light interacts with auxin or PAT in the regulation of the leaf 

declination.  

 

 



1 Introduction 

 

16 
 

1.3.2 Morphology of maize leaf 

The maize leaf has three major axes along which morphological differentiation occurs: 

proximodistal, mediolateral, and adaxial-abaxial (dorsoventral) (Bennetzen et al, 2009; 

Figure 1.5).  

 

 

 

 

 

 

 

Figure 1.5 The anatomy and major growth axes of the maize leaf. 

a) Image of the adaxial (upper) surface of the maize leaf showing distal blade and proximal sheath, separated by 
the ligule/auricle region. (b) Scheme illustrating the axes of the maize leaf relative to the main axis of the plant. 
Photo taken from Handbook of Maize: Its Biology, Springer New York, 2009, ISBN978-0-387-79417-4 (Print) 
978-0-387-79418-1 (Online), page: 162. 

 

The proximodistal axis lies along the length of the leaf and is the primary axis of 

growth. The mediolateral axis is defined as midrib to margin and can also permit an 

extensive growth. By contrast, the adaxial-abaxial axis, which extends across the leaf from 

the upper to the lower surface, comprises only few distinct cell layers.  

The maize leaf, typical for the grasses, is divided into three regions: the proximal 

sheath, the distal blade and the central ligular region that connects these two parts (Figure 

1.5). The sheath wraps around the stem, providing mechanical support for the blade, which 

projects outwards to catch the light and is optimized for photosynthesis. Ligular region 

consists of the ligule and auricles, specialized triangular structures that allow the blade to 

bend outwards thus describing leaf angle (Figure 1.6). Fellner et al. (2003) proposed that the 

length of the auricles is proportionally associated with the leaf angle declination in maize. 
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Figure 1.6 A schematic representation of maize leaf angle. 

The sheath (proximal part of maize leaf) wraps around the stem, providing mechanical support for the blade 
(distal, free part of maize leaf), which projects outwards describing the leaf angle. 

 

1.4 Maize mutants in ABP genes as a model of study 

Maize is the most productive grain crop in the world. Archaeological and molecular data 

indicate that modern maize was domesticated from its wild grass ancestor teosinte (Zea mays 

ssp. parviglumis) in southern Mexico (Mesoamerica) between 6.600 and 9.000 years ago 

(Figure 1.7).  

  

 

 

 

 

 

 

 

Figure 1.7 An example of maize ancestor Teosinte (Zea mays ssp. parviglumis) and modern maize plant 
(Zea mays L.). 

The suppression of branching from the stalk of Teosinte resulted in a lower number of ears per plant but allows 
each ear to grow larger. The hard case around the kernel disappeared over time. Today, maize has just a few 
ears of maize growing on one unbranched stalk (source: National Science Foundation).  
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Maize plant can be used for many purposes - every part of the plant has commercial 

value. Maize is used both as human and livestock food as well as feedstock for many 

industrial products including maize oil, sweeteners, maize starch, alcohol for beverages and 

ethanol as a car fuel. In addition, new bioproducts such as amino acids, antibiotics and 

biodegradable chemicals and plastics are increasingly being synthesized using maize as a raw 

material. 

Maize is also very important plant as an experimental model both for fundamental 

and applied research. For example, it was the maize plant where Hertel et al. (1972) detected 

first ABP activity from the crude membrane fraction of etiolated coleoptiles. The maize loss-

of-function mutants made by the means of Robertson’s mutator transposable element 

(Bennetzen, 1996) represent a very good research tool. Using reverse genetic approach, Im et 

al. (2000) isolated and characterized three maize loss-of-function mutants in ABP1 and/or 

ABP4 genes. They observed no obvious phenotypic differences between single maize 

mutants abp1 and abp4, double mutant abp1/abp4 and wild type (WT), suggesting the 

redundancy of ABPs in maize. In contrast to Im et al. (2000), Fellner et al. (2006) observed 

that the same abp mutants developed leaves with altered declination compared to WT 

suggesting that ABPs may play a role in the auricle growth and the leaf angle development. 

Therefore, the maize loss-of-function mutants in ABP genes 1 and 4 are good experimental 

models which can help in elucidating the mechanism(s) by which auxin (via ABPs or not) 

may regulate the auricle growth and consequently the leaf angle in maize.  
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2   The aims of this Ph.D. thesis 
 

Up to date, no information is available concerning the possible involvement of CAX 

transporters during the leaf angle development in maize; especially as no maize vacuolar 

Ca2+/H+ antiporter has been isolated and characterized so far. Considering the fact that auxin 

influences the level of Ca2+ during the signalling transduction events, it can be hypothesized 

that vacuolar CAXs can also be involved in one of the steps in this auxin signalling cascade.  

The aim of this work was to determine, by use of maize loss-of-function mutants in 

ABP1 and/or ABP4 genes, whether auxin, Ca2+, ABPs and CAXs play a role in the leaf angle 

development in mature plant and in the seedling development. For this purpose, three 

questions were addressed: 

1) Do ABP1 and ABP4 play a role during maize seedling development? Are they 

regulated by the light quality? 

2) Can maize seedling development be altered by modifying Ca2+ and auxin status?  

3) Are CAXs important in the leaf angle development or during the maize seedling 

development? 

. 
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3   Material and Methods 
 

3.1 Plant material  

The loss-of-function mutants in ABP1 and ABP4 genes in maize (Zea mays L.) were used for 

all experiments (Im et al, 2000). The abp mutants contained the Robertson’s Mutator 

transposable elements (Bennetzen, 1996) in ABP1 and/or ABP4 genes. Seeds of the single 

abp1 and abp4 mutants, double abp1/abp4 mutant and a near isogenic line (inbred line A619, 

here called WT) were kindly provided by Alan M. Jones (The University of North Carolina, 

Chapel Hill, NC). All mutants were tested for the lack of ABP1 and/or ABP4 gene 

expression, and they showed stable phenotypes.  

3.2 Growth conditions in vitro 

3.2.1 Seeds handling 

For the experiments in vitro, seeds were first washed with 70% ethanol for 3 min, rinsed with 

distilled sterile water and then soaked in Savo® original solution (~5% sodium hypochlorite; 

Bochemie, s.r.o, Czech Republic) supplemented with a drop of Tween®20 (Calbiochem, 

USA), shaken on a stirrer for 30 min and then rinsed extensively with sterile distilled water. 

Seeds germinated on 0.7% (w/v) agar medium in Magenta GA7 boxes (77x77x196 mm; 

Sigma-Aldrich, Prague, Czech Republic) (6 to 9 seeds per box) at the temperature of 23°C 

and different light conditions (dark, blue light and red light) described below. 

3.2.2 Medium 

The basal medium (BM) contained Murashige and Skoog salts (MS medium; Sigma-Aldrich, 

Prague, Czech Republic) (Murashige and Skoog, 1962), 1% (w/v) sucrose and 1 mM MES 

(2-(N-morpholino)-ethanesulfonic acid; pH adjusted to 6.1 before autoclaving).  
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In experiments with auxin, BM was supplemented or not with 1-Naphthaleneacetic 

acid (NAA) in various concentrations. Medium without Ca2+ was prepared using the 

components of the BM excluding CaCl2 (41.2 mM, NH4NO3, 18.8 mM KNO3, 1.5 mM 

MgSO4x7H2O, 1.25 mM KH2PO4, 100 µM H3BO3,  100 µM MnSO4x4H2O, 30 µM 

ZnSO4x7H2O, 5 µM KI, 1 µM Na2MoO4x2H2O, 0.1 µM CuSO4x5H2O, 0.1 µM CoCl2x6H2O, 

0.2 mM Na2EDTAx2H2O, 0.1 mM FeSO4x7H2O, 1% sucrose (w/v) and 1 mM MES). The 

pH was adjusted to 6.1 before autoclaving. In the experiments with Ca2+, the prepared 

medium without Ca2+ was supplemented with CaCl2 in various concentrations (3 mM and 10 

mM).  

3.2.3 Light and temperature conditions 

Seeds in the Magenta boxes (Sigma-Aldrich, USA) were placed in a growth chamber 

(Microclima MC1000E, Snijders Scientific, The Netherlands) and incubated at a temperature 

regime of 23°C. For development of etiolated seedlings (D), the boxes were wrapped in 

aluminium foil. Maize seeds were also incubated under continuous blue light (BL) with 

maximum irradiance at 460 nm or in continuous red light (RL) with maximum irradiance at 

660 nm at 23°C. BL as well as RL were provided by blue (Philips TLD-36W/18-Blue, 

Phillips, USA) and red fluorescent tubes (Philips TLD-36W/15-Red, Phillips, USA), 

respectively. Total photon fluence rates of BL and RL were 10 µmol.m-2.s-1. Fluence rate was 

measured with a portable spectroradiometer (model LI-1800; Li-Cor; Lincoln, NE) calibrated 

by the Department of Biophysics at Palacky University in Olomouc. 

 3.2.4 Measurement of seedling growth in vitro 

In all conditions in vitro the size of various organs (coleoptile, mesocotyl, primary root) of 

five-day-old seedlings developed on BM was measured with a ruler in various light 

conditions (D, BL, RL). Coleoptile length was measured from coleoptilar node to the tip of 

the coleoptile. Mesocotyl length was measured from scutellar to the coleoptilar node and 

primary root length was measured from the scutelar node to the root tip. In each genotype, 

six to nine seedlings per treatment that germinated on the same day were measured in each 

experiment. When necessary, changes in growth (i.e. inhibition or stimulation) caused by an 

effector (light, exogenous auxin, etc.) in individual genotype were expressed in percents 
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based on the following formula:  

X = 100 x (A-B) / A, 

where “X” is the change in growth (in %), “A” and “B” stand for growth (in mm) in the 

absence and presence, respectively, of the effector.  

3.3 Growth conditions in vivo 

For experiments in vivo, plants were grown in soil (Potgrond H, Klasmann Deilmann GmBH, 

Germany) in small pots (190x190 mm; one seed per pot; 1 cm deep) and regularly watered. 

In summer, plants grew under natural light conditions and temperatures of 15oC and higher. 

In winter, plants grew under high-pressure sodium lamps PlantaStar E40/ES 400 W (Osram 

GmbH, Germany) to maintain 16-hour photoperiod. The temperature was adjusted from 15 to 

27oC.  

3.3.1 Measurement of plant growth in vivo  

For the study of the leaf characteristics, plants were grown in soil in the greenhouse as 

described above and watered regularly. The leaf angle (declination from the vertical plant’s 

axis) (Figure 3.1) was measured with a protractor held at the base of the leaf blade in 5 to 10 

intact seedlings of each genotype from 2 to 4 weeks after seed germination in 12 independent 

experiments.  

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic representations of leaf declination and auricle length measurement (adapted from 

Fellner et al, 2003). 
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The protractor was placed upside down along the midrib of the leaf blade closest to the 

plant’s vertical axis. The size of the leaf angle was indicated by a freely swinging rod. 

3.3.2 Microscopic analysis of the auricles 

For the microscopic analysis, auricles were excised with a blade from leaves of plants grown 

in the greenhouse. They were mounted between a microscopic slide and a cover glass with a 

drop of water. The natural auto-fluorescence of lignin was used to monitor cell size as 

described by Nelson et al. (2002). Auricle region was observed on a microscope Olympus 

BX60 standard light microscope under epifluorescent illumination using a 372 nm excitation 

filter with a 456 nm long pass observation filter allowing a visualization of fluorescence as 

light blue signal. Images were captured using an Olympus DP71, CCD colour video camera 

and DPManager and DPController Software. Length of the auricle cells was determined 

using the ImageJ software. 

3.3.3 Determination of the effects of exogenous auxin and calcium on the plants grown 

in the greenhouse  

For determination of the effects of exogenous auxin and Ca2+ on plant growth, plants were 

sprayed every day, late in the afternoon in the period of 4 weeks from the moment of 

germination, with approximately 2 ml of solution (0.1 µM, 10 µM and 100 µM NAA or 10 

µM, 50 µM, 100 µM, 1mM and 10mM solution of CaCl2) per plant and the control plants 

were sprayed in the same time with the same volume of distilled water. Plant characteristic 

including plant height, blade length and leaf angle were determined in both controlled and 

treated plants in the way described above. 

3.4 Calcium content determination 

Calcium content was determined in the aerial parts (coleoptile and mesocotyl) of seedlings 

grown in the medium without Ca2+ or supplemented with 3 mM and 10 mM Ca2+. Seeds in 

the Magenta boxes were wrapped in foil, placed in growth chamber and incubated at 23°C. 

Five-day-old seedlings were collected and freeze-dried in lyophilizer (Thermo, Electron 

Corporation, Heto, PowerDry, PL300, Freeze Dryer) for 24 hours. 
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Ca2+ content was determined by the Flame Atomic Absorption Spectrometry (FAAS) 

(Avanta Sigma, GBC, Australia) using acetylene-air flame at the wavelength 422.7 nm. 

Lanthanum oxide (2 g.l-1) was used as releasing agent to overcome common chemical 

interferences caused by phosphates. External calibration in range 0.1-10.0 mg.l-1 was used to 

evaluate Ca2+ concentration in samples. Prior to FAAS determination, all samples were 

digested by microwave digestion unit (Uniclever II, Plazmatronika, Poland) using mixture of 

nitric acid and hydrogen peroxide (EN ISO 7980:1986: Water quality-Determination of Ca2+ 

and magnesium (Mg2+) -- Atomic absorption spectrometric method). Analysis of Ca2+ 

content in collected samples was performed by Dr. David Milde from the Department of 

Analytical Chemistry (Palacky University in Olomouc). 

3.5 RNA extraction  

Five days after germination, coleoptiles and mesocotyls were harvested, frozen immediately 

and ground in liquid nitrogen with a mortar and pestle. Total RNA was extracted from 

mesocotyl and coleoptile using the RNeasy Plant Mini Kit (Qiagen, Germany) according to 

the manufacturer instructions. An additional DNaseI treatment was performed using RQ1 

RNA-free DNase (Promega, USA) for 60 min at 37ºC, followed by a subsequent 

phenol/chloroform/isoamylalcohol (25:24:1) purification. The absence of gDNA 

contamination was checked by PCR before cDNA synthesis using primers covering an intron 

sequence of Zea mays Actin gene (ZmAct81; accession number: U60511) (Table 3.1).  

3.6 cDNA synthesis (reverse transcription) 

The cDNA synthesis was performed from 1 µg of the total RNA with the SuperScript III 

reverse transcriptase (InVitrogen, USA) according to the instructions of manufacturer. The 

reaction contained 1X RT buffer, 0.5 mM dNTP, 5 mM DTT, 2.5 µM oligo(dT), 20u RNasin 

Plus RNase inhibitor (Promega, USA) and 200u  SuperScriptIII reverse transcriptase. The 

reaction mixture was incubated at 50ºC for 60 min followed by heat-inactivation of the 

enzyme at 70ºC for 15 min. The RNA was digested by 5u RNaseH (New England Biolabs, 

USA) for 20 min at 37ºC. The obtained cDNA were subsequently diluted 50 times in RNase-

free water before use for PCR analysis. Integrity of cDNA was confirmed by PCR using the 
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same actin primers as in the case of gDNA contamination (ZmAct81, accession number: 

U60511). In the case of cDNA, this primer combination gives a 350 bp long product. The 20 

µl PCR reaction contained 1X GoTaq polymerase buffer, 1 µM of each primer, 1 mM 

dNTPs, 1u GoTaq polymerase and the cDNA matrix. For the amplification, the DNA was 

denatured at 94°C for 5 min followed by 35 cycles of amplification (30 sec at 94°C, 30 sec at 

45°C, 45 sec at 72°C). A final extension step at 72°C for 7 min was performed. PCR 

products were visualized on 1.5 % (w/v) agarose gel containing 0.5 µg.ml-1 ethidium 

bromide.  

3.7 Database search and sequence analysis  

Blast algorithm available at the National Center for Biotechnology Information (NCBI) was 

used to identify Arabidopsis CAX1 (AtCAX1) homologs in maize. The AtCAX1 (accession 

number: AF461691) was used as a reference sequence for BlastT and BlastX analysis. 

Alignments were performed with CLUSTAL W 1.8 program (Larkin et al, 2007).  

The full lengths sequence of ZmCAX2 (accession number: AB044567) and ZmCAX3 

(accession number: AY108295) genes were amplified using specific primers (Table 3.1) 

designed based on the sequences available in the database. The PCR reaction was performed 

as previously described with the following program: the DNA was denatured at 95°C for 5 

min followed by 35 cycles of amplification (30 sec at 95°C, 30 sec at 50/58°C, 1 min. at 

72°C). The final incubation at 72°C was extended to 7 min.  

3.8 Cloning, sequencing and sequence analyses 

3.8.1 PCR reactions and PCR products purifications 

The amplified ZmCAX2 and ZmCAX3 genes were sequenced in order to confirm their 

identity and more especially their sequence in the genotype used in this study. The PCR 

amplification of the full-length sequences of ZmCAX2 and ZmCAX3 was performed in the 

conditions already described. The amplification program was as follow: the DNA was 

denatured at 95°C for 5 min followed by 30 cycles of amplification (30 sec at 95°C, 30 sec at 

57/56°C (ZmCAX2/ZmCAX3), 3/1.5 (ZmCAX2/ZmCAX3) min at 72°C). The final incubation 

at 72°C was extended to 7 min. However, in the case of ZmCAX2 High Fidelity PCR Enzyme 
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Mix (Fermentas, Canada) was used. PCR products were size fractionated by electrophoresis 

on a 0.8% (w/v) agarose gel stained with ethidium bromide (0.5 µg.ml-1). PCR products were 

excised from gel and subsequently extracted according the instructions of the manufacturer 

of the QIAquick Gel Extraction Kit (Qiagen, Germany). Elution was performed twice with 

50 µl of EB. DNA concentration was quantified using NanoDrop ND-1000 

spectrophotometer (Thermo Fisher Scientific Inc., USA).  

In the case of ZmCAX2, amplified by the High Fidelity PCR Enzyme Mix, a 

subsequent A-tailing step was performed with GoTaq® polymerase in order to ensure a 

successful ligation into the pGEM® -T Easy Vector. For this purpose, 2 µl of 10 mM dATP, 6 

µl of 5X GoTaq® polymerase buffer and 5 u of GoTaq® polymerase were added to the 21 µl 

of PCR product (final volume 30 µl). Samples were incubated 30 min at 72°C. Then, PCR 

products were again purified on QIAquick PCR Purification Kit following manufacturer’s 

instructions. Elution was performed twice with 50 µl of EB. PCR products were precipitated 

by addition of 10 µl of 1M Acetic acid, 100 µl H2O and 330 µl of 96% ethanol and incubated 

overnight at -20°C. Samples were centrifuged 30 min (13000 rpm; 4°C). Supernatant was 

removed and the pellet was washed by 500 µl of 70% ethanol and centrifuged 5 min again. 

Supernatant was removed and the pellet was washed by 500 µl of 96% ethanol and 

centrifuged 5 min again. Finally, supernatant was removed and the pellet was air dried and 

subsequently dissolved in 6 µl of DEPC water. 

3.8.2 Ligation, E.coli DH5αααα transformation and plasmid isolation  

The ligation into the pGEM®-TEasy Vector (Promega, USA) was performed overnight at 

4°C as followed: 1X T4 DNA ligase buffer, 25 ng of vector, 3 u of T4 DNA ligase and the 

PCR product (4 µl). The 10 µl of ligation reaction was used to transform 100 µl of DH5αTM 

competent cells (Invitrogen, USA) by thermic shock. Cells were grown overnight at 37ºC in 

incubator and selected on LB agar medium containing 50 µg.ml-1 Ampicilin, 50 µg.ml-1 Xgal 

and 0.1 nM IPTG.  

The pGEM®-Teasy vector allows a blue/white selection of vectors containing the 

gene of interest. Plasmid was isolated from several 2ml-overnight LB-Amp50 culture 

following the instructions of the Nucleospin® Plasmid Quick Pure kit (Macherey Nagel, 
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Germany). Elution was performed twice with 30 µl of EB. EcoRI restriction was performed 

on purified plasmids to verify presence of the insert. Vectors containing inserts were 

quantified and sent to the Macrogen Company for sequencing (Korea). Sequences were 

analysed with BioEdit (Hall, 1999) and BLAST analysis was performed to confirm identity 

of sequences.     

3.8.3 Prediction of transmembrane topology 

Prediction of transmembrane topology was done by the TMHMM program (Krogh et al, 

2001). In addition, TMpred program (Hofmann and Stoffel, 1993) that makes a prediction of 

membrane-spanning regions and their orientation was also used.  

3.9 Gene expression analyses 

3.9.1 Plant material and growth conditions 

Gene expression analyses were performed in the plants grown in both in vivo and in vitro 

conditions. In vitro plants grew in the dark (as described above) in two different conditions: 

in the BM supplemented with 50 µM NAA and in the BM supplemented with 3 and 10 mM 

Ca2+. As a control condition plants grew in the BM. Analyses were performed in the 

coleoptile and mesocotyl of five-day-old maize seedlings. In vivo, the analyses were 

performed in the leaf bases of the third leaf, including auricles, which were harvested from 

the plants when the leaf emerged or was fully developed (one-month-old plants). These 

plants were grown in the greenhouse as described above. 

Expression analysis of both genes was first studied by semiquantitative RT-PCR. 

Since the expression of ZmCAX3 was very weak and almost no detectable by semiqRT-PCR, 

the expression analysis of ZmCAX3 was further determined by quantitative RT-PCR (qRT-

PCR). Primer combinations used and size of expected products are listed in Table 3.1.  
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Table 3.1 The list of primers used in CAX cloning. 

 

3.9.2 Expression analyses of ZmCAX2 by RT-PCR  

The ZmCAX2 expression analysis by semiquantitative PCR was performed in a 20 µl reaction 

as already described and according the following conditions: the DNA was denatured at 95°C 

for 5 min followed by 35 cycles of amplification (30 sec at 95°C, 30 sec at 50°C, 1 min. at 

72°C). A final extension step at 72°C was performed for 7 min. PCR products were loaded 

into a 1.5% agarose gel containing 0.5 ug/ml EtBr and the picture was taken with a G-BOX 

Syngene Cold camera UV transiluminator (20x30 cm). The intensity of the signal was 

determined using ImageJ program. Normalization was assessed by the housekeeping gene 

actin and the gene expression was expressed as relative to the gene expression observed in 

WT. Results presented are average ± standard error (SE) of 3 independent biological repeats.    

3.9.3 Expression analyses of ZmCAX3 by quantitative Real Time-PCR  

Amplification of the second target gene, ZmCAX3, and real-time detection of amplicon 

production were monitored on an Mx3000P sequence detector (Stratagene, USA). qRT-PCR 

reactions contained 80 nM of each primer, 5 µl of cDNA template (diluted 1/50), 12.5 µl of 

2X absolute SYBR Green ROX Mix (ABGene, Epsom, UK). The volume was filled up to 25 

Gene name and 
accession number 

Forward (F) and reverse (R) primers 
Product 
size (bp) 

F 5’-ACACAGTGCCAATCT-3’ ZmAct81 
(U60511) R 5’-ACTGAGCACAATGTTAC-3’ 

316 

F 5’-AATCGAGATGGGCGGTTTCAAGG-3’ ZmCAX2 fl 
(AB044567) R 5’-AGGTATTTGACGCATTACTTACAG-3’ 

1338 

F 5’-CGGCGAAGGAGATGGATCGTCTGC-3’ ZmCAX3 fl 
(AY108295) R 5’-GACCGGATGCAAATTCGCTACCC-3’ 

1590 

F 5’-ATCATTCTCCACTTCACGAC-3’ 
ZmCAX2 

R 5’-TGCCTTACTGAAGATTTGGT-3’ 
327 

F 5’- ATGAGCATCCAAGGCAGCAACG-3’ 
ZmCAX3 

R 5’-CATCAACCTTTGCACGGCATTG-3’ 
62 

F 5’-TGATCCGCCACATGTTCAAGACC-3’ GAPDH 
(Zm.3765) R 5’-CGGCATACACAAGCAGCAACC-3’ 

79 
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µl with sterile RNase-free water. PCR cycling conditions required an initial HotStart 

activation of 15 min at 95 ºC, followed by 45 cycles of 95 ºC for 30 s and 60 ºC for 30 s. To 

confirm the product purity, a melting curve analysis was performed at the end of the PCR 

reaction. The SYBR green fluorescent signal was standardized with a passive reference DYE 

(ROX) included in the SYBR green PCR master mix. The target gene expression was 

quantified relative to the expression of the reference gene GAPDH (accession number: 

Zm3765) in the same sample. Differences in the cycle numbers during the linear 

amplification phase between the samples and the ∆∆CT method were used to determine the 

differential gene expression. Primers for qRT-PCR were designed using the program 

QuantPrime (Arvidsson et al, 2008). Gene expression in the abp mutants was expressed as 

relative to that obtained for WT plants. Results presented are average ± SE of 3 independent 

biological repeats.    

3.10 Statistical analysis 

When needed, statistical analysis was performed using the Student’s t-test (MS Office 

Excel). 
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4   Results 

 

4.1   Maize abp mutants as an experimental model 

In this study maize mutants in ABP genes were used as an experimental model. Therefore, 

and extensive phenotypic analyses of these mutants was performed both in condition in vivo 

and in condition in vitro.  

4.1.1    Phenotype of maize abp mutants in vivo 

One-month-old plants developed in the greenhouse were analyzed for overall growth, leaf 

blade length and width, and leaf blade declination. Generally, during this period all 

experimental genotypes fully developed four leaves (Figure 4.1.1). The development of the 

leaves was the fastest in abp1/abp4 mutant, whereas abp1 mutant showed the slowest leaf 

development (data not shown).  

Control plants grown in the greenhouse were approx. 60 cm tall. Plants with mutation 

in ABP1 gene were about 20% shorter than WT plants, whereas abp4 mutant was taller than 

WT. Plants of abp1/abp4 mutant reached height similar to that of control plants (data not 

shown).  

4.1.1.1 Leaf angle 

Leaf angle was analyzed in fully developed leaves of 25-day-old plants for the 2nd leaf, 32-

day-old plants for the 3rd leaf, and in 35-day-old plants for the 4th leaf.  

In one-month-old WT plants, declination of the 2nd and 3rd leaf reached approx. 25 degrees 

(Figure 4.1.1A). Mutation in ABP1 gene led to the development of smaller leaf declination 

(approx. 20 degrees), whereas defect in ABP4 gene led to development of less vertical leaves 

(leaf angle approx. 28 degrees) in comparison to WT. Finally, the loss-of-function in both 
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genes resulted in leaves with declination similar to that observed in abp4 mutant (Figure 

4.1.1A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.1 Leaf angle in single maize abp1 and abp4 mutants, double abp1/abp4 mutant and the 
corresponding WT grown in the greenhouse. 

Leaf angle, measured as a declination from vertical in 25-day old plants (2nd leaf), 32-day-old plants (3rd leaf), 
and in 35-day-old plants (4th leaf), was determined by a protractor to the nearest degree. For each genotype, four 
to ten seedlings were measured in each experiment. Values show leaf angle (mean ± SE) obtained in 12 
independent experiments (A). WT and abp mutants show significant difference (t-test: p≤0.05 (*), p≤0.01 (**)). 
In (B), photography of angle of 3rd leaf is shown in one-month-old WT and abp mutant plants. 

 

4.1.1.2 Blade length 

Single abp1 mutant developed blades of the first four leaves longer than WT. In abp4 mutant 

1st and 2nd leaves were of the same size as in WT plants, whereas 3rd and 4th leaf were longer 

than in WT (by approx. 25%). Interestingly, 1st and 2nd leaves of abp1/abp4 mutant were 

WT                             abp1                                abp4                    abp1/abp4 
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shorter than in WT plants, whereas 3rd and 4th leaf reached a length similar to that observed in 

control plants (Figure 4.1.2). 

               

 

 

 

 

 

 

 

 

 

Figure 4.1.2 Length of the leaf blade in single maize abp1 and abp4 mutants, double abp1/abp4 mutant 
and the corresponding WT grown in the greenhouse.  

Blade length in 25-day-old plants (2nd leaf), 32-day-old plants (3rd leaf), and in 35-day-old plants (4th leaf) was 
measured by a ruler to the nearest millimetre. For each genotype, four to ten seedlings were measured in each 
experiment. Values show lengths of leaf blade (mean ± SE) obtained in 12 independent experiments. WT and 
abp mutants show significant difference (t-test: p≤0.05 (*), p≤0.01 (**), p≤0.001 (***)). 

 

4.1.1.3 Blade base width 

The loss-of-function in ABP1 and/or ABP4 genes led also to the development of different 

blade base width in comparison to WT (Figure 4.1.3). The base of the 2nd leaf blade in abp1 

and abp1/abp4 mutant was wider than in WT plants, especially seen in 3rd and 4th leaf. The 

narrowest leaf blade base was found in abp4 mutant especially in 2nd leaf (Figure 4.1.3A and 

B). The examples of blade base width in 2nd, 3rd and 4th leaf in WT and the mutants are 

shown on Figure 4.1.3B.                                  
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Figure 4.1.3 Width of the blade base in single maize abp1 and abp4 mutants, double abp1/abp4 mutant 
and the corresponding WT grown in the greenhouse.  

Blade base width in 25-day-old plants (2nd leaf), 32-day-old plants (3rd leaf), and in 35-day-old plants (4th leaf) 
was determined using ImageJ program. For each genotype, fifteen to twenty seedlings were measured in each 
experiment. Values show width of leaf base (mean ± SE) obtained in a single experiment (A). WT and abp 
mutants show significant difference (t-test: p≤0.05 (*), p≤0.01 (**)). In (B), photo of the widths of the bases of 
2nd, 3rd and 4th leaf in one-month-old WT and abp mutant plants are shown. Bar = 5 mm. 
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4.1.1.4 Blade surface 

The blade surface of 2nd, 3rd and 4th leaf was determined using ImageJ software. The analysis 

showed that the greatest blade surface was developed by the abp1 mutant. The abp1/abp4 

mutant had blade surface greater than WT. The mutant abp4 showed blade surface similar to 

that observed in WT plants with the exception of the 2nd leaf, where mutant blade surface 

was significantly smaller than that observed in the 2nd leaf of the WT plants (Figure 4.1.4). 

   

 

 

 

 

 

 

 

 

 

 

Figure 4.1.4 Leaf blade surface in single maize abp1 and abp4 mutants, double abp1/abp4 mutant and the 
corresponding WT grown in the greenhouse.  

Blade surface in 25-day-old plants (2nd leaf), 32-day-old plants (3rd leaf), and in 35-day-old plants (4th leaf) was 
measured by scanning the leaf blades and afterwards determined using ImageJ software. For each genotype, 
four to ten seedlings were measured in each experiment. Values show leaf surfaces (mean ± SE) obtained in 12 
independent experiments. WT and abp mutants show significant difference (t-test: p≤0.05 (*), p≤0.01 (**)). 

 

4.1.1.5 Auricle length 

The abp1 mutant developed auricles longer than WT for all leaves measured, whereas the 

auricle length did not differ between WT and the abp4 mutant. The abp1/abp4 mutant 

developed auricles shorter than WT plants (Figure 4.1.5). 
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Figure 4.1.5 Auricle length of the 2nd, 3rd and 4th leaf in single abp1 and abp4 mutants, double abp1/abp4 
mutant and the corresponding WT. 

For each genotype 35 to 45 auricles were measured. Values represent mean ± SE. WT and abp mutants show 
significant difference (t-test: p≤0.05 (*), p≤0.01 (**)). 

 

4.1.1.6        Microscopic analysis of auricles 

The microscopic analysis based on the autofluorescence of the lignin was used to study the 

epidermal auricle cells that are believed to be responsible for leaf angle development 

(Figures 4.1.6 and 4.1.7).  

The epidermal auricle cells of the second leaf in WT plants and in the abp1 and 

abp1/abp4 mutants were approximately 150 µm long (Figures 4.1.6 and 4.1.7). In contrast, 

the auricle epidermal cells of the abp4 mutant were shorter than those of the WT. In the third 

leaf, the epidermal auricle cells had approx. the same length as those of 2nd leaf. The single 

abp1 and abp4 mutants developed auricles with cells of the same length as the WT. In 

contrast, the abp1/abp4 mutant developed 3rd leaf bearing an auricle with in comparison to 

WT. Interestingly, the length of the auricle cells of the 4th leaf was the same in the WT and 

the abp4 mutant (approx. 200 µm), whereas the abp1 mutant developed the auricle with cells 

of the same length as the abp1/abp4 mutant (approx. 100 µm), i.e. two times shorter in 

comparison to WT. 
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Figure 4.1.6 Micrographs of the adaxial auricle epidermis of the 2nd, 3rd and 4th maize leaf in single abp1 
and abp4 mutants, double abp1/abp4 mutant and the corresponding WT observed by fluorescent light 
using lignin autofluorescence. 
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Figure 4.1.7 Length of the auricle cells of the 2nd, 3rd and 4th leaf in single abp1 and abp4 mutants, double 
abp1/abp4 mutant and the corresponding WT.  

30 to 50 cells in the region between the edge of the auricle and 2nd vain of 5 auricles were measured. Values 
represent mean ± SE. WT and abp mutants show significant difference (t-test: p ≤ 0.05 (*), p ≤ 0.01 (**)). 

 

4.1.2    Phenotype of the abp mutants in conditions in vitro 

In addition to the phenotype analysis in vivo, the phenotype of maize abp mutants was also 

analyzed in conditions in vitro. The analyses included the determination of the length of three 

different etiolated seedling’s organs: coleoptile, mesocotyl and primary root in basal medium 

(Figure 4.1.8A). The size of these organs was measured with a ruler to the nearest millimetre 

in 5-day-old intact seedlings developed in vitro and germinated in the same day. Mesocotyl 

length was measured from scutellar to coleoptilar node and coleoptile length was measured 

from coleoptilar node to the tip of the coleoptile. Length of primary root was also measured.   
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Figure 4.1.8 An example of etiolated (A) and light grown (B) maize seedling. 

 

4.1.2.1     Length of etiolated organs 

The single mutant abp1 grown in the dark developed coleoptile slightly longer than that 

observed in the WT, while the coleoptile length of the abp4 and double abp1/abp4 mutants 

was almost 20 to 30% shorter than the coleoptile of the control plants (Figure 4.1.9).  

Differences between the WT and abp mutants were also observed in the respect of 

mesocotyl growth (Figure 4.1.9). Whereas etiolated seedlings of the abp1 mutant developed 

mesocotyl shorter than that in the WT, the length of the mesocotyl in the abp4 mutants was 

identical to the WT plants. The etiolated double abp1/abp4 mutant developed almost two 

third-length mesocotyl in comparison with that in control plants. 

The primary root of etiolated seedlings (Figure 4.1.9) was the longest in the WT 

plants. The abp1 and abp4 mutants developed primary root shorter than the WT. 

Interestingly, the double mutation led to even shorter primary root (almost 60% shorter) than 

in the WT. 
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Figure 4.1.9 Elongation of the coleoptile, mesocotyl and primary root in 5-day-old WT and abp mutants 
in maize grown in vitro on the BM in the dark.  

Elongation of organs was measured with a ruler to the nearest millimetre in 5-day-old seedlings. The results are 
the mean length ± SE obtained from 5 to 12 independent experiments. In each genotype, six to nine seedlings 
were measured in each experiment. WT and abp mutants show significant difference (t-test: p ≤ 0.05 (*), p ≤ 
0.01 (**)). 

 
 
 
 
4.2   Effect of auxin on the development of maize  

4.2.1 Effect of auxin on the elongation of coleoptile, mesocotyl and primary root in 

condition in vitro 

In order to investigate the role of exogenous auxin in the growth of maize abp mutant 

seedlings, plants were grown in condition in vitro in the dark in medium supplemented or not 

with different auxin concentrations (1-Naphthaleneacetic acid/NAA: 10-6, 10-5, 5x10-5, 10-4 

M). The growth of all organs of etiolated seedlings of all genotypes was gradually inhibited 

by auxin in a concentration-dependent manner (Figure 4.2.1).  
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Figure 4.2.1 Elongation of coleoptile (A), mesocotyl (B) and primary root (C) in 5-day-old WT and abp 
mutants grown in the dark in vitro on the BM supplemented or not with auxin (NAA).  

For each genotype and condition, organ length in six to nine seedlings was measured. Values represent mean 
organ length ± SE obtained from 5 to 12 independent experiments. Percent of inhibition ± SE of organ growth 
in etiolated seedlings is calculated from the mean values in 5 to 12 independent experiments. 
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The results showed that etiolated WT plants are more sensitive to exogenous 

auxinhan abp mutants. For example, the elongation of coleoptile of the WT plants was 

inhibited by 50% by 50 µM NAA whereas the abp mutants were less sensitive at the same 

concentration (Figure 4.2.1A). The coleoptile of etiolated abp1 and abp4 mutants exhibited 

approx. the same sensitivity to exogenous NAA (inhibition approx. 35%), but remained 

essentially lower compared to WT plants (Figure 4.2.1A). The etiolated double abp1/abp4 

mutant was the least sensitive to the inhibitory effect of exogenous auxin. Indeed the NAA-

induced inhibition of coleoptile growth was half of those observed for the WT seedlings. 

Like for the coleoptile, exogenous auxin inhibited the elongation of the mesocotyl in 

WT and abp etiolated seedlings in a concentration-dependent manner. All etiolated abp 

mutants were less responsive to the inhibitory effect of auxin than the WT (Figure 4.2.1B).  

The strongest inhibitory effect of NAA on elongation was observed on the primary 

roots (Figure 4.2.1C). Whereas etiolated WT, abp1 and double abp1/abp4 mutant showed 

almost the same sensitivity to NAA (growth inhibition: approx. 80%), primary root growth of 

the abp4 mutant was inhibited by only 50%.  

4.2.2 Effect of exogenous auxin on the phenotype of WT plants and abp mutants 

developed in the greenhouse 

In order to check the effects of exogenous auxin on the plants grown in vivo the growth of 

plants developed in the greenhouse was analysed for the overall growth (plant height), the 

leaf blade length and width, and the blade declination. For this purpose plants were sprayed 

every day with a solution of 0.1 µM, 10 µM or 100 µM NAA; the control group of plants was 

sprayed with the same amount of distilled water. Three independent experiments with each 

auxin concentration have been performed but no effects were observed in relation to any of 

the parameters being tested (data not shown).  

 

4.3   Effects of light on the growth of maize seedlings  

In order to further extend the phenotypic analysis of the maize mutants’ seedlings, the effect 

of light on the growth of maize seedlings in conditions in vitro was also studied. Plants were 
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grown for 5 days under continuous blue (BL) and red light (RL) and the length of the three 

different organs, coleoptile, mesocotyl and primary root, was measured. 

The results showed that BL had an inhibitory effect only on the elongation of the 

abp1 mutant coleoptile, whereas it did not affect the length of the WT and the abp1/abp4 

double mutant coleoptile. However, it slightly stimulated the elongation of the abp4 mutant 

coleoptile (Figure 4.3.1A). RL stimulated coleoptile elongation in WT, abp4 and abp1/abp4 

double mutant, but not in the abp1 mutant (Figure 4.3.1A). 

In all genotypes tested, BL strongly inhibited the mesocotyl elongation in comparison 

to etiolated seedlings (Figure 4.3.1B). The mutation in ABP1 and/or ABP4 genes had no 

effect on the sensitivity of mesocotyl to BL. Similarly to BL, RL showed a strong inhibitory 

effect on the elongation of mesocotyl. Interestingly, under RL, the abp4 mutant developed 

mesocotyl significantly longer compare to WT, abp1 and abp1/abp4 double mutants (Figure 

4.3.1B). BL inhibited the elongation of the primary root of the WT and the abp1/abp4 double 

mutant, but had no effect on the elongation of the primary root of the single abp1 and abp4 

mutants (Figure 4.3.1C). In comparison to WT, under BL the length of primary root of the 

abp1 mutant was longer, whereas the abp4 mutant had primary root length similar to that of 

the WT. The mutation in both ABP1 and ABP4 genes led to development of essentially 

shorter primary root in the abp1/abp4 double mutant compare to the WT. RL inhibited the 

primary root elongation of WT plants by approx. 30%, whereas it had no effect on the 

elongation of the primary roots of neither the single nor double abp mutants. Under RL, the 

abp1 mutant developed primary roots slightly longer than WT, whereas, the abp4 and 

abp1/abp4 double mutants had primary roots of a similar length as observed in the WT 

(Figure 4.3.1C). 
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Figure 4.3.1 Comparison of seedling growth in single maize mutants abp1 and abp4, double mutant 
abp1/abp4 and corresponding WT, in response to dark and light.  

Elongation of coleoptile (A), mesocotyl (B) and primary root (C) was measured with a ruler to the nearest 
millimetre in 5-day-old seedlings grown in condition in vitro in dark (D), blue light (BL), or in red light (RL) on 
the BM. The results are the mean length ± SE obtained from 5 to 12 independent experiments. In each 
genotype, six to nine seedlings were measured in each experiment. Comparison of NAA-induced growth 
inhibition of coleoptile (A), mesocotyl (B) and primary root (C) in seedlings developed in D, BL or RL at auxin 
concentration of 5.10-5 M. Values are mean growth inhibition ± SE calculated from the mean values in 5 to 12 
independent experiments. WT and abp mutants under the same light condition show significant difference (t-
test: p≤0.05 (*), p≤0.01 (**), p≤0.001 (***)). 
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4.3.1    Effects of auxin on the growth of maize seedlings under different light conditions 

The effect of exogenous auxin on the growth of maize seedlings was assessed in different 

light conditions using several concentrations of NAA. For a clearer presentation of the results 

only data obtained with 50 µM NAA are shown (Figure 4.3.1). 

Under BL, the coleoptile responsiveness to the inhibitory effect of auxin was 

markedly lower than that of etiolated seedlings. Like in the dark, BL-developed coleoptile of 

WT seedlings showed a higher sensitivity to exogenous auxin than the abp mutants (Figure 

4.3.1A). Whereas the coleoptile of BL-grown abp1 mutant showed almost no sensitivity to 

auxin, the coleoptiles of the abp4 and abp1/abp4 double mutants were three and two times, 

respectively, less sensitive than coleoptiles in WT. The mesocotyl of BL-grown abp1 mutant 

showed almost the same sensitivity to exogenous auxin as mesocotyl of the WT seedlings 

(Figure 4.3.1B). Interestingly, whereas in WT seedlings grown under BL auxin inhibited 

mesocotyl elongation by approx. 25%, in the abp4 mutant developed in BL mesocotyl 

growth was slightly stimulated by auxin. Mesocotyl of abp1/abp4 double mutant was the 

least sensitive to auxin under BL. Primary root of BL-grown abp1 seedlings showed almost 

the same sensitivity to auxin as WT plants, whereas roots of the abp4 and abp1/abp4 double 

mutants were slightly less responsive to exogenous auxin than WT grown in the same 

condition (Figure 4.3.1C). 

Under RL, the responsiveness of coleoptiles to exogenous auxin was generally lower 

than the sensitivity of coleoptiles developed in the dark. In RL, coleoptiles of the abp1 and 

abp1/abp4 double mutants showed less sensitivity to exogenous auxin than WT (Figure 

4.3.1A), whereas coleoptile of the abp4 mutant was the most sensitive to exogenous auxin. 

Mesocotyl of RL-grown WT plants showed higher sensitivity to auxin than all abp mutants. 

Mesocotyl of the abp4 mutant showed almost no sensitivity to exogenous auxin under RL 

(Figure 4.3.1B). The primary root of RL-grown abp1 mutant showed almost the same 

sensitivity to auxin as WT plants, whereas primary roots of the abp4 and abp1/abp4 double 

mutants were less sensitive than WT to exogenous auxin under RL (Figure 4.3.1C). 
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A 

4.4 Role of calcium in the development of maize 

4.4.1 Effect of exogenous calcium on the growth of maize seedlings in vitro 

In order to check the sensitivity of abp mutant plants to Ca2+, growth of maize seedlings in 

vitro was assessed in dark condition using several concentrations of Ca2+. All genotypes were 

able to grow in the medium without Ca2+ as well as in the medium supplemented with 3 mM 

(concentration of Ca2+ in basal MS medium) and 10 mM Ca2+ (Figure 4.4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.1 Effect of exogenous Ca2+ on the growth of coleoptile (A) and mesocotyl (B) of single maize 
abp1 and abp4 mutants, abp1/abp4 double mutant and the corresponding WT grown in the dark. 

Maize seedlings grew in conditions in vitro for 5 days on the basal MS medium free of CaCl2 or supplemented 
with CaCl2 in concentrations of 3 or 10 mM. For each genotype, five to ten seedlings were measured in each 
experiment. Values represent mean ± SE of 4 to 9 experiments. WT and abp mutants show significant 
difference (t-test: p≤0.05): a-significantly different from WT in the same concentration, b-significantly different 
from the control (0 mM Ca2+) of the same genotype.  
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Experiments on etiolated seedlings showed that exogenous Ca2+ influences growth of 

coleoptile and mesocotyl in a different way. 

In the medium without Ca2+ (Figure 4.4.1A), the abp4 mutant developed significantly 

shorter coleoptile compare to WT, whereas the mutation in the single ABP1 gene and in both 

ABP1 and ABP4 genes did not have any significant effect on the coleoptile elongation 

(Figure 4.4.1A). The data further showed that the coleoptile growth of WT, abp1 and 

abp1/abp4 double mutant was insensitive to exogenous Ca2+ (3 mM and 10 mM). 

Interestingly, elongation of coleoptile in the abp4 mutant was significantly stimulated by 3 

mM Ca2+, but not by 10 mM Ca2+.  

In the medium free of Ca2+ the mesocotyl length did not differ between WT and abp 

mutants (Figure 4.4.1B). Unlike in the coleoptile, exogenous Ca2+ strongly stimulated the 

mesocotyl elongation in all genotypes with the maximum at 10 mM Ca2+. The greatest 

growth stimulation at 3 and 10 mM CaCl2 was observed in seedlings with knockout in the 

ABP4 gene (Figure 4.4.1B). 

4.4.2  Calcium content in maize coleoptile and mesocotyl of etiolated WT and abp 

mutant seedlings 

Ca2+ content in maize coleoptile and mesocotyl was determined in etiolated seedlings 

grown in conditions in vitro in the medium without Ca2+ and in the medium supplemented 

with 3 mM and 10 mM Ca2+ (Figure 4.4.2). Whatever the genotype, the concentration of Ca2+ 

in the aerial parts of the maize etiolated seedlings increased with increasing 

Ca2+concentration in the medium (Figure 4.4.2). Experiments showed that the mutation in the 

ABP1 gene does not affect the accumulation of Ca2+ in aerial parts of maize, whereas in the 

abp4 mutant the accumulation of Ca2+ was three-times higher than in WT both in medium 

without Ca2+ or with 3 mM and 10 mM Ca2+. The mutation in both ABP1 and ABP4 genes 

caused slightly higher accumulation of Ca2+ than observed in WT seedlings (Figure 4.4.2). 
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Figure 4.4.2 Accumulation of Ca2+in coleoptile plus mesocotyl of etiolated single maize abp1 and abp4 
mutants, abp1/abp4 double mutant and the corresponding WT. 

Maize seedlings grew in conditions in vitro for 5 days on the basal MS medium free of CaCl2 or supplemented 
with CaCl2 in concentrations of 3 or 10 mM. Sample consisting of 4 to 11 seedlings was collected from each 
Ca2+ concentration and freeze-dried in lyophilizer. Ca2+ was determined by flame atomic absorption 
spectrometry using acetylene-air flame at wavelength 422.7 nm. Values represent data from one experiment. 

 

4.4.3 Effect of exogenous calcium on the phenotype of WT plants and abp mutants 

developed in the greenhouse 

The effect of exogenous Ca2+ on the plants developed in the greenhouse was analyzed for the 

overall growth, leaf blade length and width, and leaf declination.  

Treated plants were sprayed every day with a solution of CaCl2 of different 

concentrations (10 µM, 50 µM, 100 µM, 1 mM and 10 mM) and control group of plants was 

sprayed in the same time with the same amount of distilled water. No obvious differences 

were obtained in response to exogenous Ca2+ concerning these characteristics neither in the 

WT nor in the abp mutants compare to control (data not shown). 
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4.5    Isolation and characterization of Arabidopsis CAX1 homolog in maize. 

Sequence analyses in silico 

In order to isolate and characterize AtCAX1 homolog in maize, databases NCBI 

(http://www.ncbi.nlm.nih.gov/) and maize GDB (http://www.maizegdb.org/) were screened 

using the AtCAX1 sequence (accession number: AF461691) as a reference. From this 

analysis three sequences were identified in maize: ZmHCX1 (accession number: AF256229), 

ZmCAX2 (accession number: AB044567) and ZmPCO087284 (accession number: 

AY108295). 

The 1st sequence, ZmHCX1, was assigned to CAX1-like protein sharing 65% identity 

with AtCAX1. The 2nd sequence, ZmCAX2, shares 72.4% of identity with Arabidopsis 

AtCAX6. Finally, the 3rd sequence, ZmPCO087284, encodes a protein sharing 71.8% of 

similarity with AtCAX3 from Arabidopsis and will be further reported as ZmCAX3.  

 Specific primers were designed in order to amplify the full length of ZmCAX2 and 

ZmCAX3 from plant material (WT plants). ZmCAX2 is 1338 bp long, contains a 1260 bp 

open reading frame and encodes a protein with 419 residues with a calculated molecular 

mass of 45.6 kDa. ZmCAX3 is 1590 bp long, contains a 1389 bp open reading frame and 

encodes a 462 amino acid long protein with a calculated molecular mass of 48.9 kDa.  

An unrooted phylogenetic tree was made using sequences from Arabidopsis, Oryza 

sativa and Zea mays. The analysis showed that ZmCAX2 was classified into CAX type IB 

with other CAXs, whereas ZmCAX3 is clustered into the type IA of CAXs, together with 

Arabidopsis AtCAX1 and AtCAX3 (Shigaki et al, 2006) (Figure 4.5.1). In addition, the 

analysis showed that on the basis of the amino acid sequences ZmCAX2 is closely related to 

OsCAX3 from the same species, whereas ZmCAX3 gene is closely related to OsCAX1a from 

Oryza sativa (Kamiya et al, 2005).  
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Figure 4.5.1 Phylogenetic relationship of maize (Z. mays), Arabidopsis (A. thaliana) and rice (O. sativa) 
CAXs.  

The phylogenetic tree was constructed from alignments of full-length amino acid sequences using the 
ClustalW2 (Larkin et al, 2007) program. Type IA CAXs predominantly transport Ca2+, whereas type IB CAXs 
transport cations other than  Ca2+ such as Mn2+, Mg2+ and Cd2+. The accession numbers are as follows: ZmCAX2 
(Z. mays, AB044567.1), ZmCAX3 (Z. mays, AY108295.1), ZmHCX1 (Z. mays, AF256229.1), AtCAX1 (A. 
thaliana, AF461691), AtCAX2 (A. thaliana, AF424628), AtCAX3 (A. thaliana, At3g51860), AtCAX4 (A. 
thaliana, AF409107), AtCAX5 (A. thaliana, At1g55730), AtCAX6 (A. thaliana, At1g55720), OsCAX1a (O. 
sativa, AB112656),OsCAX1b (O. sativa, AB112770), OsCAX1c (O. sativa, AB112771), OsCAX2 (O. sativa, 
AB112772), OsCAX3 (O. sativa, AB112773). 

 

Two programs, TMHMM program (Krogh et al, 2001) and TMpred program 

(Hofmann and Stoffel, 1993) for prediction of topology of these proteins, were used. They 

allowed the description of 11 transmembrane domains with a long hydrophilic N-terminal 

part facing the cytosol (Figure 4.5.2). An acidic amino-acid-rich region was found in the 

cytosolic loop between the sixth and seventh transmembrane domain of both CAX candidates 

(Figures 4.5.2 and 4.5.3). 
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Figure 4.5.2 Membrane topology of ZmCAX2 (Z. mays, AB044567.1) and ZmCAX3 (Z. mays, 
AY108295.1).  

The topologic models were generated by TMHMM program. The red areas indicate predicted TM domains, and 
the blue and magenta lines indicate the regions that are predicted to be inside or outside of the membrane, 
respectively. 
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M1 
  
ATCAX1   1   ---MAGIVTE PWS-VAENGN PSITAKGSSR ELRLGRTAHN MSSSSLRKKS D--LRVIQKV PYKGLKDFLS N----LQEVI LGTKLAILFP AIPAAIICTY   
ATCAX3   1   ----MGSIVE PWAAIAENGN ANVTAKGSSR ELRHGRTAHN MSSSSLRKKS D--LRLVQKV PCKTLKNILS N----LQEVI LGTKLTLLFL AIPLAILANS   
ZMHCX1   1   ---------- ---------- ---------- ---------- MHAS--GKKS D--LALLRKV PCAPLRRLLD N----LQEVL LATKLALLFP AVLLAIAARI   
ATCAX4   1   ---MSSISTE SSSNLCLLEN GGGGSDKPTA ETSRRVRRTV SASSLIRKRS D--LKLISRV RWEFMRRILT N----LQEVL LGTKLFILFP AVPLAVVAHR   
OSCAX1A  1   ---------- MEAAAAMEAG RKLAARHPHG R---SRTAHN MSSSSLRKKS D--AALVRKV PVAPLRPLLA N----LQEVF LATKLAVLFP AVPLAIAAQC   
OSCAX1B  1   -----MPVSR MMMESNTMAK EMAVRHHLLP GSPRRRTAHN LSSSSLRKSS D--ASLLHKV PCAALRSLLA N----LNDVL LTTRLFLLFP AVLLAIAATY   
ZMCAX3   1   MDRLPESTRS MRKYASEAGG LRAARQGPHG RSLTARTAHS MSTTALRTKS KSAASLLRRV PFAPLRPVLA N----LQEVF LGTKLAVLFP AVPLAIAAQC   
ATCAX6   1   ---------- ---------- ---------- ---------- ------MEQG ----SLRERR AKAPRNSVVQ S----FKIVI LSNKLNLLLP FGPLAILVHY   
OSCAX1C  1   -MAPPESSHH HLLESGLLEV SKAPSAAVAA EEEEKKEAAA WTPSSSSSMT G---RKIKSE ASPLLRRLLG GPAAQLQEVL LGTKLYPLFS AVPLAVAAES   
OSCAX2   1   ---------- --------MT A--------- -------AGK MQALDFEHIG SLAAVAESLS TGSKWRRALT S----VRVVI LQAKINVLLP FGPLAVMLHY   
OSCAX3   1   ---------- --MENPQIEM G--------- -------AFK ANGPQLQNGG LRSSMVQSWN LQRFVESALR S----IRIVI FTSKLNLLLP FGPASIILHY   
ZMCAX2   1   ---------- MMMETPQIEM G--------- -------GFK VNSPQVPNGV SRPTVSSSWN SRGTVERALK S----IRIVI FTSKLNLLMP FGPASIILHF   
ATCAX2   1   ----MSCCKV PVLIEAQVEM VSANELENKS LFRQEEDATQ TKEASLMEQG SLSTSFPQHT PKAPKNSVLN S----IKIVI FCNKLNLLLP FGPLAILVHY   
ATCAX5   1   ----MGCCKV PALIQAQVEM GLVNDVEHKS LFRRDTDSPE RKAASLMEQG SLSASFRECS TKTPNNSVLQ S----FKIVI LSNKLNLLLP FGPLAILLHY   

        M2                                  M3                           M4 
 
ATCAX1   91  CGV-SQPWIF GLSLLGLTPL AERVSFLTEQ LAFYTGPTLG GLLNATCGNA TELIIAILAL TNNKVAVVKY SLLGSILSNL LLVLGTSLFC GGIANIRREQ   
ATCAX3   91  YNY-GRPLIF GLSLIGLTPL AERVSFLTEQ LAFYTGPTVG GLLNATCGNA TELIIAILAL ANNKVAVVKY SLLGSILSNL LLVLGTSLFF GGIANIRREQ   
ZMHCX1   53  FHF-GQEWVF VLSLIGLVPL AERLSFLTEQ VAFYIGPTVG GLLNATFGNV TEVIIAIFAL YQGKVVVVKC SLLGSVLSNL LLVLGTSLFF GGLANLGTEQ   
ATCAX4   92  YDC-PRAWVF ALSLLGLTPL AERISFLTEQ IAFHTGPTVG GLMNATCGNA TEMIIAILAV GQRKMRIVKL SLLGSILSNL LFVLGTSLFL GGISNLRKHQ   
OSCAX1A  82  FRF-DQVWVF ALSLLGLIPL AERVSFLTEQ IALYTGPTVG GLLNATCGNA TELIIALFAL LKGKIEVVKC SLLGSVLSNL LLVLGTSLFC GGVVNLGARQ   
OSCAX1B  90  LHF-GQVWVF VLSLIGLVPL AERLSFLTEQ IAFYTGPTVG GLLNATFGNV TEVIIALLAL REGKIEVVKC SLLGSILSNL LLVLGTSLFL AGIANLRAHQ   
ZMCAX3   97  AHF-GQVWVF SLSLLGLIPL AERVSFLTEQ IAIYTGPTVG GLLNATCGNA TELIIALFAL MEGQIEVVKC SLLGSVLSNL LLVLGTSLFC GGVVNLGSDQ   
ATCAX6   47  LTD-NKGWFF LLSLVGITPL AERLGYATEQ LSCYTGATVG GLLNATFGNV IELIISIIAL KNGMIRVVQL TLLGSILSNI LLVLGCAFFC GGLVFPGKDQ   
OSCAX1C  97  LRL-GRVWVF AFSLIGLAPL AERVSFLSEH IANTVGPTAG GIMNATCGNV PELIIALFAL HKNKMEILKW SLLGSILSNL LLVLGSSLLF GGIVNIGKER   
OSCAX2   63  LSANHQGWVF LFSLIGITPL AERLGYATEQ LALYTGPTIG GLLNATFGNA TEMIISLYAL KNGMIRVVQQ SLLGSILSNM LLVLGCAFFA GGLVHPSRDQ   
OSCAX3   69  TTS-RHGLVF LFSMLGITPL AERLGYATEQ LAIYTGPTVG GLLNATFGNA TEMIIAIYAL KNGMIRVVQQ SLLGSILSNM LLVMGCAFFA GGIVHRNKDQ   
ZMCAX2   71  TTR-RHGLIF LFSMLGVTPL AERLGYATEQ LAIYTGPTVG GLLNATFGNA TEMIIAVYAL KNGMIRVVQQ SLLGSILSNM LLVMGCAFFA GGVVHRNKDQ   
ATCAX2   93  MID-SKGWVF LLTLVGITPL AERLGYATEQ LACYTGPTVG GLLNATFGNV TELIISIFAL KNGMIRVVQL TLLGSILSNM LLVLGCAFFC GGLVFYQKDQ   
ATCAX5   93  LTD-NKGWIF LLSLVGITPL AERLGYATEQ LACYTGSTVG GLLNATFGNV TELIISIFAL KSGMIRVVQL TLLGSILSNM LLVLGCAFFC GGLVFSQKEQ  

    M5                              M6                  ACIDIC MOTIF 
 
ATCAX1   190 RFDRKQADVN FFLLLLGFLC HLLPLLVGYL KNGEASAAVL S--DMQLSIS RGFSIVMLIS YIAYLVFQLW T-HRQLFDAQ --EQEDEYDD DV---EQETA   
ATCAX3   190 RFDRKQADVN FFLLLMGLLC HLLPLLLKYA ATGEVSTSMI N--KMSLTLS RTSSIVMLIA YIAYLIFQLW T-HRQLFEAQ Q-DDDDAYDD EVS--VEETP   
ZMHCX1   152 LYDKMQVDVN TGLLILGVLC HSLPLMLRYA VSSGEHAESS --WDSGLELS RACSIVMLLA YVAYLFFQLK T-HRQLFEPQ PQEVEDDGDD SVS--QD-EA   
ATCAX4   191 SFDPRQGDMN SMLLYLALLC QTLPMIMRFT MEAEEYDGSD -----VVVLS RASSFVMLIA YLAFLIFHLF SSHLSPPPPP LPQREDVYDD DVSDKEEEGA   
OSCAX1A  181 PYDRNQSDVS TALLFLAVLC HSAPLLLRYA VAAGEHSVSA TSAAASLDLS RACSFVMLAS YVAYLFFQLK T-HRQLFEPQ EVDGGDAGD- -----DDEEP   
OSCAX1B  189 PYDTKQAHVN TALLMLAVLC HSLPLMLRYA VTSGDHAIVS --GDAALHLS RACSILMLIA YLAYLFFQLN T-HRQLFEPQ QVEDDDDDDL VIA--QDDEP   
ZMCAX3   196 PYDRTQADVS TGLLILGVLC QSLPLMLRYA VGAGEHSVAA --ATTVLDLS RACSVVMLLA YVAYLFFQLK T-HAQLFEPQ EVDDGCEAE- -----EDEQA   
ATCAX6   146 VFDKRNAVVS SGMLLMAVMG LLFPTFLHYT HSEVHAGSSE ------LALS RFISCIMLVA YAAYLFFQLK S-QPSFYT-- -EKTNQNEET SN---DDEDP   
OSCAX1C  196 PLDKRQADVS IGLLLLGVLC HIATLVSKYT SSTGDSINSS ----SVMQLS RSCAIVMLIA YFGSLMFQLK T-HRQIFELE E-DSSDSSSS EDD--ATDKS   
OSCAX2   163 VFNKASAVVN SGLLLMAVLG LMFPAVLHFT HSEVQYGKSE ------VSLS RFSSCIMLVA YASYLFFQLK S-QRSLYSPI GEQEE--EVT ED---EEEEK   
OSCAX3   168 VFSKATAVVN SGLLLMAVMG LMFPAVLHFT HSEVRQGASE ------VSLS RFSSCIMLVA YASYLYFQLS G-RNNAYSPI GSEEMPNEDA AE---EDEES   
ZMCAX2   170 IFSKATAVVN SGLLLMAVMG LMFPAVLHFT HSEVRQGASE ------VALS RFSSCIMLVA YASYLYFQLS G-RSNIYSPI GSEEAPIEDT AE---EDEEA   
ATCAX2   192 VFDKGIATVN SGLLLMAVMG ILFPAVLHYT HSEVHAGSSE ------LALS RFSSCIMLIA YAAYLFFQLK S-QSNSYSPL DEESNQNEET SA---EDEDP   
ATCAX5   192 VFDKGNAVVN SGLLLMAVMG LLFPAVLHYT HSEVHAGSSE ------LALS RFSSCIMLVA YAAYLFFQLK S-QPSSYTPL TEETNQNEET SD---DDEDP   

    M7                     M8                              M9 
 
ATCAX1   282 VISFWSGFAW LVGMTLVIAL LSEYVVATIE EASDKWNLSV SFISIILLPI VGNAAEHAGA VIFAFKNKLD ISLGVALGSA TQIGLFVVPL TIIVAWILGI   
ATCAX3   284 VIGFWSGFAW LVGMTIVIAL LSEYVVDTIE DASDSWGLSV SFISIILLPI VGNAAEHAGA IIFAFKNKLD ISLGVALGSA TQISLFVVPL SVIVAWILGI   
ZMHCX1   246 VLGFSSAMIW LGVMTLMTAL LSEFVVSTIE AASESWELSV SFISVILIPI VGNAAEHAGA VIFAFKNNLD ITLGVSLGSA TQISMFVVPL SVLVAWIMGV   
ATCAX4   286 VIGMWSAIFW LIIMTLLVAL LSDYLVSTIQ DAADSWGLSV GFIGIILLPI VGNAAEHAGA VIFAFRNKLD ITLGIALGSA TQIALFVVPV TVLVAWTMGI   
OSCAX1A  274 ALGFASALFW LALMTAVISV LSEYVVGTIE PTSQSWGLSV SFISIILLPI VGNAAEHAGA IIFALKNKLD ITLGVALGSA TQISMFVVPL SVLVAWIMGV   
OSCAX1B  284 VLGFSSAMIW LALMTLLTAL LSGYVVSTIE AASESWELSV SFISIILLPI VGNAAEHAGA VIFALKNKMD ITLGVSLGSA TQISMFVVPV SVIVAWTMGI   
ZMCAX3   287 VIGFASGLFW LAFNTVLIAI LSEYVVGTIE PTSKSWGLSV SFISIILLPI VGNAAEHAGA IIFALKNKLD ITLGVALGSA TQISMFVVPL SVIVAWIAGI   
ATCAX6   233 EISKWEAIIW LSIFTAWVSL LSGYLVDAIE GTSVSWKIPI SFISVILLPI VGNAAEHAGA IMFAMKDKLD LSLGVAIGSS IQISMFAVPF CVVIGWMMGA   
OSCAX1C  288 VIGFASAMVW LIGMAVVTAM LSSYVVTTIE EASESMGIPV RFISIILLPI VGNAAEHAGA IIFAFKNKID ISLGITLGSA TQISMLVVPV ILIVSWVNAI   
OSCAX2   251 EITQGEAICW LFVLTIWISI LSGYLVDAIQ GASESLNMPV AFISVILLPI VGNAAEHASA IMFAMKDKLD ITLGVAIGSS TQISMFVIPF CVVIGWIMGQ   
OSCAX3   258 EIGMWESIAW LAMLTLWVSI LSEYLVNAIE GASDSLNLPV AFISVILLPI VGNAAEHASA IMFAMKDKLD ITLGVAIGSS TQISMFVIPF CVVIGWMMGQ   
ZMCAX2   260 EIGMWEAVTW LAVLTLWVSF LSEYLVNTIE GASDSLNLPV AFISVILLPI VGNAAEHASA IMFAMKDKLD ITLGVAIGSS TQISMFVIPF CVVIGWMMGQ   
ATCAX2   282 EISKWEAIIW LSILTAWVSL LSGYLVDAIE GASVSWNIPI AFISTILLPI VGNAAEHAGA IMFAMKDKLD LSLGVAIGSS IQISMFAVPF CVVIGWMMGQ   
ATCAX5   282 EISKWEAIIW LSILTAWVSL LSGYLVDAIE GASVSWKIPI SFISVILLPI VGNAAEHAGA IMFAMKDKLD LSLGVAIGSS IQISMFAVPF CVVIGWMMGA   

           M10                       M11 
 
ATCAX1   382 NMDLNFGPLE TGCLAVSIII TAFTLQ---- -------DGS SHYMKGLVLL LCYFIIAICF FVDKLPQKQN AIHLGHQAMN NVVTATGGGV FSSX  
ATCAX3   384 KMDLNFNILE TSSLALAIII TAFTLQ---- -------DGT SHYMKGLVLL LCYVIIAACF FVDQIPQ-PN DLDVGLQPMN NL-----GEV FSAX  
ZMHCX1   346 PMDLDFNLLE TGCLFLAILV TAFTLQ---- -------DGS SHYLKGLLLV FCYIVISLCF FVLRQHG--N GSNDDQVGVA SKPWRIX--- ----  
ATCAX4   386 EMDLNFNLLE TACLAMSIIV TSLVLQ---- -------DGT SNYMKGLVLL LCYFVIAACF FVSNSPS--S KLLFX----- ---------- ----  
OSCAX1A  374 QMDLDFKLLE TGSLFMAVLV TAFTLQ---- -------DGT SHYLKGILLL LCYIVIGACF FVARQPAGHA NSNGALLDVP TGSMSVQAAX ----  
OSCAX1B  384 PMDLDFNLLE TGSLFLAILV TAFTLQ---- -------EGE SHYLKGLILV LCYAVISVCF FVIRRRS--A GGTD---GVH HLDVIVX--- ----  
ZMCAX3   387 QMDLDFKLIE TGSLFVSVIV TAFTLQ---- -------DGS SHYLKGILLL LCYIVIGACF FVTRQPA--S NNNGAGLSLP TGTLSAQAAX ----  
ATCAX6   333 QMDLNLQLFE TATLLITVIV VAFFLQLVNL EANYETNEGT SNYFKRLMLI LCYLIVAASF FVHEDPH--Q GX-------- ---------- ----  
OSCAX1C  388 PMDLDFNLLE TGSLAMAVIT TAFTLQ---- -------DDK WHYLKGLNLV FSYIVIAVCF FVMKALPTLK KEDDX----- ---------- ----  
OSCAX2   351 QMDLNFQLFE TATLFITVLV VAFMLQ---- -------EGT SNYFKGLMLI LCYLIVAASF FVHVDPD--S SNNKX----- ---------- ----  
OSCAX3   358 KMDLNFQLFE TATLFITVLV VAFMLQ---- -------DGV ANYLKGLMLI LCYLIVAASF FVHVDPQ--S SDDX------ ---------- ----  
ZMCAX2   360 RMDLNFQLFE TATLFITVLV VAFMLQ---- -------DGT ANYLKGLMLI LCYLIVAASF FVHVDPQ--S SDGX------ ---------- ----  
ATCAX2   382 QMDLNFQLFE TAMLFITVIV VAFFLQ---- -------EGS SNYFKGLMLI LCYLIVAASF FVHEDPH--Q DGIX------ ---------- ----  
ATCAX5   382 QMDLNFQLFE TATLFITVIV VAFFLQ---- -------EGT SNYFKGLMLI LCYLIVAASF FVHEDPH--Q DDIX------ ---------- ----  
 
 

Figure 4.5.3 Multiple sequence alignment of maize (Z. mays), Arabidopsis (A. thaliana) and rice (O. 
sativa) CAXs.  

Alignments were performed using ClustalW from the European Bioinformatics Institute Web site. Consensus 
amino-acid sequences are boxed in black (identical) or gray (similar). Gaps introduced into sequences to 
increase their similarity are denoted by hyphens. The 11 putative transmembrane spans (M1-M11) predicted for 
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all transporters and the central hydrophilic motif rich in acidic residues are overlined. The accession numbers 
are as follows: ZmCAX3 (Z. mays, AY108295.1), ZmCAX2 (Z. mays, AB044567.1), ZmHCX1 (Z. mays, 
AF256229.1), AtCAX1 (A. thaliana, AF461691), AtCAX2 (A. thaliana, AF424628), AtCAX3 (A. thaliana, 
At3g51860), AtCAX4 (A. thaliana, AF409107), AtCAX5 (A. thaliana, At1g55730), AtCAX6 (A. thaliana, 
At1g55720), OsCAX1a (O. sativa, AB112656), OsCAX1b (O. sativa, AB112770), OsCAX1c (O. sativa, 
AB112771), OsCAX2 (O. sativa, AB112772), OsCAX3 (O. sativa, AB112773). 
 

 

The alignment of different CAXs showed that these proteins are highly conserved 

among monocots and dicots, except of the N-terminal domain of the protein. The Ca2+ 

domain (CaD), constituted of 9 amino acids, was localized between the M1 and M2 spanning 

domains (Figure 4.5.4). CaD is poorly conserved within the CAX family, however the 

regions flanking CaD region are quite similar to each other. 

 

 

 

 

 

 

Figure 4.5.4 Ca2+ domains in some maize (Z. mays) and Arabidopsis (A. thaliana) CAXs.  

Alignment of deduced amino acid sequences between the deduced first and second membrane-spanning 
domains (M1 and M2) of polypeptides encoded by ZmCAX3 (Z. mays, AY108295), ZmCAX2 (Z. mays, 
AB044567), AtCAX1 (A. thaliana, AF461691), AtCAX3 (A. thaliana, At3g51860) and AtCAX6 (A. thaliana, 
At1g55720). Alignments were performed by using ClustalW2 (Larkin et al, 2007) and Jalview Version2 
(Waterhouse et al, 2009) programs.  

 
 

4.6    Expression analyses of ZmCAX2 and ZmCAX3 genes 

As one of the aims of this thesis was to study the relationship between CAXs and ABPs 

during maize development, the expression pattern of the two cloned genes, ZmCAX2 and 

ZmCAX3, have been investigated in different conditions in vivo and in vitro by both 

semiquantitative RT-PCR (ZmCAX2) and qRT-PCR (ZmCAX3) (due to very low transcript 

level of ZmCAX3). All the results presented here are expressed relative to the gene transcript 

accumulation in the WT in the control condition.  

 



4 Results 

 

 
 

53 

0

0.5

1

1.5

2

2.5

3

emerging leaf developed leaf

R
el

at
iv

e 
ex

pr
es

si
on

 o
f 

Z
C

A
X

2 
(Z

m
A

ct
81

)

WT

abp1

abp4

abp1/abp4
a 

4.6.1   Expression analyses of ZmCAX2 and ZmCAX3 in the leaf base  

Finally, as one of the aims of this thesis was to unravel the possible role of CAXs in the leaf 

development, the expression pattern of ZmCAX2 and ZmCAX3 was analysed in the base of 

the emerging third leaf and fully developed leaf of plants grown in condition in vivo since in 

this leaf the most significant difference in leaf angle between WT and the abp mutants was 

found. The attention was focused on the base of the leaf in order to estimate the expression of 

these two genes during auricle development. The results are expressed relative to gene 

transcript accumulation in the base of the emerging leaf of the WT. 

 The expression of ZmCAX2 (Figure 4.6.1) in the base of the emerging leaf did not 

differ between WT and abp mutants. ZmCAX2 expression was not affected in the base of the 

developed leaf neither in WT nor in abp1 and abp4 mutants, whereas it was significantly 

down regulated in abp1/abp4 double mutant compared to the emerging leaf of WT. 

 

 

 

  

 
 
 
 
 
 
 
 
 
 
 

Figure 4.6.1 Relative expression of ZmCAX2 in the base of the emerging and fully developed third leaf in 
single abp1 and abp4 mutants, abp1/abp4 double mutant and the corresponding WT. 

WT and mutant plants were grown in the greenhouse under long day condition, at temperature of 15 to 27°C 
and regularly watered. Expression of ZmCAX2 (Z. mays, AB044567.1) was determined in the base of emerging 
and fully developed third leaf. The expression analysis of ZmCAX2 was performed by semiqRT-PCR and as a 
reference gene was used ZmAct81 (U60511). Results are expressed relative to gene transcript level in the 
emerging leaf of WT. The data were analyzed using the ImageJ program. Results present the data obtained in 
three independent experiments. a - significantly different (t-test: p≤0.05) from WT control (emerging leaf). 
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The expression of ZmCAX3 (Figure 4.6.2) in the base of the emerging leaf did not 

differ between WT and abp mutants. However, in the base of the developed third leaf, the 

expression of ZmCAX3 was significantly up regulated in the single abp1 and double 

abp1/abp4 mutant compared to its expression in the base of the emerging leaf of WT. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6.2 Relative expression of ZmCAX3 in the base of the emerging and fully developed third leaf in 
single abp1 and abp4 mutants, abp1/abp4 double mutant and the corresponding WT. 

WT and mutant plants were grown in the greenhouse under long day condition, at temperature of 15 to 27°C 
and regularly watered. Expression of ZmCAX3 (Z. mays, AY108295.1) was determined in the base of emerging 
and fully developed third leaf. The expression analysis of ZmCAX3 was performed by qRT-PCR and as a 
reference gene GAPDH (Zm.3765) was used. Results are expressed relative to gene transcript level in the 
emerging leaf of WT. Results present the data obtained in three independent experiments. a - significantly 
different (t-test: p≤0.05) from WT control (emerging leaf), b - significantly different from the abp1/abp4 
emerging leaf (t-test: p ≤ 0.05) 

 

4.6.2  Expression analyses of ZmCAX2 and ZmCAX3 in function of exogenous NAA 

Since the in vitro phenotype analyses performed in this study showed that WT and abp 

mutants are differently sensitive to exogenous auxin (Figure 4.2.1), the expression pattern of 

the selected genes was analysed in coleoptiles and mesocotyls of 5-day-old etiolated 

seedlings in order to unravel the effect of auxin on the expression of ZmCAX2 and ZmCAX3. 

For this purpose plants were grown in the medium supplemented or not with 50 µM NAA. 
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The analyses showed that the expression of ZmCAX2 in the coleoptile and mesocotyl 

of seedlings grown on BM did not differ (Figure 4.6.3A), whereas ZmCAX3 was markedly 

more expressed in the mesocotyls than in the coleoptiles (Figure 4.6.3B). 

  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6.3 Expression of ZmCAX2 and ZmCAX3 genes in etiolated coleoptiles and mesocotyls in maize 
single abp1 and abp4 mutants, double abp1/abp4 mutant and the corresponding WT. 

WT and mutant seedlings were grown in the dark for 5 days in conditions in vitro on the basal MS medium. The 
expression analysis of ZmCAX2 (Z. mays, AB044567.1) (A)was performed by semiqRT-PCR and ZmCAX3 (Z. 
mays, AY108295.1) (B) expression analysis was performed by qRT-PCR. In the case of ZmCAX2, ZmAct81 
(U60511) was used as housekeeping gene, and in the case of ZmCAX3 primers for GAPDH (Zm.3765) were 
used as a control. Results are expressed relative to the gene transcript accumulation in WT coleoptile. The data 
for ZmCAX2 were analyzed using the ImageJ program. Results present the data obtained in two to three 
independent experiments in each condition and genotype. a (t-test: p≤0.05), b (t-test: p≤0.01), c (t-test: 
p≤0.001)-significantly different from WT coleoptile. 
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 The expression pattern of ZmCAX2 gene in the presence of NAA did show any 

significant difference between abp mutants compare to WT neither in the coleoptile nor in 

the mesocotyl and therefore these data are not presented here. Similarly, the expression of 

ZmCAX3 in coleoptile also did not show any difference between maize abp mutants and WT 

grown on BM or BM supplemented with NAA (data not shown). 

However, the expression of ZmCAX3 in the mesocotyl (Figure 4.6.4) of etiolated 

seedlings grown in BM (containing 3mM CaCl2) was significantly lower in the abp4 mutant 

compare to the WT. No significant difference was observed in either the abp1 mutant or in 

the abp1/abp4 double mutant. Treatment of seedlings by 50 µM NAA significantly inhibited 

the expression of ZmCAX3 in WT, abp1 and abp1/abp4 mutants. However, the expression of 

ZmCAX3 gene in the abp4 mutant did not significantly differ between seedlings grown in 

auxin-free medium and in the medium supplemented with NAA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6.4 Auxin-induced expression of ZmCAX3 gene in mesocotyl of WT and abp mutants seedlings 
grown in the dark.  

WT and mutant plants were grown in the dark, in vitro and on BM or on BM supplemented with 50 µM NAA. 
ZmCAX3 expression analysis was performed by qRT-PCR. Results are expressed relative to the transcript 
accumulation in WT plants developed in the absence of NAA. GAPDH was used as a reference gene. The 
values represent an average of the data obtained in three independent experiments in each condition and 
genotype. a - significantly different from WT in the absence of NAA ( t-test: p ≤ 0.05). 
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4.6.3 Expression analyses of ZmCAX2 and ZmCAX3 in function of exogenous calcium 

Since different responses to exogenous Ca2+ were observed among genotypes, the expression 

pattern of ZmCAX2 and ZmCAX3 was investigated in coleoptile and mesocotyl of 5-day old 

etiolated seedlings in relation to Ca2+ supply (10 mM). As a control condition plants were 

grown on BM depleted in Ca2+. In the Ca2+-free medium and in the medium supplemented 

with 10 mM CaCl2, the expression of ZmCAX3 was very weak and almost undetectable. In 

contrast, ZmCAX2 was expressed in all tested genotypes in both conditions.  

Once again, the expression pattern of ZmCAX2 gene did show any significant 

difference between abp mutants compare to WT neither in coleoptile nor in mesocotyl. 

Therefore these data are not presented here. Similarly, the expression of ZmCAX3 in 

coleoptile did not show any difference between abp mutants and the WT grown either in 

basal Ca2+-free medium or BM supplemented by 10 mM Ca2+ (data not shown).  

 

 

 

 

 

 

 

 

 

 
Figure 4.6.5 Calcium-induced expression of ZmCAX3 gene in mesocotyls of WT and abp mutants grown 
in the dark. 

WT and mutant seedlings 771 were developed in darkness, in vitro, and on BM free of CaCl2 (control) or 
supplemented with 10 mM CaCl2. In 5-day-old seedlings, ZmCAX3 expression analysis was performed by qRT-
PCR. Results are expressed relative to the transcript accumulation in WT plants developed with an absence of 
calcium (0 mM CaCl2). As a reference gene, GAPDH was used. The values represent an average ± SE of the 
data obtained in three independent experiments in each condition and genotype. a - significantly different from 
WT at 0 mM Ca2+ (t-test: p ≤ 0.05), b - significantly different from the abp4 at 0 mM Ca2+ (t-test: p ≤ 0.01) 
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The expression of ZmCAX3 in etiolated mesocotyl (Figure 4.6.5) did not differ 

between WT and abp1 mutant, whereas it was significantly lower in both abp4 and 

abp1/abp4 double mutants compare to the WT. Ca2+ treatment slightly increased the 

expression of ZmCAX3 in the mesocotyl of WT, abp1 and abp1/abp4 mutant seedlings, 

whereas it significantly affected its expression in the mesocotyl of the abp4 mutant.  
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4   Discussion 
 

Auxin-Binding Proteins (ABPs) were predicted to be putative auxin receptors. In 

Arabidopsis, the only ABP gene (ABP1) was identified (Palme et al, 1992). In contrast to 

Arabidopsis the maize ABP family counts at least five ABPs (Schwob et al, 1993). Whereas 

in Arabidopsis knockout of ABP1 is lethal already at the globular stage of embryo 

development (Chen et al, 2001), Im et al. (2000) suggested a functional redundancy of ABPs 

in maize because loss-of-function mutants in ABP1 and ABP4 genes did not show significant 

phenotype. In opposite to the observations of Im et al. (2000), data obtained on the same 

mutants revealed that these mutants developed more erect and more horizontal leaves, 

respectively, than corresponding WT plants (Fellner et al, 2006). Therefore, it was proposed 

that both ABP1 and ABP4 might play an important role in the establishment of maize leaf 

declination. 

The role of ABP1 throughout the plant life has been investigated very thoroughly in 

several studies, which showed that it controls almost all auxin-dependent responses 

(reviewed in Tromas et al, 2010). One of the auxin-dependent responses at the cellular level 

is an increase in cytosolic Ca2+ concentration (Felle et al, 1986, 1991; Felle, 1988; Shishova 

and Lindberg, 1999, 2004). Several mechanisms regulate optimal Ca2+ concentration in the 

cell (reviewed in Spalding and Harper, 2011) including vacuolar CAtion eXchangers (CAXs) 

(reviewed in Manohar et al, 2011). Recent work of Cho et al. (2012) showed that in 

Arabidopsis guard cells CAX1 and CAX3 are involved in regulation of the apoplastic pH 

thus also involved in auxin transport. Although a lot of work has been done on the research 

of CAXs, no maize vacuolar CAX has been cloned so far. 

The overall aim of this Ph.D. study was to characterize the phenotype of maize abp 

mutants in more details in order to unravel other possible roles of ABPs during the growth 

and development of maize plants and to clone and characterize maize vacuolar Ca2+/H+ 

exchanger(s). Using maize mutants with loss-off-function in ABP1 and/or ABP4 genes, an 



4 Discussion 

 

 
 

60 

attempt was made in order to unravel the possible relationship between auxin, ABPs, Ca2+ 

and CAXs in growth and development of maize plant. In addition, the research was 

performed in order to unravel whether defects in ABP1 and ABP4 genes may affect light-

mediated changes in growth of maize seedlings.  

5.1 ABP1 and ABP4 control the architecture of maize leaf. 

Phenotypic analyses of abp mutant plants grown in the greenhouse showed that ABP1 and 

ABP4 genes are either separately or jointly involved in different aspects of maize plant 

architecture. The attention was paid on the characterization of maize leaf. A typical maize 

leaf is divided into three regions: the proximal sheath and the distal blade which are 

connected by the ligular region, which forms at the blade/sheath boundary (Figure 1.5). 

Braun et al. (2008) have shown that in Arabidopsis the functional inactivation of ABP1 

provokes severe leaf growth defects, with reduced lamina width and length and a pronounced 

downward curling of both cotyledons and leaves. However, the obtained results in this thesis 

indicate that ABP1 and ABP4, although involved in many aspects of maize leaf growth, do 

not cause such severe leaf growth effects in maize probably due to the presence of other 

ABPs. Phenotypic analysis revealed that both ABP1 and ABP4 are involved in the regulation 

of maize leaf blade elongation as well as lateral blade growth and consequently in the whole 

blade surface (Figure 5.1.1).  

 

 

 

 

 

 

 

Figure 5.1.1 The proposed roles of ABP1 and ABP4 in the architecture of the maize leaf (i.e. blade length 
and width, leaf angle and auricle length). 

Based on the results obtained, it can be proposed that both ABP1 and ABP4 negatively influence the elongation 
of the leaf blade. ABP1 negatively contributes to blade width, while ABP4 makes leaves wider. According to 
the results obtained, ABP1 controls leaf angle declination in positive manner, whereas ABP4 regulates it 
negatively. In addition, ABPs are involved in auricle length; ABP1 negatively affects auricle elongation, 
whereas both ABP1 and ABP4 mutually stimulate auricle elongation. Arrows and T-bars represent positive and 
negative effects, respectively.  
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The obtained results indicate that ABP1 is negatively involved in the control of the 

leaf blade elongation early in the plant development, whereas ABP4 affects the leaf blade 

elongation in the same manner in the later stage of the leaf development (Figure 4.1.2). 

However, because the double abp1/abp4 mutant has leaves of length similar to that of the 

WT, it seems that the negative regulation of the leaf blade growth by ABP1 or ABP4 is 

indirect, or that the knockout of ABP1 and ABP4 triggers the activity of factors that promote 

the leaf elongation (Figure 4.1.2). ABP1 and ABP4 play also a role in the lateral growth of 

the leaf blade. The data indicate that the functional ABP1 keeps leaves narrower, whereas 

ABP4 acts in opposite direction (Figure 4.1.3). But more likely, narrow leaves in the abp4 

mutant result from high level of ABP1 (Im et al, 2000) and it can be hypothesized that the 

phenotype observed in the abp4 mutant is a consequence of this accumulation of ABP1 

protein. Nevertheless, as the accumulation of ABP1 protein was not measured, this 

hypothesis remains speculative. 

The analysis of the leaf blade declination performed in this study in condition in vivo 

supports the previous data obtained and published by Fellner and co-workers (2006). The 

results suggest that functional ABP1 is positively involved in leaf angle declination, whereas 

the activity of the functional ABP4 results in reduced leaf angle declination (Figures 4.1.1 

and 5.1.1). The fact that leaves in double abp1/abp4 mutant showed a leaf declination similar 

to that of the leaves of the abp4 mutants suggests that functional ABP4 negatively 

contributes to the development of the leaf angle and/or that simultaneous knockout of ABP1 

and ABP4 genes triggers substitute pathway(s) involved in the development of the leaf 

declination. These pathways may include additional members of maize ABP family (Schwob 

et al, 1993). According to the data obtained in this work it is apparent that both ABP1 and 

ABP4 play an essential role in leaf development, especially in regards to the establishment of 

leaf angle as it was supposed by Fellner et al. (2006).  

The ligular region of the leaf consists of ligule and auricles (Figure 1.5), specialized 

triangular structures that allow the blade to bend outwards thus describing leaf declination 

(Figure 1.6). The differentiation of the auricles is first visible as a thin line of cells that 

separate the blade and sheath; auricle cells are visible only after the initiation of the ligule 

(Becraft et al, 1990). The auricle cells enlarge as the ligule differentiates and then divide as 

the blade and sheath expand (Osmont et al, 2006). While analyzing leaf angle in maize 
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hybrids, Fellner et al. (2003) suggested that the leaf angle is proportionally associated with 

the length of the auricle. I observed that mutations in ABP genes affect the length of the 

auricle (Figures 4.1.5 and 5.1.1): whereas ABP1 gene itself negatively regulated the auricle 

length, mutation in ABP4 gene had no impact on the regulation of the auricle elongation. 

Interestingly, it seemed that ABP4 together with ABP1 positively influenced the auricle 

elongation. However, the assumption of Fellner et al. (2003) could not be confirmed since 

abp1 mutant developed a smaller leaf angle than WT, whereas its auricle was significantly 

longer compare to WT. In addition, abp4 mutant developed leaf angle greater compare to 

WT, whereas the ABP4 mutation did not affect the auricle length. In conclusion, the results 

showed that in maize abp mutants the length of the auricle is not proportionally associated 

with the leaf declination as it was suggested for maize hybrids (Fellner et al, 2003).   

 Since phenotypic analysis of WT plants and the abp mutants revealed differences in 

leaf angle and partially in auricle length, the focus of research was moved on microscopic 

analysis of auricle epidermal cells in order to unravel if differences in this leaf part correlated 

with differences in leaf angle (Figures 4.1.6. and 4.1.7). The role of ABP1 in the control of 

cell size was already mentioned. Indeed, in ABP1 overexpressing maize plants, ABP1 is a 

positive regulator of cell size and the downregulation of ABP1 in leaf tissues reduces the cell 

size (Jones et al, 1998; Braun et al, 2008). The results of this study showed that the mutation 

in ABP1 and/or ABP4 genes affected the cell length of the auricle epidermis dependently on 

the stage of the plant development. Whereas functional ABP4 likely positively regulated 

auricle cell length in the second leaf, i.e. early in the development of the maize plant, 

functional ABP1 seemed to positively regulate the elongation of the auricle cells in the fourth 

leaf, i.e. later during the developmental program. Although differences found between WT 

and abp mutants in the structure of the auricle epidermis indicated that ABP genes are 

involved in the auricle cells development, a general conclusion would be speculative since 

there is no regular correlation between the auricle length and the length of the auricle cells in 

the examined phenotypes. Interestingly, on the base of the abp1 mutant phenotype 

harbouring longer auricle than WT with shorter cells (at least in the later stages of plant 

development i.e. fourth leaf) it can be speculated that the abp1 mutant has higher number of 

cells in the auricle and consequently that the ABP1 could be involved in the cell division of 

the auricle cells. Unfortunately, this parameter was not investigated here. The role of ABP1 



4 Discussion 

 

 
 

63 

in cell division has already been identified in tobacco (Fellner et al, 1996). Moreover, 

analyses of Arabidopsis loss-of-function mutant in ABP1 indicated a dual role of the ABP1 

protein in cell division and cell expansion during early embryogenesis (Chen et al, 2001).  

Because ABPs were described as putative auxin-receptors further investigation was 

performed in order to see whether exogenously applied auxin could affect the leaf angle 

declination of the maize abp mutants. In this case, the spraying of intact plants in the 

greenhouse with NAA did not significantly affect the growth of neither WT plants nor abp 

mutants. Several reasons could explain this result: 

1) The method used for assigning the effect was inappropriate. Instead of spraying, a 

drop of lanolin containing NAA could have been deposited directly on the base of the leaf, 

making the treatment more specific. 

2) Concentrations of auxin were not appropriate to observe any significant effect. A 

larger range of concentrations should have been tested as Hall et al. (1985) reported that 

auxin is generally less effective when applied to intact whole plants (compare to excised 

organs or seedlings).  

3) NAA simply does not affect the leaf angle development in these maize genotypes and 

some other forms of synthetic auxin or native auxin IAA should have been tested. 

5.2 ABP1 and ABP4 regulate the development of maize seedling 

differently in the dark and light. 

Since phenotypic analysis of maize leaf revealed undoubted involvement of ABPs in the 

maize growth in condition in vivo, further attention was focused on the characterization of 

maize abp mutant seedlings in conditions in vitro under different light conditions: dark (D), 

blue light (BL) and red light (RL). The experiments showed that ABP1 and ABP4 genes are 

also involved in the development of maize seedling and that their roles and functional 

relations are organ- and light-dependent. 

Analysis of etiolated maize abp mutants showed that ABP1 was not involved in the 

coleoptile elongation, whereas it seemed that ABP4 acts positively in its elongation. The 

phenotype of double abp1/abp4 mutant supports this idea. Neither BL nor RL affected the 
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elongation of abp mutant’s coleoptiles suggesting that ABP1 and ABP4 are not essential for 

the growth of coleoptile in light. 

The obtained results further suggest that both ABP1 and ABP4 are essential for the 

growth of etiolated mesocotyl. It was particularly visible for the double abp1/abp4 mutant. 

The data also indicated that ABP1 and ABP4 could substitute for each other during the 

etiolated mesocotyl growth. Under BL, the mesocotyl elongation was affected neither in 

abp1 nor abp4 mutants, suggesting that these genes are not involved in BL-mediated growth 

of this organ (Figure 4.3.1B). Very interestingly, the long mesocotyl of abp4 mutant suggests 

that ABP1 stimulated the elongation of mesocotyl in RL. However, the role of ABP4 in this 

process cannot be excluded. This latest result is in agreement with the observation of Jones et 

al. (1991) who hypothesized that RL-induced inhibition of the mesocotyl growth could be 

partially caused by the RL-induced reduction of ABP1 abundance. The fact that the growth 

of the mesocotyl of the double abp1/abp4 mutant was not affected under BL and RL 

indicated that in these conditions some other, alternative pathways, not including ABP1 and 

ABP4, could be activated and regulate the mesocotyl growth.   

The growth of primary root of etiolated seedling is stimulated by both ABP1 and 

ABP4 although the stimulatory effect of ABP4 was more pronounced (Figures 4.1.9 and 

5.2.1). The loss of the ABP1 function resulted in longer primary root under BL and RL, 

whereas the knockout of ABP4 resulted in a WT-like phenotype. This suggests that ABP1 

itself had no effect on the root elongation in lights, but rather suppressed the promoting 

effects of ABP4 (Figure 4.3.1C). Taken together, these data suggest the involvement of 

auxin-binding proteins in light signalling pathways, which controls photomorphogenesis in 

maize (Figure 5.2.1). 
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Figure 5.2.1 Scheme showing proposed functions of ABP1 and ABP4 in growth of maize seedlings grown 
on the BM in dark (D) (A), blue light (BL) (B) and red light (RL) (C).  

Based on the results obtained, the model proposes that ABP1 along with ABP4 positively participate on 
elongation of etiolated mesocotyl and primary root, and ABP4 only is positively involved in elongation growth 
of coleoptiles (A). In BL (B), neither ABP1 nor ABP4 affect the growth of either coleoptile or mesocotyl, 
whereas ABP1 inhibits stimulatory effect of ABP4 on primary root elongation. In RL (C), like in BL, neither 
ABP1 nor ABP4 affect the growth of coleoptile. However, ABP1 stimulates mesocotyl elongation under this 
light condition. In addition, like in BL, ABP1 inhibits stimulatory effect of ABP4 on primary root elongation. 
Arrows and T-bars represent positive and negative effects, respectively.  

 

5.3     The loss of ABP1 and/or ABP4 function leads to an altered sensitivity 

of maize abp mutants to exogenous auxin compare to WT both in the dark 

and in light. 

Auxin is a key substance in the control of plant growth; however its physiological functions 

are question of controversy. Indeed, exogenous auxin reduced the elongation of the etiolated 

maize coleoptile, mesocotyl and primary roots in intact maize hybrid seedlings (Fellner et al. 

2003, 2006) and etiolated seedlings of modern maize hybrids with reduced expression of 

ABP4 gene showed reduced auxin-induced responses (Fellner et al, 2006). In opposite, other 

authors demonstrated that in maize coleoptiles (Baskin et al, 1986; Iino, 1995), pea 

internodes (Hall et al, 1985; Yang et al, 1993, 1996), and watermelon hypocotyls (Carrington 

and Esnard, 1988), the growth of intact plants is stimulated by externally supplied IAA. 

Nevertheless, this stimulation of growth by exogenous IAA was transient even if IAA was 

supplied continuously (Hall et al, 1985; Carrington and Esnard, 1988). Why exogenous 
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auxin, in contrast to endogenous auxin, inhibits elongation in many plant species, is still not 

fully understood. Hasenstein and Evans (1988) proposed the mechanism by which the 

application of the exogenous auxin results in a supraoptimal concentration of auxin in the 

tissues causing the inhibition of elongation. In order to better understand the role of ABP1 

and ABP4 genes in auxin-mediated growth responses the responsiveness (sensitivity) of 

etiolated intact maize seedling’s organs of WT and abp mutants to exogenous auxin was 

analyzed. 

The growth capacity of WT and mutant maize seedlings does not simply correspond 

with the observed changes in levels of IAA in coleoptiles, mesocotyls and primary roots 

(Jurišić-Knežev et al, 2012). The data showed that etiolated WT plants are more sensitive to 

exogenous auxin than the abp mutants (Figure 4.2.1). Mutation in ABP1 and/or ABP4 genes 

led to a decreased sensitivity of maize seedlings to exogenous auxin suggesting that these 

ABP genes are involved in auxin-regulated growth responses in etiolated intact maize organs. 

It seemed that the effect of mutation in both genes was additive, at least in coleoptile and 

mesocotyl. In primary root the loss-of-function in the ABP4 gene, but not in ABP1, led to the 

decreased sensitivity of primary root to exogenous auxin suggesting that in the dark auxin-

induced inhibition of root elongation is controlled through ABP4. Since double abp1/abp4 

mutant showed phenotype similar to WT, I hypothesize that a substitute pathway mediated 

the response of primary root in dark-grown seedling to exogenous auxin. 

The analyses of growth of intact maize seedlings under different light conditions and 

in the presence of auxin in the medium unravelled the role of light in auxin-regulated growth 

via ABPs. In BL and RL, compared to dark-grown seedlings, the responsiveness of WT 

organs to exogenous auxin was decreased, which was visible both in coleoptile and 

mesocotyl. The results further indicated that both ABP1 and ABP4 contributed to the 

responses of coleoptile to the inhibitory effects of auxin under BL and RL. Interestingly, the 

growth of mesocotyl under BL was mediated mostly by ABP4, with no essential influence of 

ABP1. However, it seemed that both ABP1 and ABP4 were involved in auxin regulated 

mesocotyl growth under RL. Loss of sensitivity of WT primary roots to exogenous auxin 

under BL and RL indicated that some other pathways, independently from ABP1- and ABP4-

pathways, could be involved in auxin-induced growth responses in primary roots.  
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5.4 Etiolated coleoptile and mesocotyl are differently sensitive to 

exogenous calcium and its accumulation in these maize organs is inhibited 

by ABP4. 

Besides the fact that Ca2+ is an essential nutrient for plants, it also acts as a second messenger 

mediating a wide range of cellular responses (Sanders et al, 2002). Because auxin causes an 

increase of the cytosolic free Ca2+ concentrations (Felle et al, 1986, 1991; Felle, 1988; 

Shishova and Lindberg, 1999, 2004) and considering the fact that ABPs are putative auxin 

receptors, I hypothesized that the interaction between auxin and Ca2+ through ABPs during 

the growth and development of maize may exists. In a first step the effect of exogenous Ca2+ 

on the growth responses of abp mutants was analyzed. The effect of Ca2+ on the growth of 

maize seedlings was assessed in condition in vitro in the dark in order to avoid the influence 

of the light and photoreceptors. The differences were observed both between different maize 

seedling’s organs (coleoptile and mesocotyl) and different genotypes (WT and abp mutants) 

(Figure 4.4.1). Since coleoptile of WT did not show any response to exogenous Ca2+, it can 

be assumed that Ca2+ does not regulate coleoptile elongation. In addition, ABP1 and ABP4 

are not involved in this process. In contrast to coleoptile, Ca2+ stimulated the growth of 

mesocotyl in a dose-dependent manner in all genotypes. 

Beside the study performed in condition in vitro, the effect of Ca2+ on the growth of 

maize WT and abp mutants was also analyzed in conditions in vivo. Exogenously applied 

Ca2+ in the form of the CaCl2 solution did not show any effect on the leaf growth of neither 

WT plants nor abp mutants. The reason for this result could be:  

1) The inappropriately chosen form of the Ca2+ for the absorption by the leaves  

2) Concentration range tested could be greater or 

3) It could be that exogenously applied Ca2+ does not affect the leaf growth.  

Another step in determination of the relationship between ABPs and Ca2+ in maize 

seedlings was determination of Ca2+ content (Figure 4.4.2) in etiolated maize seedling’s 

aerial parts (coleoptile + mesocotyl) in WT plants and abp mutants. This approach allowed 

unravelling the role of ABPs in the regulation of Ca2+ accumulation in maize. The fact that 

abp4 mutant accumulated more Ca2+ in its aerial parts compare to WT plants in all conditions 
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tested suggests that ABP4 is involved in the inhibition of Ca2+ accumulation in shoots of 

etiolated seedlings. Since ABP1 gene in abp4 mutant is still functional, it can be also 

assumed that ABP1 stimulates accumulation of Ca2+ in maize aerial parts. 

5.5 ZmCAX2 and ZmCAX3, orthologs of AtCAX1, are putative maize 

Ca2+/H+ exchangers. 

As it was mentioned, Ca2+ is thought to play an important role in the signalling pathways 

(Sanders et al, 2002). During the signalling events, the basal cytosolic Ca2+ concentration is 

restored by sequestering the transient increase of free Ca2+ into the vacuole (Sanders et al, 

2002). One of the effective mechanisms of Ca2+ sequestration into the vacuole is the family 

of antiporters called CAtion eXchangers (CAX) (reviewed in Manohar et al, 2011). In 

several studies auxin has been shown to cause a transient increase of Ca2+ concentration in 

the cytosol (Felle et al, 1986, 1991; Felle, 1988; Shishova and Lindberg, 1999, 2004). Since 

ABPs are putative auxin receptors, I assumed that auxin via ABPs could be included in the 

signalling cascade, which involves Ca2+ and CAXs. Therefore the goal was to clone maize 

Ca2+/H+ antiporter(s) and to using maize mutants defective in ABP1 and ABP4 genes resolve 

this assumption. 

Up to date several Ca2+/H+ antiporters have been characterized at the biochemical and 

molecular level in different plant species (Schumaker and Sze, 1985; Hirschi et al, 1996; 

Ueoka-Nakanishi et al, 1999), but no maize Ca2+/H+ antiporter has been cloned so far. In 

Arabidopsis and in rice, respectively, six CAX genes and five CAX-homologs have been 

isolated (Kamiya et al, 2005; Shigaki et al, 2006). Some of them showed specificity for Ca2+ 

transport and localization on the tonoplast. In order to clone the maize CAX responsible for 

Ca2+ transport, Arabidopsis AtCAX1 (AF461691) (Hirschi et al, 1996) sequence was used as 

a reference sequence in database search since it has been shown that this gene encodes the 

vacuolar Ca2+/H+ antiporter. 

Two sequences in maize, orthologs of Arabidopsis AtCAX1, ZmCAX3 (AY108295) 

and ZmCAX2 (AB044567) were amplified by PCR. In silico analyses showed that the 

sequences isolated from maize encode proteins sharing common features with the already 

known CAXs of various organisms (Ivey et al, 1993; Hirschi et al, 1996; Ueoka-Nakanishi et 
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al, 1999; Kamiya and Maeshima, 2004; reviewed in Manohar et al, 2011). They are predicted 

to have 11 transmembrane (TM) domains with the hydrophilic loop between the 6th and the 

7th domain, which bisects the protein into two groups of five and six TM spans (Figures 4.5.2 

and 4.5.3). In addition, the analysis of the ZmCAX3 and ZmCAX2 sequences showed that 

corresponding proteins are 462 and 419 amino acids long, respectively.  

Phylogenetic analysis showed that ZmCAX3 belongs to type IA of CAXs, whereas 

ZmCAX2 belongs to type IB of CAXs (Figure 4.5.1). This clustering reflected not only the 

similarity between sequences at the amino acid level (Kamiya et al, 2005) but also probably 

the different substrate specificity (Shigaki et al, 2006). Evolutional relationships among the 

characterized and uncharacterized CAXs could lead to a better understanding of their 

potential roles. Considering the fact that the evolutionary closest relative of maize ZmCAX3 

is rice OsCAX1a (Figure 4.5.1), known to be a vacuolar Ca2+ transporter (Kamiya et al, 

2005), and phylogenetically belongs to the same cluster as AtCAX1 (type IA), it can be 

assumed that the maize ZmCAX3 could have the same function and localization as this rice 

transporter. The second CAX, which was identified in this study in maize was ZmCAX2, 

closely associated to the rice OsCAX3 (Figure 4.5.1), shown to be a vacuolar transporter 

responsible both for Ca2+ and manganese (Mn2+) transport (Kamiya et al, 2005). Considering 

the fact that ZmCAX2 belongs phylogenetically to the same cluster as rice OsCAX3 and 

Arabidopsis AtCAX2 (type IB), it can be assumed that maize ZmCAX2 might be a vacuolar 

transporter, which transports both Ca2+ and Mn2+ in maize plant.  

Substrate specificity of transporters is an important determinant of their physiological 

functions. Substrate range of different CAXs may vary among Ca2+, Mn2+ and cadmium 

(Cd2+). The nine-amino-acid-long region of AtCAX1 has been shown to confer Ca2+ 

transport ability to its close non-Ca2+-transporting homologue AtCAX3 and it has been 

designated as Ca2+ domain (CaD) (Shigaki et al, 2001). However, the inability of AtCAX3 to 

fully confer CAX1-like phenotype suggests that other regions in AtCAX1 affect some 

elements of Ca2+ transport (Shigaki et al, 2001). The mechanism by which the CaD regulates 

ion transport is unknown. This domain is one of the most polymorphic regions within the 

CAX group (Shigaki and Hirschi, 2000) (Figure 1.3). Unfortunately, based only on the 

sequence analysis the specificity of transport of the protein cannot be predicted, which is the 

case with these two maize CAXs. Additional complementation tests with the yeast strains 
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deficient in Ca2+ transport must be performed in order to determine the substrate specificity 

of these two proteins. 

In eukaryotic cell, critical factor for the function of the protein is its cellular 

localization. So far, most of the characterized eukaryotic CAXs, such as VCX1 from yeast 

(Cunningham and Fink, 1996), VCAX1 from mung bean (Ueoka-Nakanishi et al, 2000), 

AtCAX1, AtCAX2, AtCAX3, AtCAX4 from Arabidopsis (Cheng et al, 2003; Hirschi et al, 

2000; Shigaki and Hirschi, 2000; Cheng et al, 2002; Mei et al, 2009), OsCAX1a from rice 

(Kamiya and Maeshima, 2004) are localized to the vacuole. However, localization of most 

plant CAXs is still unknown. It is possible that some CAXs are located on membranes other 

than the vacuolar membrane. For example, biochemical experiments suggest that H+/Ca2+ 

antiport activity is also present on the plasma membrane and chloroplast thylakoid membrane 

(Kasai and Muto, 1990; Ettinger et al, 1999). In this study, using the TmPred program 

(Hofmann and Stoffel, 1993), the preferred model for the N-terminus localization for both 

maize CAXs, ZmCAX3 and ZmCAX2, was cytosolic. Similarly, the AtCAX1 

hydrophobicity plot predicts that the N-terminal regulatory region and the CaD are located on 

opposite sides of the membrane (Shigaki et al, 2001) suggesting that the N-terminus is 

cytosolic and that the CaD domain would be found inside the vacuole. Here should be 

mentioned that beside the computational approach for prediction of protein localization, 

different constructs of CAX-GFP/YFP fusion were made in order to investigate the 

localization of maize CAXs by this approach; however, for some unknown/unexplained 

reasons this approach did not work. 

5.6 ABP1 and ABP4 mutually regulate the expression of ZmCAX2 and 

ZmCAX3 in later stages of leaf development. 

Since two putative Ca2+/H+ transporters in maize were cloned and the phenotype of maize 

abp mutants was thoroughly investigated and consequently the role of ABP1 and ABP4 genes 

in maize growth was unravelled, the focus of research was moved on the analyses of possible 

interaction and relationship between maize CAXs and ABPs. Therefore, the expression 

pattern of two putative Ca2+/H+ transporters in different conditions in vivo and in vitro was 

analyzed. The expression of ZmCAX3 was very weak and almost no detectable by semiqRT-
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PCR and therefore its expression analysis was determined by the more sensitive method 

qRT-PCR. In contrast, the second gene, ZmCAX2, was very well expressed in all tested 

genotypes in all conditions.  

Considering the fact that the most significant difference in the leaf angle of maize abp 

mutants was found in the third leaf (Figure 4.1.1), the further step was to check out if the 

genes, ZmCAX2 and ZmCAX3, are differently expressed in different phases of leaf 

development i.e. in the base of the emerging leaf and in the base of the fully developed leaf 

and in that way possibly involved in leaf development. Recently, Conn et al. (2011) have 

shown that in Arabidopsis thaliana, AtCAX1, a vacuolar Ca2+/H+ transporter, was 

preferentially expressed in the leaf mesophyll and necessary for significant proportion of 

mesophyll-specific vacuolar storage of Ca2+. 

The expression analyses of ZmCAX2 and ZmCAX3 showed that these genes were not 

developmentally regulated since their expression was not affected by the age of WT plant. 

However, a significant down-regulation of ZmCAX2 expression in the base of the developed 

leaf of double abp1/abp4 mutant suggests that both ABP1 and ABP4 could be positively 

involved in its regulation in later stages of leaf development. 

Increased expression of ZmCAX3 in the base of the developed leaf of abp1 mutant 

compare to emerging leaf, implicates that functional ABP1 can regulate ZmCAX3 expression 

differentially during the leaf development and in the same time suggests that functional 

ABP1 inhibits the expression of ZmCAX3 in the developed maize leaf. In abp4 mutant, the 

expression of ZmCAX3 did not significantly change during the leaf development suggesting 

that functional ABP4 alone is not involved in regulation of this gene expression during the 

leaf development. However, higher expression of ZmCAX3 in the base of the developed leaf 

of double abp1/abp4 mutant compare to WT suggests that functional ABP4 in cooperation 

with ABP1 could inhibit the expression of ZmCAX3 in the fully developed leaf. 

5.7 ABP4 is involved in auxin- and Ca2+-regulated expression of 

ZmCAX3 in mesocotyl. 

Since certain differences between WT and abp mutants in responses to auxin and Ca2+ in 

condition in vitro were found, gene expression analyses was performed in order to unravel 
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the putative relationship between CAXs and ABPs in two maize seedling’s aerial organs-

coleoptile and mesocotyl and the role of auxin and Ca2+ in their regulation.  

In this study it was shown that maize abp mutants were differently sensitive to auxin 

indicating that ABP1 and ABP4 are involved in auxin-mediated responses in maize. In order 

to unravel the relationship between auxin, ABPs and CAXs in maize the expression of 

ZmCAX3 and ZmCAX2 was investigated in these mutants in relation to auxin. The obtained 

data have shown that in the basal conditions, ABP1 and ABP4 were not involved in the 

regulation of ZmCAX3 expression in coleoptile, whereas ABP4 stimulated its expression in 

mesocotyl (Figure 4.6.4). Yamagami et al. (2004) proposed the existence of two signalling 

pathways participating in auxin-induced internode growth in pea: an ABP1-independent 

pathway, which depends on exogenous Ca2+ and ABP1-dependent pathway independent on 

extracellular Ca2+. The data collected showed that auxin inhibited expression of ZmCAX3 in 

mesocotyl and did this via ABP4. The results also showed that the expression of ZmCAX2 in 

coleoptile and mesocotyl was not regulated by ABP1 and ABP4 in basal medium. In 

addition, auxin did not influence the expression of ZmCAX2 neither in coleoptile nor in 

mesocotyl and ABP1 and ABP4 were not involved in this process.  

In order to unravel the relationship between Ca2+, ABPs and CAXs in maize, in the 

next step, the expression of ZmCAX3 and ZmCAX2 was investigated in the abp mutants in 

relation to Ca2+. Since the expression of ZmCAX3 in coleoptile did not differ between control 

condition and treatment with Ca2+, it could be concluded that the expression of ZmCAX3 is 

not regulated by Ca2+ in this maize organ. In contrast, in mesocotyl (Figure 4.6.5), ZmCAX3 

was more expressed in the WT organ treated with Ca2+ compare to untreated one indicating 

that in mesocotyl Ca2+ stimulates the expression of ZmCAX3. These results are consistent 

with other data obtained in this study, since the ZmCAX3 expression was higher in mesocotyl 

compare to coleoptile (Figure 4.6.3 B) and that coleoptile growth was Ca2+ independent, 

whereas mesocotyl growth was stimulated by Ca2+. In addition, the phylogenetic analysis 

data showed that ZmCAX3 belongs to the type IA CAXs which are predominantly Ca2+ 

transporters, making the ZmCAX3 good candidate as a Ca2+/H+ exchanger in maize. Further 

analysis using yeast strains deficient in Ca2+ transport will undoubtedly unravel the ion 

specificity of this transporter. Since the expression of ZmCAX3 in the medium without Ca2+ 

in both coleoptile and mesocotyl did not differ between WT and abp1 mutant (Figure 4.6.5), 
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the conclusion could be made that ABP1 alone did not play a role in regulation of its 

expression in the absence of Ca2+. In contrast, lower expression of ZmCAX3 in mesocotyl of 

both abp4 and double abp1/abp4 mutant (Figure 4.6.5) led to the conclusion that ABP4 alone 

as well as in cooperation with ABP1 stimulates the expression of ZmCAX3 in mesocotyl. 

Increased expression of ZmCAX3 in mesocotyl of abp4 mutant treated with Ca2+ compare to 

the same genotype in control condition indicates that Ca2+, via ABP4 as a negative regulator, 

regulates the expression of ZmCAX3 in mesocotyl. The fact that Ca2+ level was the highest in 

the aerial part of abp4 mutant (Figure 4.4.2) contributes to the finding that ABP4 is a 

negative regulator of ZmCAX3, which is putative Ca2+ transporter since the lack of ABP4 led 

to accumulation of Ca2+ in this maize part. In addition, in abp1 mutant that does not lack the 

ABP4, the level of Ca2+ did not change compare to WT, contributing to the finding that 

ABP4 regulates Ca2+ accumulation in maize aerial parts. 

The second maize CAX whose expression was investigated in relation to exogenous 

Ca2+ was ZmCAX2. The fact that this gene was not differently expressed between WT and 

abp mutants in the medium without Ca2+ suggests that ABP1 and ABP4 were not involved in 

the regulation of its expression neither in coleoptile nor in mesocotyl. Moreover, the fact that 

ZmCAX2 was not differently expressed neither in coleoptile nor in mesocotyl of WT in the 

medium without and with Ca2+ suggests that this gene was likely not regulated by Ca2+. This 

data is consistent with the phylogenetic analysis performed in this study (Figure 4.5.1), which 

showed that ZmCAX2 belongs to the group of CAXs more responsible for transport of ions 

other than Ca2+. As in the case with ZmCAX3, further analyses with yeast strains deficient in 

Ca2+ and/or other ions transport are necessary to be performed in order to determine the ion 

specificity for this transporter. 
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6   Conclusions 
 

Maize loss-of-function mutants in ABP1 and/or ABP4 genes used in this research have shown 

to be a powerful tool to study the relationship between auxin, Ca2+, ABPs and Ca2+/H+ 

transporters in maize. In this study, it has been shown that maize loss-of-function mutants in 

ABP1 and/or ABP4 genes show remarkable phenotype. The data indicate that ABP1 and 

ABP4 are involved in the regulation of the maize plant architecture including the leaf growth 

and development as well as the elongation of etiolated maize seedlings. Moreover, it has 

been shown that ABP1 and/or ABP4 are involved in auxin-regulated growth of etiolated 

maize seedlings. In addition, the experiments revealed that in BL and RL the responsiveness 

of maize seedlings to exogenous auxin is less than in D and that ABP1 and ABP4 are 

involved in this process. Determination of the Ca2+ content in abp mutants gave better insight 

in the role of ABPs in the regulation of Ca2+ homeostasis in maize and recruited ABP4 as a 

negative regulator of Ca2+ accumulation in the aerial parts of maize plant.  

In this work two putative CAX transporters in maize designated ZmCAX2 and 

ZmCAX3, which are homologous to Arabidopsis AtCAX1, a vacuolar Ca2+/H+ transporter, 

have been cloned and characterized. Analyses of their expression in maize abp mutants 

allowed unravelling their regulation by ABPs. The obtained results showed that the 

relationship between ABPs and CAXs in maize occurs at different stages of maize 

development and it is also organ-dependent. Based on the results obtained in condition in 

vitro, at the level of seedling, a model describing the relationship between auxin, Ca2+, 

ABP1, ABP4 and ZmCAX3 in mesocotyl is proposed (Figure 6.1). According to this model, 

both auxin and Ca2+ stimulate ABP4, which is a negative regulator of ABP1. In that way, 

both auxin and Ca2+ via ABP4 inhibit the expression of ZmCAX3 in mesocotyl thus 

regulating Ca2+ accumulation in this maize organ and consequently its growth. In condition 

in vivo, at the level of developed plant, the obtained data showed that ABP1 and ABP4 are 
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mutually involved in the regulation of the expression of both ZmCAX2 and ZmCAX3 in later 

stages of leaf development.  

 

 

 

 

 

 

 

 

 

Figure 6.1 A proposed model of the relationship between auxin, Ca2+, ABP1, ABP4 and ZmCAX3 in 
maize mesocotyl.  

According to the model proposed auxin and Ca2+ regulate the expression of ZmCAX3 via ABP4 and ABP1. 
ABP4 is a negative regulator of ABP1, which stimulates the expression of ZmCAX3 in mesocotyl. 
Consequently, accumulation of Ca2+ in mesocotyl and its growth are affected. Arrows and T-bars represent 
positive and negative effects, respectively. 
 

The complex interplay of auxin, Ca2+, ABPs and CAXs in maize is still at the 

beginning of its story. Nevertheless, I believe that this work contributed to the understanding 

of their interesting interaction and triggered a lot of questions for some future research. 
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7   Závěr 
  

Mutanti kukuřice s nefunkčními geny ABP1 a/nebo ABP4, použití v disertační práci, jsou 

velice vhodní pro studium interakce mezi auxinem, Ca2+, ABP a Ca2+/H+ transportéry. 

V předkládané práci bylo zjištěno, že mutanti s nefunkčními geny ABP1 a ABP4 ukazují 

výrazný fenotyp. Získané výsledky naznačují, že proteiny ABP1 a ABP4 jsou zapojeny 

v regulaci vývoje a růstu listů a rovněž v prodlužování etiolizovaných rostlin kukuřice. Dále 

bylo v předkládané práci ukázáno, že ABP1 a ABP4 jsou zapojeny v auxinem-regulovaném 

růstu etiolizovaných rostlin kukuřice. Experimenty vedle toho rovněž odhalily, že na modrém 

a červeném světle je růstová reakce rostlin k exogennímu auxinu slabší než ve tmě a že 

ABP1 a ABP4 jsou do těchto procesů zapojeny. Stanovení obsahu Ca2+ v abp mutantech pak 

poskytuje lepší pohled na úlohu proteinů ABP v regulaci homeostáze vápníku v kukuřici a 

ukazuje, že ABP4 by mohl fungovat jako negativní regulátor akumulace vápníku 

v nadzemních částech rostlin kukuřice.  

Během disertační práce byly rovněž klonovány a charakterizovány dva geny kódující 

domnělé kukuřičné transportéry skupiny CAX, pojmenované ZmCAX2 a ZmCAX3, které jsou 

homologní k vakuolárnímu Ca2+/H+ transportéru AtCAX1, nalezenému u Arabidopsis. 

Analýzy jejich exprese v mutantech abp umožnily poodhalení jejich regulace prostřednictvím 

proteinů ABP. Získané výsledky ukazují, že funkční vztah mezi proteiny ABP a CAX u 

kukuřice je pozorován v různých stádiích vývoje rostlin kukuřice a je rovněž závislý na 

orgánu. Na základě výsledků získaných v podmínkách in vitro u mladých rostlin byl navržen 

model, který popisuje funkční vztah mezi auxinem, Ca2+, ABP1, ABP4 a ZmCAX3 

v mezokotylu kukuřice (Obr. 6.1). Podle tohoto modelu auxin a Ca2+ stimulují ABP4, který 

funguje jako negativní regulátor ABP1. Tímto způsobem, auxin i vápník inhibují expresi 

genu ZmCAX3 v mezokotylu prostřednictvím ABP4 a tím regulují akumulaci Ca2+ v této části 

rostliny a následně tak její růst. V podmínkách in vivo na úrovni vyvinutých rostlin získaná 
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data ukazují, že v regulaci exprese obou genů ZmCAX2 a ZmCAX3 v pozdějším stádiu vývoje 

listu jsou ABP1 a ABP4 funkčně vzájemně propojeny. 

 
 

 

 

 

 

 

 

Obr. 6.1 Model možné interakce mezi auxinem, Ca2+, ABP1, ABP4 a ZmCAX3 v mezokotylu kukuřice.  

Podle tohoto modelu auxin a Ca2+ regulují expresi genu ZmCAX3 prostřednictvím ABP4 a ABP1. ABP4 
funguje jako negativní regulátor ABP1, který stimuluje expresi ZmCAX3 v mezokotylu. Tím byla ovlivněna 
akumulace Ca2+ v mezokotylu a jeho růst. Šipky označují stimulaci, kdežto značky ve tvaru T reprezentují 
inhibici. 
  

Složitá souhra auxinu, Ca2+ a proteinů ABP a CAX u kukuřice je dosud na počátku 

odhalení. Nicméně věřím, že tato práce přispěla k porozumění jejich vzájemné interakce a 

vyvolala další otázky pro budoucí výzkum.  
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8   List of Abbreviations 
 

2,4-D     Dichlorophenoxyacetic acid  

ABP    Auxin-Binding Protein 

ABP    Auxin-Binding Protein gene 

abp    Auxin-Binding Protein loss-off-function mutant 

ARF    Auxin Response Factor 

At    Arabidopsis thaliana 

ATP    Adenosine Triphosphate 

Aux/IAA   Auxin/indole-3-acetic acid protein 

BL    Blue Light 

BLAST   Basic Local Alignment Search Tool 

BM    Basal Medium 

Ca2+    Calcium 

CaD    Calcium Domain 

CaM    Calmodulin  

CAX    CAtion eXchanger 

cDNA    Complementary Deoxyribonucleic Acid 

CDPKs   Ca2+-dependent protein kinases  

D    Dark 

DNA    Deoxyribonucleic Acid 

DNase    Deoxyribonuclease 

dNTP    Deoxyribonucleotide Triphosphate  

DTT    Dithiothreitol 

ER    Endoplasmic reticulum 

F    Forward primer 

G1/S  Transition between growth 1 (G1) and synthetic (S) phase of     

 cell cycle  
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G2/M Transition between growth 2 (G2) and meta-phase (M) of cell 

cycle 

GAPDH   Glyceraldehyde 3-phosphate Dehydrogenase 

H+-ATPase   Proton pump 

H+-PPase   H+-pyrophosphatase 

IAA    Indole-3-acetic Acid 

IBA    Indole-3-butyric acid  

KDEL    Retention signal for endoplasmatic reticulum 

LB     Luria-Bertani broth 

Mes    2-(N-morpholino)-ethanesulfonic acid 

Mg2+    Magnesium 

Mn2+    Manganese 

MS    Murashige and Skoog medium 

NAA    1-Naphtaleneacetic Acid 

NCBI    National Center for Biotechnology Information  

Ni2+     Nickel 

NPA    N-1-naphthylphthalamic Acid  

Os    Oryza sativa 

PAT    Polar Auxin Transport 

PCR    Polymerase Chain Reaction 

qRT-PCR   quantitative Real Time-PCR 

R    Reverse primer 

RL    Red Light 

RNA    Ribonucleic Acid 

SE    Standard Error 

TIR1    Transport Inhibitor Response 1  

WT    Wild Type 

Xgal    5-bromo-4-chloro-3-indolyl- -D-galactopyranoside 

Zm    Zea mays 

Zn2+    Zink 
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Figure 1.5  The anatomy and major growth axes of the maize leaf. 

Figure 1.6  A schematic representation of maize leaf angle. 

Figure 1.7  An example of maize ancestor Teosinte (Zea mays ssp. parviglumis) and 

modern maize plant (Zea mays L.). 

Figure 3.1  Schematic representations of leaf declination and auricle length measurement 

Figure 4.1.1  Leaf angle in single maize abp1 and abp4 mutants, double abp1/abp4 mutant 

and the corresponding WT grown in the greenhouse. 

Figure 4.1.2  Length of the leaf blade in single maize abp1 and abp4 mutants, double 

abp1/abp4 mutant and the corresponding WT grown in the greenhouse.  

Figure 4.1.3  Width of the blade base in single maize abp1 and abp4 mutants, double 
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double abp1/abp4 mutant and the corresponding WT. 
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Figure 4.1.6  Micrographs of the adaxial auricle epidermis of the 2nd, 3rd and 4th maize leaf 

in single abp1 and abp4 mutants, double abp1/abp4 mutant and the 

corresponding WT observed by fluorescent light using lignin 

autofluorescence. 

Figure 4.1.7 Length of the auricle cells of the 2nd, 3rd and 4th leaf in single abp1 and abp4 

mutants, double abp1/abp4 mutant and the corresponding WT.  

Figure 4.1.8  An example of etiolated (A) and light grown (B) maize seedling. 

Figure 4.1.9  Elongation of the coleoptile, mesocotyl and primary root in 5-day-old WT and 

abp mutants in maize grown in vitro on the BM in the dark.  

Figure 4.2.1  Elongation of coleoptile (A), mesocotyl (B) and primary root (C) in 5-day-old 
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of single maize abp1 and abp4 mutants, abp1/abp4 double mutant and the 

corresponding WT grown in the dark. 

Figure 4.4.2  Accumulation of Ca2+in coleoptile plus mesocotyl of etiolated single maize 

abp1 and abp4 mutants, abp1/abp4 double mutant and the corresponding WT. 

Figure 4.5.1  Phylogenetic relationship of maize (Z. mays), Arabidopsis (A. thaliana) and 
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Figure 4.6.1  Relative expression of ZmCAX2 in the base of the emerging and fully 



9 List of Figures 

 

 
 

82 

developed third leaf in single abp1 and abp4 mutants, abp1/abp4 double 
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Figure 4.6.2  Relative expression of ZmCAX3 in the base of the emerging and fully 
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Figure 4.6.3  Expression of ZmCAX2 and ZmCAX3 genes in etiolated coleoptiles and 

mesocotyls in maize single abp1 and abp4 mutants, double abp1/abp4 mutant 

and the corresponding WT. 

Figure 4.6.4  Auxin-induced expression of ZmCAX3 gene in mesocotyl of WT and abp 

mutants seedlings grown in the dark.  

Figure 4.6.5  Calcium-induced expression of ZmCAX3 gene in mesocotyls of WT and abp 

mutants grown in the dark. 

Figure 5.1.1  The proposed roles of ABP1 and ABP4 in the architecture of the maize leaf 

(i.e. blade length and width, leaf angle and auricle length). 
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Maize AUXIN-BINDING PROTEIN 1 and AUXIN-
BINDING PROTEIN 4 impact on leaf growth,
elongation, and seedling responsiveness to auxin
and light

Dejana Jurišić-Knežev, Mária Čudejková, David Zalabák, Marta Hlobilová,
Jakub Rolčík, Aleš Pěnčík, Véronique Bergougnoux, and Martin Fellner

Abstract: In maize, at least five auxin-binding proteins (ABPs) have been identified, yet their functions remain unclear. The
present study reports the use of maize abp1, abp4, and abp1abp4 mutants to investigate the role of ABPs during maize
growth and development. Single and double abp mutant plants grown in a greenhouse differ from the wild type (WT) in
their leaf declination and leaf blade growth. The effect of the dark (D), blue light (BL), red light (RL), and exogenous auxin
on the development of mutant seedlings was also studied. Relative to WT, etiolated mutant seedlings were shorter and
showed a reduced responsiveness to exogenous auxin. In BL or RL, the responsiveness of maize seedlings to auxin was dis-
tinctly less than in D. The reducing effect of light on seedling responsiveness to auxin is mediated at least by phytochromes.
The suppression of ABP1 and (or) ABP4 led to a distinct accumulation of free indole-3-acetic acid (IAA) in etiolated and
light-grown seedling organs. We concluded that ABP1 and ABP4 participate in the growth of maize seedlings, mediate
seedling responses to auxin, and interact with light signaling pathway(s). We also deduce a functional interaction between
ABP1 and ABP4, which is that the relationship between them is light-, organ- and response-dependent.

Key words: auxin, auxin-binding protein, growth, light, maize.

Résumé : Les auteurs ont identifié cinq protéines liant l’auxines « auxin-binding proteins » (ABPs), chez le maïs, sans pou-
voir établir clairement leurs fonctions. Ils ont utilisé trois mutants de maïs (abp1, abp4 et abp1abp4) pour comprendre le
rôle des ABPs dans la croissance et le développement du maïs. En serre, les mutants diffèrent du témoin par la croissance
de la feuille et son angle d’insertion sur la tige. Ils ont également étudié la croissance des mutants cultivés in vitro, dans le
noir, exposés à la lumière bleue (BL) ou rouge (RL), en présence d’auxine exogène. Les plantules étiolées des mutants s’a-
vèrent plus courtes et moins sensibles à l’auxine que les témoins de type sauvage. Les BL et RL atténuent la sensibilité des
plantules à l’auxine, cette réaction étant partiellement contrôlée par les phytochromes. La suppression de ABP1 et (ou)
ABP4 se caractérise par une accumulation différente d’auxine dans les organes des plantules étiolées ou cultivées à la lu-
mière. En conclusion, ABP1 et ABP4 jouent un rôle dans la croissance des plantules de maïs et leur réponse à l’auxine, et
interagissent avec la(es) voie(s) de signalisation de la lumière. Nous suggérons une interaction entre ABP1 et ABP4, toute-
fois dépendante de la lumière, de l’organe et de la réaction étudiés.

Mots‐clés : auxine, protéine liant l’auxine, croissance, lumière, maïs.

Introduction

Auxins play a central role in plant growth and develop-
ment, as they are involved in broad spectrum processes, in-
cluding embryogenesis, stem elongation, apical dominance,
photo- and gravitropism, and lateral root formation (reviewed
in Davies 2004 and Vanneste and Friml 2009). At the cellular
level, auxin acts to regulate these processes through changes
in cell division, cell expansion, and differentiation (reviewed

in Teale et al. 2006 and Perrot-Rechenmann 2010). At the
plant level, it has been demonstrated that endogenous, as
well as externally supplied, indole-3-acetic acid (IAA) stimu-
lates the growth of intact maize coleoptiles (Baskin et
al.1986; Iino 1995; Haga and Iino 1998). Epstein et al.
(1980) reported that maize kernels supply the coleoptile tip
with auxin in a conjugate form, from which free IAA is re-
leased by specific enzymes and moved from the coleoptile
tip to the elongation zone via polar transport (Goldsmith
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1977; Lomax et al. 1995). The underlying mechanisms of
cell elongation still remain the subject of debate, although
distinct interpretations of auxin-induced growth have been
proposed (Hager et al. 1971; Rayle and Cleland 1972, 1992;
Hoth et al. 1997; Claussen et al. 1998; Philippar et al. 1999;
Bauer et al. 2000; Becker and Hedrich 2002). On a longer
time scale (days), the elongation of various plant organs in
intact plants was shown to be inhibited by exogenous auxin
(Marten et al. 1991; Zimmermann et al. 1994; Boerjan et al.
1995; King et al. 1995; Keller and Van Volkenburgh 1996;
Thomine et al. 1997; Ephritikhine et al. 1999; Fellner et al.
2003, 2006).
The primary step of auxin signaling is the binding of an

auxin to an auxin receptor. In addition to the described func-
tion of auxin receptors from the TRANSPORT INHIBITOR
RESPONSE 1/AUXIN-BINDING F-BOX PROTEIN (TIR1/
AFB) family, putative auxin receptor, the AUXIN-BINDING
PROTEIN 1 (ABP1) has been identified (reviewed in Tromas
and Perrot-Rechenmann 2010, Shi and Yang 2011, Sauer and
Kleine-Vehn 2011, and Scherer 2011). ABP1 is a protein
with a high-affinity to auxin that was identified in maize co-
leoptiles over 30 years ago by its capacity to bind to radiola-
belled auxin (Hertel et al. 1972; Löbler and Klämbt 1985).
Several studies demonstrated that ABP1 acts at the plasma
membrane (Barbier-Brygoo et al. 1989; Leblanc et al. 1999),
conversely the predominant localization of ABP1 was found
to be in the endoplasmic reticulum lumen (Jones and Herman
1993). It was demonstrated that ABP1 mediates very early
auxin responses including modifications of ion fluxes across
the plasma membrane through the activation or deactivation
of ion channels (K+ cations) or transporters (H+) (Rayle and
Cleland 1980; Cleland et al. 1991; Ephritikhine et al. 1987;
Barbier-Brygoo et al. 1989, 1991; Leblanc et al. 1999; Nap-
ier et al. 2002). ABP1 specifically binds auxin and the level
of ABPs roughly correlates with the extent of cell responses
to auxin (Ray et al. 1977; Shimomura et al. 1988; Jones et al.
1989). In addition, constitutive over-expression of ABP1 in
maize or tobacco cells resulted in larger cells; this effect was
auxin dependent. These facts are consistent with ABP1 hav-
ing an auxin receptor function (Jones et al. 1998; Chen et al.
2001). The results of Chen et al. (2001) suggest that in to-
bacco leaf cells, ABP1 acts with a relatively low level of
auxin to mediate cell expansion, whereas high auxin levels
stimulate cell division potentially via an unidentified receptor
TIR1. However, the involvement of ABP1 in cell division has
also been identified in tobacco (Fellner et al. 1996), and the
characterization of the Arabidopsis loss-of-function mutant in
ABP1 indicates a dual role for the protein in cell expansion
and cell division during early embryogenesis (Chen et al.
2001). Previously, it was shown that ABP1 acts on the con-
trol of the cell cycle (David et al. 2007). The authors demon-
strated that cell cycle arrest provoked by ABP1 inactivation
could not be bypassed by exogenous auxin, suggesting the
role of ABP1 in an auxin-mediated control of the cell cycle.
Until 2008, no evidence had been provided that the ABP1
was involved in auxin-regulated gene expression. However,
recently Braun et al. (2008) demonstrated that ABP1 coordi-
nates cell division and cell expansion during postembryonic
shoot development in Arabidopsis and tobacco. The down-
regulation of ABP1 activity in Arabidopsis results in a de-
crease of the expression of a large spectrum of Aux/IAA

genes during shoot development (Braun et al. 2008), and
ABP1 is required for the auxin-induced expression of a subset
of Aux/IAA genes in roots (Tromas et al. 2009). The authors
present a model in which ABP1 is the major regulator of
auxin action on the cell cycle and regulates auxin-mediated
gene expression and cell elongation along with the TIR1-
mediated ubiquitination pathway. Recently, evidences were
provided that ABP1 is involved in the regulation of polar
auxin transport (PAT), thus affecting local auxin concentra-
tion, cell expansion, and early auxin gene regulation (Braun
et al. 2008; Robert et al. 2010; Xu et al. 2010; Effendi et al.
2011). In addition to ABP1, at least four other closely related
ABPs have been identified in maize so far (Hesse et al. 1989;
Schwob et al. 1993), but their roles in growth and develop-
ment have yet to be elucidated. Moreover, as far as we know
the existence of maize mutant knockout in genes other than
ABP1 or ABP4 (Im et al. 2000) have not been reported.
Light is an external factor that essentially regulates plant

growth in a complex interaction with internal factors includ-
ing auxins (reviewed in Tian and Reed 2001 and Halliday et
al. 2009). How auxins can be involved in light-induced
growth inhibition is not yet fully understood. Various studies
have shown a correlation between light responses and auxin
accumulation or PAT (reviewed in Tian and Reed 2001; Liu
et al. 2011). In fact, light reduces the intensity of PAT in the
etiolated coleoptile segments (Huisinga 1964, 1967; Naqvi
1975; Fellner et al. 2003) and reduces the content of free
IAA in etiolated maize seedlings (Briggs 1963; Bandurski
et al. 1977; Iino 1982a). Similarly, light was shown to de-
crease auxin transport in maize mesocotyls, revealing the
important role of light and PAT in the mesocotyl photomor-
phogenesis (Van Overbeek 1936; Vanderhoef and Briggs
1978; Iino 1982b; Jones 1990; Barker-Bridgers et al. 1998).
Recent research efforts led to the revelation that light path-
ways can modify auxin distribution by controlling the abun-
dance of P-glycoproteins and PIN-FORMED proteins (Sidler
et al. 1998; Friml et al. 2002; Nagashima et al. 2008; Zazi-
malova et al. 2010). A number of reports demonstrated the
existence of signaling elements shared by light and auxin
during elongation. Several links between light and auxins
have been defined using primary auxin-response genes as
genetic and molecular tools (Abel et al. 1995; Abel and The-
ologis 1996; Sitbon and Perrot-Rechenmann 1997; Tepper-
man et al. 2001; Devlin et al. 2003). Other hypotheses on
the mechanism of light-regulated growth have included
ABP1 (Walton and Ray 1981; Napier et al. 1988; Jones et
al. 1989; Jones and Venis 1989). This idea was supported
by the observation that a reduced abundance of ABP1 and a
reduced level of free IAA in red light (RL)-grown seedlings
were associated with a decrease in the mesocotyl growth
(Jones et al. 1991). It was also reported that the expression
of the ABP1 gene in leaf tissues of 2-week-old green maize
seedlings and in mature green leaves is much less than in
etiolated seedlings (Im et al. 2000). By contrast, the expres-
sion of another member of the ABP family, ABP4, in maize
mesocotyls was up-regulated in RL- and far-red light (FR)-
grown seedlings (Fellner et al. 2006).
We previously reported that in comparison to old maize

hybrids, cells of modern maize varieties developing upright
leaves were insensitive to auxin- and light-induced hyperpo-
larization of the plasma membrane. The expression analysis
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revealed an up-regulation of the ABP4 gene by auxin and
light in old hybrids but not in the modern ones (Fellner et
al. 2003, 2006). Although Im et al. (2000) reported no phe-
notypic changes in loss-of-function mutants in ABP1 and
ABP4 genes in maize, they found that a knockout of the
ABP4 gene resulted in a strong elevation (four to seven
times) of the ABP1 protein in etiolated seedlings. In contrast
to their observations, we previously found and reported dis-
tinct differences between the maize abp mutants and the
wild type (WT) in leaf declination (Fellner et al. 2006). To
uncover more information about the role of ABP1 and ABP4
in the growth and development of maize seedlings and their
cross-talk with light signaling pathways, we investigated in
more detail the phenotypes and growth responses in the loss-
of-function mutants in ABP1 and ABP4 genes.

Material and methods

Plant material, growth conditions, and measurement of
seedling growth
The loss-of-function mutants in ABP1 and ABP4 genes in

maize (Zea mays L.) were used for all experiments (Im et al.
2000). The abp mutants contained the Robertson’s Mutator
transposable elements (Bennetzen 1996) in ABP1 and (or)
ABP4 genes. Seeds of single mutants abp1 (B2 allele) and
abp4 (B2/K1 allele), double mutant abp1abp4 (B2/K1 allele),
and a near isogenic line (inbred line A619, here called WT)
were a gift from Alan M. Jones (The University of North
Carolina, Chapel Hill, N.C.). All mutants were tested for the
lack of ABP1 and (or) ABP4 gene expression (see Supple-
mental Fig. S1)1; they all showed stable phenotypes. The fy-
tochromobilin-deficient mutant elm1 (elongated mesocotyl 1)
was initially identified in the W22 background (Sawers et al.
2002), and it was also introgressed into the B73 background
(inbred maize line) by backcrossing five times (Dubois et al.
2010). Kernels of elm1 and B73 were kindly provided by
Thomas P. Brutnell (Boyce Thompson Institute for Plant Re-
search, Ithaca, N.Y.).
For experiments in Magenta plant culture boxes, seeds were

first washed with 70% ethanol for 3 min, rinsed with distilled
sterile water, and then soaked in Savo original solution (∼5%
sodium hypochlorite; Bochemie, s.r.o, Czech Republic) that
was supplemented with a drop of Tween20 (Calbiochem,
USA). Finally, the solution was shaken on a stirrer for 30 min
and then rinsed extensively with sterile distilled water. These
seeds were germinated on a 0.7% (w/v) agar medium in Ma-
genta GA-7 boxes (77 mm × 77 mm × 196 mm; Sigma-
Aldrich, Prague, Czech Republic) (six to nine seeds per box).
The basal medium (BM) contained Murashige and Skoog salts
(MS medium; Sigma-Aldrich, Prague, Czech Republic) (Mur-
ashige and Skoog 1962), 1% (w/v) sucrose, and 1 mmol·L–1

MES (2-(N-morpholino)-ethanesulfonic acid); pH was ad-
justed to 6.1 before autoclaving. In experiments with auxin,
the BM was supplemented with 1-naphthalene acetic acid
(NAA) in various concentrations. Seeds in the Magenta
boxes were placed in a growth chamber (Microclima
MC1000E, Snijders Scientific, the Netherlands) and incu-
bated at a temperature of 23 °C. For the development of
etiolated seedlings, the boxes were wrapped in aluminum

foil. Maize seeds were also incubated under continuous
blue light (BL) with a maximum irradiance at 460 nm or
in continuous red light (RL) with a maximum irradiance at
660 nm and both at 23 °C. BL and RL were provided by
blue (Philips TLD-36W/18-Blue, Phillips, USA) and red
(Philips TLD-36W/15-Red, Phillips, USA) fluorescent tubes.
The total photon fluence rates of BL and RL were
10 µmol·m–2·s–1. The fluence rate was measured with a
portable spectroradiometer (model LI-1800; LI-COR; Lin-
coln, Nebr.) calibrated by the Department of Biophysics at
Palacky University in Olomouc. In all conditions, 5-day-old
seedlings were measured. For experiments in the green-
house, plants were grown in soil (Potgrond H, Klasmann
Deilmann GmBH, Germany) in small pots (190 mm ×
190 mm; one seed per pot; 1 cm deep) and regularly wa-
tered. In summer, the plants grew in natural light conditions
with temperatures of 15 °C and higher. In winter, the plants
grew under high-pressure sodium lamps using PlantaStar
E40/ES 400 W (Osram GmbH, Germany) to maintain a
16-h photoperiod. The temperature was adjusted from 15 to
27 °C.
The size of various organs was measured with a ruler on

5-day-old intact seedlings developed in Magenta boxes on
BM. The mesocotyl length was measured from the scutellar
to the coleoptilar node, and the coleoptile length was meas-
ured from the coleoptilar node to the tip of the coleoptile.
The primary root length was measured from the scutelar
node to the root tip. For genotype, six to nine seedlings per
treatment that germinated on the same day were measured in
each experiment. When necessary, changes in growth (i.e.,
inhibition or stimulation) caused by an effector (light, exoge-
nous auxin) in the individual genotype were expressed in per-
cents based on the following formula: X = 100 × (A – B) / A,
where X is the change in growth (in %) and A and B stand for
growth (in mm) in the absence and presence, respectively, of
the effector.
For the study of the leaf characteristics, plants were grown

in soil in a greenhouse as described above and watered regu-
larly. Leaf angle (declination from vertical) was measured
with a protractor held at the leaf base, as described by Fellner
et al. (2003), in 5–10 intact plants of each genotype from 2 to
4 weeks after seed germination. Blade length was measured
with a ruler to the nearest millimetre. Leaf blades were
scanned with a scanner and the width and blade surface
were determined using ImageJ software (Abramoff et al.
2004).

Mesocotyl cross-section light microscopy and cell
diameter
Cross-sections (~0.5 mm) of etiolated maize mesocotyls

were performed using a razor blade. The sections were
stained ~5 min in methylene blue dye, subsequently washed
with distilled water, and then placed on a microscopy slide
into a drop of distilled water and overlapped with a cover
glass. Samples were examined using a light microscope
model OLYMPUS BX-60 and microphotographs were taken
using a CCD camera OLYMPUS DP71 (Olympus Czech
Group, Prague, Czech Republic). The diameter of cortical
cells was measured on microphotographs using ImageJ soft-

1Supplementary data are available with the article through the journal Web site (http://nrcresearchpress.com/doi/suppl/10.1139/b2012-071).
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ware (Abramoff et al. 2004). In each genotype tested, the di-
ameter of the cells in five cross-sections was measured, and
in each microphotograph, the diameter of ~70 randomly se-
lected cells was measured.

Extraction and quantification of endogenous auxin
For analysis of endogenous free IAA in coleoptiles, meso-

cotyls, and primary roots, 5-day-old maize seedlings grown
in Magenta boxes in dark (D), RL, or BL conditions as de-
scribed above were used. Organs were each separately ex-
cised from the seedling, placed individually into prechilled
aluminum foil envelopes, immediately frozen in liquid nitro-
gen, and then stored at –80 °C. Samples of ~10 mg of fresh
mass were extracted and purified by solid-phase extraction on
C8 column as described by Pěnčík et al. (2009). The eluates
were evaporated until dry in vacuo and analyzed for free IAA
content by UPLC (Acquity UPLC System, Waters) coupled
to triple quadrupole mass detection (Quatro micro, Waters).

Analysis of ABP transcripts
The presence or absence of ABP1 and (or) ABP4 transcripts

in the loss-of-function mutants in ABP1 and ABP4 genes in
maize was confirmed by reverse transcription PCR (RT–
PCR) as described in Fellner et al. (2006) with a slight modi-
fication. PCR of 25 cycles for ABP1 and of 28 cycles for
ABP4 were performed by denaturing the template cDNAs at
94 °C for 3 min followed by cycles of 94 °C for 30 s, 60 °C
for 30 s, 72 °C for 45 s, and 72 °C for 5 min. An ABP1
fragment (maize ABP1 gene accession No. L08425) was
amplified using oligonucleotides 5′-CCGCAAAGCAGC-
TATGGGATT-3′ from exon 2 and 5′-CGAAGGGGAATTT-
CAGTACCGCG-3′ from exon 5. An ABP4 fragment (maize
ABP4 gene accession No. L08426) was amplified using oli-
gonucleotides 5′-CAGCAGCGCAACTACGGGAGG-3′ from
exon 2 and 5′-AGTAGGGGAATTTCAGCTTTGCA-3′ from
exon 5. The primer pairs were previously described in Fell-
ner et al. (2006). PCR products (ABP1 as well as ABP4,
each 403 bp in size) were size fractionated by electrophore-
sis in a 1% (w/v) agarose gel stained with ethidium bro-
mide.

Statistical analysis
When needed, the statistical significance of the treatment

differences was assessed using Student’s t test.

Results
Contrary to Im et al. (2000) who reported no phenotypic

differences between abp mutants and the corresponding WT,
we previously observed distinct differences between the gen-
otypes in leaf angle development when plants were grown in
growth chambers (Fellner et al. 2006). Similarly, we observed
a number of other phenotypes in the abp mutants developed
in the greenhouse in WL conditions and in the Magenta
boxes on the BM when grown in D, BL, or RL conditions.
Im and co-authors observed that the level of the ABP1 pro-
tein in the abp4 mutant was four to seven times higher than
in WT, indicating that the elimination of the ABP4 gene acti-
vates ABP1 expression post-transcriptionally because the
ABP1 transcript levels did not differ among WT and abp4
mutants (Im et al. 2000). Based on this, and on our previous

observations of differential leaf angles in WT and abp mu-
tants, we expected some phenotype patterns in single or dou-
ble abp mutants. First, we expect that the single mutants
abp1 and abp4 will show opposite phenotypes. The opposite
phenotypes were observed for example in leaf angle and
width or length of the etiolated coleoptile (see below). Sec-
ond, if the increased ABP1 protein is partly responsible for
the abp4 single mutant phenotype, we expect that the ab-
p1abp4 double mutant will show a less extreme phenotype
than abp4, possibly similar to WT. This was found for exam-
ple in leaf blade length, diameter of etiolated mesocotyl, mes-
ocotyl length in RL, and the sensitivity of the etiolated
primary root to NAA (see below). Third, we also expect a
phenotype more extreme than single mutants or WT in the
case that the two genes are acting together, rather than in op-
position. This would be for example, in the case of the length
of the etiolated mesocotyl and the primary responsiveness of
the etiolated coleoptile and mesocotyl to NAA, or the level
of endogenous IAA in the etiolated coleoptile and primary
root (see below).

Loss-of-function mutants in ABP1 and ABP4 genes show
differential leaf growth
In this study, we investigated leaf development in 4-week-

old plants that were grown in a greenhouse. In WT, declina-
tion of the 2nd and 3rd leaf reached ~25° (Fig. 1). The muta-
tion in ABP1 led to the development of a significantly
smaller leaf declination (~20°), whereas the defect in the
ABP4 gene resulted in the development of leaves with a
larger angle (~28°). Interestingly, the loss of function in both
genes resulted in leaves with a declination similar to that ob-
served in the abp4 mutant. A comparable situation was ob-
served in the fully developed 4th leaf (Fig. 1). Leaf
declination in the double mutant and WT was not signifi-
cantly different for the 2nd leaf.

Fig. 1. Leaf angle of single maize mutants abp1 and abp4, double
mutant abp1abp4, and corresponding wild type (WT) grown in the
greenhouse. The leaf angle, measured as a declination from vertical
in 25-day-old plants (2nd leaf), 32-day-old plants (3rd leaf), and 35-
day-old plants (4th leaf), was determined with a protractor to the
nearest degree. For each genotype, 4 to 10 seedlings were measured
in every experiment. The values show the leaf angle (mean ± SE)
obtained in 12 independent experiments. * and ** indicate signifi-
cant differences (t-test; P ≤ 0.05 and P ≤ 0.01, respectively) from
the corresponding WT leaf.
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Mutations in ABP1 or ABP4 affected the overall features of
the leaves. In the single mutant abp1, leaf blades of the 2nd,
3rd, and 4th leaf were longer than in WT plants. In abp4 mu-
tants, the 2nd leaves were the same size as in WT, and blades

of the 3rd and 4th leaves were significantly longer than those
in WT (by ~17%) (Fig. 2a). The 2nd leaf of the double mu-
tant abp1abp4 was shorter than in WT plants, and the 3rd
and 4th leaves reached lengths similar to those observed in

Fig. 2. Length of leaf blade, leaf width, and leaf surface of single maize mutants abp1 and abp4, double mutant abp1abp4, and corresponding
wild type (WT) grown in the greenhouse. (a) The blade length and (b) leaf width in 25-day-old plants (2nd leaf), 32-day-old plants (3rd leaf),
and 35-day-old plants (4th leaf) were measured with a ruler to the nearest millimetre. (c) Examples of the widths of the bases in the 2nd, 3rd,
and 4th leaf in 1-month-old WT and abp mutant plants are shown. Scale bar = 5 mm. (d) The blade surface in 2nd, 3rd, and 4th leaf plants
was measured by scanning the leaf blades and afterwards determined using ImageJ software. For each genotype, 4 to 10 seedlings were mea-
sured in every experiment. The values show the measured parameters (mean ± SE) obtained in 12 independent experiments. * and ** indicate
significant differences (t-test; P ≤ 0.05 and P ≤ 0.01, respectively) from the corresponding WT leaf.
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WT plants (Fig. 2a). Leaf width was also affected by the mu-
tations (Figs. 2b, 2c). The base of the leaf in abp1 and the
double mutant was wider than in WT plants, especially in
the 3rd and 4th leaf. The narrowest leaf base was found in
the abp4 mutant (Fig. 2b). The examples of the base width
in the 2nd, 3rd, and 4th leaves in WT and the mutants are
shown on Fig. 2c. We also estimated the blade surface in the
2nd, 3rd, and 4th leaves using ImageJ software. Figure 2d
shows that the greatest blade surface was measured in plants
where ABP1 or both ABP1 and ABP4 were knocked out. The
single mutant abp4 showed a blade surface similar to that ob-
served in WT plants with the exception of the 2nd leaf,
where the mutant blade surface was distinctly smaller than
that measured in the WT plants (Fig. 2d).

Defects in ABP1 and (or) ABP4 cause changes in the
development of young maize seedlings in darkness or light
The effect of light on plant growth is extremely evident in

seedlings in the early stages of development. Based on the
differential phenotypes of abp mutants and WT in the green-
house, we determined the phenotypes of WT and mutant
seedlings developed in Magenta boxes on the BM 5 days
after kernel germination (Fig. 3). The single mutant abp1
grown in D developed a coleoptile similar to that of the WT
seedlings, whereas in abp4 and the double mutant the co-
leoptile was about 20%–30% shorter than the WT plant
(Fig. 3a). Different from the etiolated plants, mutations in
ABP1 and ABP4 only slightly affected elongation of coleop-
tiles in seedlings developed under BL and had no effect on
the coleoptile elongation in plants grown in RL (Fig. 3a).
Whereas the etiolated seedlings of single mutants abp1 and

abp4 did not show distinct differences in the mesocotyl
length compared with WT, the double mutant developed
mesocotyls significantly shorter than that observed in WT
(Fig. 3b). Whatever the genotype, mesocotyls grown in BL
were much shorter in comparison with the etiolated organs,
and the lengths of BL-grown mesocotyls were comparable to
WT and mutant seedlings. RL also strongly inhibited the
mesocotyl elongation in all genotypes. However, the knock-
out of the ABP4 gene led to the development of a signifi-
cantly longer mesocotyl than in WT, abp1, and the double
mutant (Fig. 3b).
Defects in ABP1 and (or) ABP4 also had an impact on the

length of the primary root (Fig. 3c). In etiolated seedlings,
loss of function in ABP1 or ABP4 resulted in a significant
reduction in the primary root growth. Notably, the double
mutation caused development of a primary root almost half
the length of the one observed in WT. The growth of the pri-
mary root in WT was reduced in BL by ~35%, whereas in
single mutants BL did not have an inhibitory effect on root
elongation. Compared with WT, the abp1 root in BL was
even longer. The length of the primary roots in BL-grown
abp4 seedlings was similar to those developed in WT plants,
whereas the lack of both genes led to the development of sig-
nificantly shorter primary roots than observed in WT plants.
Primary roots of WT seedlings developed under RL were
about 30% shorter than in etiolated plants. RL did not inhibit
the root growth in single or double mutants but roots in abp1
had a tendency to be longer (no significant difference was
observed) than the primary roots in WT. In abp4 and the
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Fig. 3. Comparison of seedling growth in single maize mutants abp1
and abp4, double mutant abp1abp4, and corresponding wild type
(WT) in response to darkness and light. Elongation of the (a) co-
leoptile, (b) mesocotyl, and (c) primary root was measured with a
ruler to the nearest millimetre in 5-day-old seedlings grown in Ma-
genta boxes on the BM in dark (D), blue light (BL), or red light
(RL) conditions. The results are the mean length ± SE obtained
from 5 to 12 independent experiments. In each genotype, six to nine
seedlings were measured in every experiment. * and ** indicate sig-
nificant differences (t-test; P ≤ 0.05 and P ≤ 0.01, respectively)
from WT in D; letters a, b indicate significant differences (t-test;
P ≤ 0.01 and P ≤ 0.05, respectively) from dark-grown seedlings of
the same genotype; c indicates a significant difference (t-test; P ≤
0.05) from WT in BL; d indicates a significant difference (t-test;
P ≤ 0.05) from WT in RL.
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double mutant abp1abp4, primary roots were of a length
similar to those observed in WT plants (Fig. 3c).
In etiolated mesocotyls, the mutation in ABP1 or ABP4 af-

fected the cell size. Figure 4a shows the microphotography of
the mesocotyl cross-sections stained with methylene blue
dye. It is manifested that in single mutants, the cells in all
rows are essentially smaller in radial direction than the cells
of WT plants. Interestingly, cell expansion was not signifi-
cantly affected in the double mutant. As shown in Fig. 4b, a
reduced mesocotyl diameter in single mutants abp1 and abp4
corresponded with the reduced diameter of cortical cells. It is
also evident that the loss of function in ABP1 or ABP4 does

not affect cell division, as the number of cells was the same
in WT and mutant plants (Fig. 4a).

Elimination of the ABP1 and (or) ABP4 gene alters
seedling growth responses to NAA
We previously reported that exogenous auxin reduces the

elongation of the etiolated maize coleoptile, mesocotyl, and
primary roots in intact maize hybrid seedlings (Fellner et al.
2003, 2006). We also revealed that the etiolated seedlings of
modern maize hybrids with reduced expression of the ABP4
gene showed reduced auxin-induced responses (Fellner et al.
2006). To determine the role of ABP1 and ABP4 in seedling

Fig. 4. Comparison of mesocotyl diameter in single maize mutants abp1 and abp4, double mutant abp1abp4, and corresponding wild type
(WT) seedlings grown in Magenta boxes in darkness. (a) Mesocotyl cross-section microphotograps (Scale bar = 200 mm). (b) Diameter of
cortical cells in etiolated mesocotyls of the WT and abp mutants. The values represent the mean ± SE obtained by measurement of cells in
five cross-section microphotographs for each genotype tested. In each cross-section, the diameter of ~70 randomly selected cortical cells was
measured. Values with different letters are significantly different (t-test; P ≤ 0.05) from each other.
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responses to auxin, we studied the effect of the auxin NAA
on the growth of abp mutants in D. The elongation of the
coleoptile in etiolated seedlings of all genotypes was gradu-
ally inhibited by auxin in a concentration-dependent manner.
However, as shown in Fig. 5a, the inhibition of the coleoptile
growth was essentially greater in WT plants than in all abp
mutants. Except for the lowest auxin concentration tested,
the double mutant showed half of the reduction of the co-
leoptile growth by NAA compared with the inhibition ob-
served in WT plants. For example, the coleoptile growth in
WT at the concentration 5 × 10–5 mol·L–1 NAA was inhibited

by ~50%, whereas in the double mutant the inhibition
reached ~25% (Fig. 5b).
Earlier we revealed that the modern hybrids respond less

than the old hybrids to light (Fellner et al. 2003, 2006). To
determine the role of ABP1 and ABP4 in possible auxin-light
cross-talk we further characterized the growth response of the
abp mutants in the presence of auxin in BL or RL condi-
tions. WT coleoptiles developed under BL or RL were essen-
tially less inhibited by NAA than the coleopiles grown in D.
For a clearer demonstration of the light effects on the coleop-
tile responsiveness to auxin, the data obtained for the growth
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Fig. 5. Elongation of the coleoptile, mesocotyl, and primary root in 5-day-old wild type (WT) and abp mutants in maize grown in vitro on the
BM in the absence or presence of auxin 1-naphthalene acetic acid (NAA; 10–6 to 10–4 mol·L–1), in dark (D), blue light (BL), or red light (RL)
conditions. Dose-response curves of the (a) etiolated coleoptile growth, (c) etiolated mesocotyl growth, and (e) primary root growth. For each
genotype and condition, the organ length in six to nine seedlings was measured in every experiment. The values represent the mean organ
length ± SE obtained from 5 to 12 independent experiments. NAA-induced growth inhibition of the (b) coleoptile, (d) mesocotyl, and (f)
primary root in seedlings developed in D, BL, or RL at an auxin concentration of 5 × 10–5 mol·L–1. The values are the mean growth inhibi-
tion ± SE calculated from the mean values in 5 to 12 independent experiments. +, *, and ** indicate significant differences (t - test; P ≤ 0.1,
P ≤ 0.05 and P ≤ 0.01, respectively) from WT in D; letters a, b indicate significant differences (t-test; P ≤ 0.01 and P ≤ 0.05, respectively)
from dark-grown seedlings of the same genotype; c indicates a significant difference (t-test; P ≤ 0.01 or 0.05) from WT in BL; d indicates a
significant difference (t-test; P ≤ 0.05) from WT in RL; e indicates a significant difference (t-test; P ≤ 0.1) from abp1abp4 in RL.
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of seedlings in BL and RL are shown in percentage of inhib-
ition by NAA at the concentration 5 × 10–5 mol·L–1 (Figs. 5b,
5d, 5f), and similar results were obtained for the other auxin
concentrations tested (data not shown). The figure shows that
in BL, NAA inhibited the coleoptile growth in WT by ~28%
and in RL by ~16%, i.e., two and three times less, respec-
tively, than in D (50%). The figures further show that in BL,
the coleoptile responsiveness to NAA of the single mutants
abp1 and abp4 was significantly less than in WT, whereas
BL-grown seedlings of the double mutant responded to
NAA similar to WT plants. Under RL, abp1 and the double
mutant showed very low responsiveness to auxin similar to
that in WT. Interestingly, the knockout of the ABP4 gene re-
sulted in a high sensitivity to the auxin of the coleoptile de-
veloped in RL (Fig. 5b), i.e., similar to that observed for
coleoptiles in etiolated mutant plants.
Exogenous auxin inhibited the elongation of etiolated WT

and abp mesocotyls in a concentration-dependent manner,
and again, a stronger response to exogenous auxin was ob-
served for the WT seedlings (Fig. 5c). Auxin-induced inhibi-
tion of the WT mesocotyl growth was only slightly reduced
by BL or RL. Except for abp1, the percentage of growth in-
hibition by NAA in abp4 and double mutant mesocotyls in
BL was distinctly less than in WT. In addition, the RL-grown
mesocotyls of all the mutants were markedly less responsive
to auxin than in WT plants (Fig. 5d).
The strongest inhibition of growth by exogenous auxin was

observed in the primary roots (Fig. 5e). Etiolated WT, abp1,
and double mutants showed similar responsiveness to NAA
(70%–80% at concentrations from 10–5 to 10–4 mol·L–1),
whereas etiolated roots in abp4 mutants were distinctly less
inhibited by auxin in all the concentrations tested. BL and
RL slightly decreased (in WT and double mutant), increased
(in abp4), or did not essentially influence (in abp1) the pri-
mary root responsiveness to NAA (Fig. 5f). A similar trend
was observed at all higher auxin concentrations tested (data
not shown).

Knockout of ABP1 and (or) ABP4 has a strong impact on
the levels of endogenous auxin
Differential responsiveness of WT and abp mutants to

exogenous auxin could reflect a differential level of endoge-
nous auxin. This led us to examine the amounts of free en-
dogenous IAA in all experimental genotypes. Free IAA was
analyzed in 5-day-old coleoptiles, mesocotyls, and primary
roots of seedlings grown in D, BL, or RL conditions.
In etiolated coleoptiles, mutation in the ABP1 or ABP4

gene did not result in any essential change in the accumula-
tion of free IAA. However, a twofold augmentation of free
IAA was observed in etiolated coleoptiles of the double mu-
tant (Fig. 6a). In WT, abp1, and double mutants, the amount
of IAA in the coleoptiles was markedly reduced in seedlings
grown in BL compared with those grown in D. Of note was
that the reduction was not significant in seedlings with the
ABP4 gene knocked out. In these cases the auxin level was
similar to that observed in the etiolated coleoptiles. RL dis-
tinctly reduced the accumulation of free IAA in the coleoptile
and the amount of auxin was similar in WT and abp mutants
(Fig. 6a).
In etiolated seedlings, mesocotyls of WT and abp mutants

accumulated a similar amount of free IAA and no matter the
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Fig. 6. Level of free indole-3-acetic acid (IAA) in (a) coleoptiles,
(b) mesocotyls, and (c) primary roots of 5-day-old seedlings of wild
type (WT) and abp mutants developed in Magenta boxes on the BM
in dark (D), blue light (BL), or red light (RL) conditions. Auxin
analysis was performed using an immunoaffinity column with an
immobilized polyspecific rabbit polyclonal antibody against IAA.
The final analysis was performed by HPLC coupled to MS/MS de-
tection with the use of a triple quadrupole mass spectrometer. The
data represent mean ± SE obtained from three independent repli-
cates. + and ** indicate significant differences (t-test; P ≤ 0.1 and
P ≤ 0.01, respectively) from WT in D; letters a, b indicate signifi-
cant differences (t-test; P ≤ 0.01 and P ≤ 0.05, respectively) from
dark-grown seedlings of the same genotype; c, d indicate significant
differences (t-test; P ≤ 0.01 and P ≤ 0.05) from WT in BL; e indi-
cates a significant difference (t-test; P ≤ 0.05) from WT in RL.
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genotype, RL had a negligible effect on the auxin content.
Interestingly, the loss of function in the ABP1 or ABP4 gene
led to a dramatic increase of IAA amounts in mesocotyls of
seedlings developed under BL. Even though the single mu-
tants exhibited changes in IAA amounts, the double mutant
grown in BL accumulated a similar amount of IAA to the
WT in their mesocotyls (Fig. 6b).
Knockout of the ABP1 or ABP4 gene led to a slight (not

significant) increase of IAA content in the primary roots of
etiolated seedlings. However, when both genes were switched
off the IAA amount was two times higher than in WT roots
(Fig. 6c). In the primary roots of WT seedlings grown under
BL or RL, the amount of free IAA was found to be similar to
that in etiolated roots. In comparison to WT roots, the muta-
tion in both genes led to a minor (not significant) augmenta-
tion of IAA in BL-grown roots and to a distinct increase of
auxin amounts in primary roots of seedlings developed in RL
(Fig. 6c).

The phytochrome-deficient mutant elm1 shows light-
dependent super-sensitivity to exogenous auxin
We showed that in WT seedlings BL and RL reduced the

inhibitory effect of exogenous auxin on the coleoptile elonga-
tion (Fig. 5b). We also revealed that coleoptiles of abp4 mu-
tants developed in RL were super-sensitive to the inhibitory
effect of exogenous auxin (Fig. 5b). The data indicated that
functional ABP4 could be an element or a target of the RL

signaling pathway, leading to the loss or reduction of the sen-
sitivity to exogenous auxin of the coleoptile. To test the hy-
pothesis if phytochromes are involved in this response, we
investigated the phytochrome-deficient mutant elm1 in maize
for its sensitivity to exogenous auxin. On the BM, etiolated
seedlings of WT and elm1 mutants developed coleoptiles of
similar length, and BL- or RL-induced de-etiolation of co-
leoptiles was less evident in elm1 than in WT plants (Fig. 7a).
In D, NAA inhibited the coleoptile elongation in a concentra-
tion-dependent manner in both genotypes. The inhibition of
the coleoptile growth is shown in Fig. 7b for the concentra-
tion 5 × 10–5 mol·L–1. In BL and RL, auxin inhibited the co-
leoptile growth in B73 significantly less than in D. However,
the responsiveness of the elm1 coleoptile to auxin in BL and
RL was comparable to that observed in the etiolated coleop-
tile (Fig. 7b). In the absence of NAA, BL and RL inhibited
the mesocotyl growth in elm1 essentially less than in B73
(Fig. 7c). When seedlings grew in the presence of NAA, the
inhibition of mesocotyl elongation in B73 was much less in
BL and RL compared with the etiolated plants. In contrast,
auxin inhibited mesocotyl growth in elm1 in the same man-
ner as in D, BL, or RL conditions (Fig. 7d).

Discussion
In Arabidopsis, the sole ABP gene, ABP1, was identified

(Palme et al. 1992), and its knockout resulted in an arrest of
seedling development at the globular stage of the embryo

Fig. 7. Growth responses of the maize elm1 mutant and corresponding wild type (WT; B73) cultured in dark (D), blue light (BL), and red
light (RL) conditions on the BM, some of which were supplemented with 1-naphthalene acetic acid (NAA; 5 × 10–5 mol·L–1). The effect of
BL or RL on the elongation of etiolated (a) coleoptiles and (c) mesocotyls are shown. The values are the mean length ± SE from six inde-
pendent experiments, with six to nine plants measured in every experiment in each of the light conditions. The growth inhibition of the (b)
coleoptile and (d) mesocotyl in seedlings was developed in D, BL, or RL conditions on the BM, supplemented with NAA (5 × 10–5 mol·L–1).
The values are the mean growth inhibition ± SE calculated from the mean values in six independent experiments. The letter a represents a
significant difference (t-test; P ≤ 0.05) from B73 in D.
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(Chen et al. 2001). Different from Arabidopsis, the maize
ABP family contains at least five closely related members
(Hesse et al. 1989; Schwob et al. 1993). It was reported that
two available loss-of-function mutants in ABP1 and ABP4
genes do not show a distinct phenotype (Im et al. 2000), sug-
gesting a functional redundancy in maize. We previously re-
ported that the abp1 and abp4 mutants develop more erect
and more horizontal leaves, respectively, than corresponding
WT plants (Fellner et al. 2006). Our results therefore suggest
that ABP1 and ABP4 play an important role in the develop-
ment of maize leaf declination. The aim of this study was to
characterize the phenotype of maize abp mutants with more
detail to indicate other possible roles of ABPs in the growth
and development of maize plants. In addition, based on our
previous work (Fellner et al. 2003, 2006), we investigated
whether defects in ABP1 and ABP4 genes may affect light-
and auxin-mediated changes in the growth of maize seed-
lings.

ABPs control different aspects of the maize plant
architecture
Our experiments on leaf declination in plants grown in the

greenhouse support our previous data obtained in growth
chamber conditions (Fellner et al. 2006), i.e., abp1 mutants
develop more erect, whereas abp4 less erect, leaves than WT
plants. Im et al. (2000) previously reported that knockout of
ABP4 results in a dramatic increase of ABP1 level. We did
not analyze the accumulation of ABP1. However, in agree-
ment with the results of Im and co-authors, our data suggest
that functional ABP4 may negatively regulate ABP1, which
would positively mediate leaf angle development. Thus, the
abp4 phenotype reflects the overproduction of the ABP1 pro-
tein. The absence of ABP1 and ABP4 transcripts in the dou-
ble mutant resulted in expectation of a leaf angle similar to
abp1 or even smaller. However, the opposite occurred with
leaves in the double mutant showing a big declination similar
to that in the abp4 mutants, and thus suggesting that the si-
multaneous knockout of ABP1 and ABP4 triggers substitute
pathway(s) for maintaining development of leaf declination.
These pathways may include the involvement of other mem-
bers of the ABP family (Schwob et al. 1993) or, of course,
other signaling elements.
Phenotypic analyses of abp mutants further revealed that

ABP1 and (or) ABP4 control the elongation and the lateral
growth of the leaf blade and therefore the final blade surface.
Based on our results, it seems that later in the plant develop-
ment, ABP1 or ABP4 positively influences blade elongation,
but simultaneously they reduce the activity of each other in
this growth response. The WT phenotype of the double mu-
tant knockout of ABP1 and ABP4 thus confirms the pheno-
type expectation above (see Results). The phenotypes of
single mutants further indicate that the functional ABP1
keeps leaf blades narrower, while a positive role of ABP4 in
the blades lateral growth cannot be excluded. The phenotype
of the double mutant then indicate that when both genes are
knocked out, an alternative and even stronger pathway may
assure blade growth. Altogether, the model in Fig. 8 proposes
that the functional ABP1 is positively involved in leaf decli-
nation and blade elongation but negatively regulates lateral
blade growth. We further suggest that ABP4 reduces the ac-

tivity of ABP1 in all these growth processes, and that for
blade elongation ABP1 may suppress the activity of ABP4.

ABPs regulate development of maize seedlings
differentially in darkness and light
Our experiments on adult mutants suggested that ABP1 and

ABP4 are involved in maize leaf growth. We therefore investi-
gated whether the ABPs control the development of seedlings.
Our results indicate that ABP1 and (or) ABP4 are involved in
the growth of maize seedlings, and that their effects and func-
tional relationship are organ- and light-dependent (Table 1).
First, our analysis of mutant seedlings suggests that ABP4,
but not ABP1, is required for the growth of the etiolated co-
leoptile. The short coleoptile in the double mutant abp1abp4
supports this idea. Since the loss of function of ABP1 and (or)
ABP4 genes had no significant effect on the coleoptile growth
in BL or RL, we conclude that for growth of the coleoptile in
light conditions, functional ABP1 and ABP4 are not essential.
The development of a markedly shorter etiolated mesocotyl

in double but not in single mutants indicates the requirement
of both ABP1 and ABP4 during the elongation of the etiolated
mesocotyl and suggests that ABP1 and ABP4 may substitute
for each other. Our results further indicate that these genes are
not essential for the BL-induced mesocotyl de-etiolation. In
RL, the defect in ABP1 does not influence the mesocotyl
growth, whereas the mesocotyl of ABP4 knockout plants
was twice as long as in the WT. Considering that the abp4
mutant contains high levels of the ABP1 protein (Im et al.
2000) even in RL, our data indicate that ABP1 has a posi-
tive effect on the mesocotyl elongation, whereas the direct
effect of ABP4 remains obscure. Our results may support
the hypothesis of Jones et al. (1991) that the RL-induced
inhibition of the mesocotyl growth could be partially caused
by the RL-induced reduction of ABP1 abundance. The nor-
mal mesocotyl elongation in the double mutant abp1abp4
grown in BL or RL leads to the conclusion that in the light

Fig. 8. A working model showing the effect of ABP1 and ABP4 on
the development of the leaf angle and the growth of the leaf blade.
We propose that ABP1 is positively involved in the leaf angle de-
velopment and blade elongation, and it negatively contributes to lat-
eral blade growth. ABP4 then seems to play a negative role in leaf
declination, whereas it contributes positively to blade elongation and
likely in lateral blade growth. Simultaneously, it seems that in all the
growth responses tested, ABP4 (or ABP4) suppress the activity of
ABP1, whereas for blade elongation, ABP1 (or ABP1) suppress the
activity of ABP4. The arrows and T-bars represent positive and ne-
gative effects, respectively.
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the elimination of both ABP1 and ABP4 triggers an alterna-
tive pathway regulating the mesocotyl growth.
The knockout of the ABP4 gene causes the reduction of the

primary root length in etiolated single mutants and even more
in the double mutant, whereas the knockout of ABP1 only
weakly affect the root growth. The data suggest that ABP4 is
preferentially involved in the stimulation of the elongation of
the etiolated primary root. Contrary to Arabidopsis, in maize
seedlings BL or RL inhibits primary root elongation. Our re-

sults show that the knockout of ABP1 enables roots to grow
significantly more in BL (and RL, but insignificantly),
whereas the knockout of ABP4 results in normal (WT-like)
root growth. It therefore seems that especially in BL, ABP1
itself has no effect on the root elongation but it suppresses
the promoting effect of ABP4 on this growth response. The
fact that in BL and RL the primary root of the double mutant
grew more or less similar to WT just confirms this conclusion
(expected phenotype, see Results).

Table 1. Proposed functions of ABP1 and ABP4 during growth of maize seed-
lings cultured for 5 days in sterile conditions in the Magenta boxes in dark (D),
blue light (BL), or red light (RL) conditions.

Measured response Light condition Effect of ABP1 and (or) ABP4
Coleoptile
Elongation D ABP4(+)

BL x
RL x

IAA accumulation D ABP1(–), ABP4 (–)*
BL ABP1(+), ABP4 (?)
RL x

Mesocotyl
Elongation D ABP1(+), ABP4 (+)*

BL x
RL ABP1(+), ABP4 (?)

IAA accumulation D x
BL ABP1(+), ABP4 (+)▪

RL x
Cell size D ABP1(–), ABP4 (–)
Primary root
Elongation D ABP4(+)

BL ABP4(+)▪

RL ABP4(+)▪

IAA accumulation D ABP1(–), ABP4 (–)*
BL x
RL ABP1(–), ABP4 (–)*

Note: x, indicates no involvement of ABP1 or ABP4; +, a positive effect; –, a negative
effect; *, a substitution for each other; ▪, where ABP1 (ABP1) affects negativey ABP4.
Based on Im et al. (2000) post-transcriptional activation of ABP1 by ABP4 is assumed in
all the responses measured.

Table 2. Proposed involvement of ABP1 and ABP4 in NAA-induced inhibition
of maize seedlings cultured for 5 days in sterile conditions in the Magenta boxes
in dark (D), blue light (BL), or red light (RL) conditions.

Measured response Light condition Effect of ABP1 and (or) ABP4
Coleoptile
Growth inhibition D ABP1(?), ABP4 (+)

BL ABP1(+), ABP4 (+)
RL ABP1(+)

Mesocotyl
Growth inhibition D ABP1(?), ABP4 (+)

BL ABP4(+)
RL ABP1(+), ABP4 (+)

Primary root
Growth inhibition D ABP4(+)

BL x
RL x

Note: x, indicates no involvement of ABP1 or ABP4; +, a positive effect; –, a negative
effect. Based on Im et al. (2000) post-transcriptional activation of ABP1 by the ABP4 is
assumed in all the responses measured.
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The knockout of ABP1, but especially the lack of the ABP4
gene, causes a reduction of the radial expansion of cells of all
types in the etiolated mesocotyl (Fig. 4). This indicates that
ABP1 and ABP4 are negatively involved in the mesocotyl
cell enlargement but also that both proteins may belong to a
regulatory loop, affecting their mutual activity. Therefore, as
expected (see Results), the double mutant abp1abp4 shows
WT phenotype.

Knockout of ABP1 and (or) ABP4 affects the
accumulation of endogenous auxin in maize seedlings
Analysis of the endogenous auxin revealed that functional

ABP1 and ABP4 are, depending on the organ and light con-
ditions, involved in the accumulation of free endogenous
IAA (Table 1). Based on our measurements, we suggest that
in the etiolated coleoptile, functional ABP1 and ABP4 reduce
the level of endogenous IAA and that they likely substitute
for each other in the maintenance of the normal (WT-like)
level of IAA. We further deduce that in BL conditions, the
level of endogenous IAA in the coleoptile is positively con-
trolled by ABP1, whereas the role of ABP4 remains unclear.
Finally, the level of IAA in RL-developed coleoptile does not
seem to be controlled by ABP1 nor ABP4. It further seems
that in the mesocotyl, the level of IAA is positively regulated
mainly via ABP1 (or possibly via ABP4) only in seedlings
developed in BL conditions, while ABP1 and ABP4 suppress
each other’s activity (Fig. 6b). This is supported by the ex-
pected WT level of IAA in the mesocotyl of the double mu-
tant developed in BL. Levels of IAA in the primary roots in
D and RL conditions seem to be regulated similarly as ob-
served in etiolated coleoptiles. It does not appear likely that
ABPs regulate the IAA levels in roots developed in BL.

Growth responses of loss-of-function mutants indicate
that ABP1 and ABP4 are involved in maize seedling
responses to exogenous auxin
The concentration of and sensitivity to hormones is the

controlling aspect of hormone action (Davies 1995). To bet-
ter understand the role of ABP1 and ABP4 in the auxin- and
light-regulated growth of maize seedlings, we analyzed, in
addition to the amounts of endogenous free IAA, the sensitiv-
ity (responsiveness) of maize seedlings to auxin NAA in var-
ious organs of the seedlings reacting to light conditions. The
study of intact seedling responses to exogenous auxin (often
roots) became one of the methods for the selection of various
mutants affected in auxin physiology (e.g., Maher and Bell
1990; de Souza and King 1991; reviewed in Fellner 1999).
Therefore, the testing of plant responses to exogenous auxin
is one of the appropriate methods for the investigation of
auxin-regulated growth and development. It is not still fully
understood why exogenous auxin, in contrast to endogenous
auxin, inhibits elongation growth in various plant species. It
is expected that the mechanism of this auxin effect is quite
complex and may involve for example, cross-talk between
various hormones (Ephritikhine et al. 1999). However, one
of the proposed mechanisms is that the application of exoge-
nous auxin results in a supraoptimal concentration of auxin
in the tissues that results in the inhibition of elongation (Ha-
senstein and Evans 1988). In agreement with this, we clearly
have shown that the etiolated WT coleoptile, with a high
level of free IAA, is sensitive to the inhibitory effect of

NAA much more than light-developed coleoptiles, which
contain significantly less free IAA when compared with co-
leoptiles of etiolated seedlings (Fig. 5a). In the mesocotyl
and primary root, the levels of endogenous IAA was not sig-
nificantly altered by BL or RL. In agreement with that, the
sensitivity of the organs did not change much in BL or RL
(Figs. 5b, 5c).
Our experiments further showed that etiolated coleoptiles

and mesocotyls of the single mutants partially lost their re-
sponsiveness to exogenous auxin, and the responsiveness to
NAA in the double mutant was the lowest. The data indicate
that the ABP1 and ABP4 act together in responsiveness to
exogenous auxin. The results suggest that rather than ABP1,
ABP4 mediates the growth inhibition of the etiolated maize
coleoptile and mesocotyl induced by exogenous auxin (Ta-
ble 2).
In comparison to the responsiveness in D, the responsive-

ness of the coleoptile and mesocotyl in light-developed WT
seedlings to the inhibitory effect of exogenous auxin was re-
duced. Using the phytochrome mutant elm1 in maize, we
demonstrated that the effect of BL and RL on the coleoptile
and mesocotyl responsiveness to exogenous auxin is medi-
ated at least partially by phytochromes. Our results further
suggest that under BL and especially in RL conditions,
ABP1 and ABP4 contribute to the responses of coleoptiles
to the inhibitory effect of exogenous auxin. Again, this is
supported by the expected WT-like responsiveness to NAA
of the double mutant. Our results further indicate that in BL
the inhibition of the mesocotyl elongation by exogenous
auxin is mediated by ABP4 without the essential participa-
tion of ABP1, whereas both ABP4 and ABP1 seem to be in-
volved in the mesocotyl responses to exogenous auxin in RL
conditions.
A loss of function in the ABP4 gene, but not in ABP1, re-

sulted in decreased sensitivity of the etiolated primary roots
to exogenous auxin. The data suggest that auxin-induced in-
hibition of elongation in the etiolated primary roots is con-
trolled via ABP4. The high responsiveness of the double
mutant roots to exogenous auxin indicates that the simultane-
ous knockout of ABP1 and ABP4 results in a substitute path-
way that enables the primary root to respond almost fully to
exogenous auxin. BL and RL did not essentially affect WT
root growth responses to the inhibitory effect of auxin. It in-
dicates that the responsiveness of light-grown roots to exoge-
nous auxin is controlled via ABP1- and ABP4-independent
pathways.
In conclusion, we have shown that the loss-of-function

mutants in ABP1 and (or) ABP4 genes in maize show strik-
ing phenotypes. Our results indicate that functional maize
ABP1 and ABP4 are involved in the leaf development and
growth, and in the elongation of etiolated seedlings. Further-
more, we have shown that ABP1 and (or) ABP4 mediate the
responses of etiolated seedlings to exogenous auxin. Results
of the analyses of endogenous auxin suggest that in darkness
or light the growth capacity of WT and mutant seedlings
does not simply correspond with the observed changes in lev-
els of free IAA in coleoptiles, mesocotyls, and primary roots
(Table 1). Differentially, the changes in the levels of endoge-
nous IAA in etiolated and light-grown WT seedlings likely
influences their responsiveness to exogenous auxin. This
confirms that the auxin-regulated growth of maize seedlings
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is a complex process and certainly involves the activity of the
putative receptors ABPs and endogenous IAA. Here, we fur-
ther showed that in BL or RL the responsiveness of maize
seedlings to exogenous auxin is less than in D, and our data
led to the conclusion that the light-induced reduction of the
responsiveness to exogenous auxin is mediated at least by
phytochromes. Based on our results, we propose that ABP1
and ABP4 cross the phytochrome pathway, and thus they
can function as common elements of the light and auxin sig-
naling pathways involved in the development of maize seed-
lings. However, because our data also showed that the
functional relationship between ABP1 and ABP4 is organ-
and response-dependent, additional research is required to
elucidate the molecular mechanisms of the interaction be-
tween light and ABPs in the growth and development of
maize plants.

Acknowledgements
We thank Renáta Plotzová, Marie Karlická, Věra Chyti-

lová, and Jan Humplík for their excellent technical assistance.
We especially thank Alan M. Jones (University of North Car-
olina) and Thomas Brutnell (Boyce Thompson Institute for
Plant Research) for providing kernels of the maize mutants.
We also thank Pamela Lewis for her help in revising the Eng-
lish text. The work was supported by the Ministry of Educa-
tion of the Czech Republic (grant no. 1P05ME792 to M.F.)
and by EU (grant no. MRTN-CT-2006-035833).

References
Abel, S., and Theologis, A. 1996. Early genes and auxin action. Plant

Physiol. 111(1): 9–17. doi:10.1104/pp.111.1.9. PMID:8685277.
Abel, S., Nguyen, M.D., and Theologis, A. 1995. The PS-IAA4/5-like

family of early auxin-inducible mRNAs in Arabidopsis thaliana.
J. Mol. Biol. 251(4): 533–549. doi:10.1006/jmbi.1995.0454.
PMID:7658471.

Abramoff, M., Magelhaes, P., and Ram, S. 2004. Image processing
with ImageJ. Biophotonics Int. 11(7): 36–42.

Bandurski, R.S., Schulze, A., and Cohen, J.D. 1977. Photo-regulation
of the ratio of ester to free indole-3-acetic acid. Biochem. Biophys.
Res. Commun. 79(4): 1219–1223. doi:10.1016/0006-291X(77)
91136-6. PMID:603655.

Barbier-Brygoo, H., Ephritikhine, G., Klämbt, D., Ghislain, M., and
Guern, J. 1989. Functional evidence for an auxin receptor at the
plasmalemma of tobacco mesophyll protoplasts. Proc. Natl. Acad.
Sci. U.S.A. 86(3): 891–895. doi:10.1073/pnas.86.3.891. PMID:
16594015.

Barbier-Brygoo, H., Ephritikhine, G., Klämbt, D., Maurel, C., Palme,
K., Schell, J., and Guern, J. 1991. Perception of the auxin signal at
the plasma membrane of tobacco mesophyll protoplasts. Plant J.
1(1): 83–93. doi:10.1111/j.1365-313X.1991.00083.x.

Barker-Bridgers, M., Ribnicky, D.M., Cohen, J.D., and Jones, A.M.
1998. Red-light-regulated growth. Changes in the abundance of
indoleacetic acid in the maize (Zea mays L.) mesocotyl. Planta,
204(2): 207–211. doi:10.1007/s004250050248.

Baskin, T.I., Briggs, W.R., and Iino, M. 1986. Can lateral
redistribution of auxin account for phototropism of maize
coleoptile? Plant Physiol. 81(1): 306–309. doi:10.1104/pp.81.1.
306. PMID:16664796.

Bauer, C.S., Hoth, S., Haga, K., Philippar, K., Aoki, N., and Hedrich,
R. 2000. Differential expression and regulation of K+ channels in
the maize coleoptile: molecular and biophysical analysis of cells

isolated from cortex and vasculature. Plant J. 24(2): 139–145.
doi:10.1046/j.1365-313X.2000.00844.x. PMID:11069689.

Becker, D., and Hedrich, R. 2002. Channelling auxin action:
modulation of ion transport by indole-3-acetic acid. Plant Mol.
Biol. 49(3–4): 349–356. doi:10.1023/A:1015211231864. PMID:
12036259.

Bennetzen, J.L. 1996. The contributions of retroelements to plant
genome organization, function and evolution. Trends Microbiol.
4(9): 347–353. doi:10.1016/0966-842X(96)10042-1. PMID:
8885169.

Boerjan, W., Cervera, M.T., Delarue, M., Beeckman, T., Dewitte, W.,
Bellini, C., Caboche, M., Van Onckelen, H., Van Montagu, M.,
and Inzé, D. 1995. superroot, a recessive mutation in Arabidopsis,
confers auxin overproduction. Plant Cell, 7(9): 1405–1419. doi:10.
1105/tpc.7.9.1405. PMID:8589625.

Braun, N., Wyrzykowska, J., Muller, P., David, K., Couch, D., Perrot-
Rechenmann, C., and Fleming, A.J. 2008. Conditional repression
of AUXIN BINDING PROTEIN1 reveals that it coordinates cell
division and cell expansion during postembryonic shoot develop-
ment in Arabidopsis and tobacco. Plant Cell, 20(10): 2746–2762.
doi:10.1105/tpc.108.059048. PMID:18952781.

Briggs, W.R. 1963. Red light, auxin relationships, and the phototropic
responses of corn and oat coleoptiles. Am. J. Bot. 50(2): 196–207.
doi:10.2307/2439853.

Chen, J.G., Ullah, H., Young, J.C., Sussman, M.R., and Jones, A.M.
2001. ABP1 is required for organized cell elongation and division
in Arabidopsis embryogenesis. Genes Dev. 15(7): 902–911.
doi:10.1101/gad.866201. PMID:11297513.

Claussen, M., Lüthe, H., Blatt, M., and Böttger, M. 1998. Auxin-
induced growth and its linkage to potassium channels. Planta,
201(2): 227–234. doi:10.1007/BF01007708.

Cleland, R.E., Buckley, G., Nowbar, S., Lew, N.M., Stinemetz, C.,
Evans, M.L., and Rayle, D.L. 1991. The pH profile for acid-
induced elongation of coleoptile and epicotyl sections is consistent
with the acid-growth theory. Planta, 186(1): 70–74. doi:10.1007/
BF00201499. PMID:11538124.

David, K.M., Couch, D., Braun, N., Brown, S., Grosclaude, J., and
Perrot-Rechenmann, C. 2007. The auxin-binding protein 1 is
essential for the control of cell cycle. Plant J. 50(2): 197–206.
doi:10.1111/j.1365-313X.2007.03038.x. PMID:17376160.

Davies, P.J. 1995. The plant hormone concept: concentration,
sensitivity and transport. In Plant hormones: biosynthesis, signal
transduction and action! Edited by P.J. Davies. Kluwer Academic
Publisher, Dordrecht, the Netherlands. pp. 13–38. [ISBN: 978-
0792329855.]

Davies, P.J. 2004. Plant hormones: physiology, biochemistry and
molecular biology. Kluwer Academic Publishers, Dordrecht, the
Netherlands.

de Souza, L., and King, P.J. 1991. Mutants of Nicotiana
plumbaginifolia with increased sensitivity to auxin. Mol. Gen.
Genet. 231(1): 65–75. doi:10.1007/BF00293823. PMID:1836527.

Devlin, P.F., Yanovsky, M.J., and Kay, S.A. 2003. A genomic
analysis of the shade avoidance response in Arabidopsis. Plant
Physiol. 133(4): 1617–1629. doi:10.1104/pp.103.034397. PMID:
14645734.

Dubois, P.G., Olsefski, G.T., Flint-Garcia, S., Setter, T.L., Hoekenga,
O.A., and Brutnell, T.P. 2010. Physiological and genetic
characterization of end-of-day far-red light response in maize
seedlings. Plant Physiol. 154(1): 173–186. doi:10.1104/pp.110.
159830. PMID:20668057.

Effendi, Y., Rietz, S., Fischer, U., and Scherer, G.F.E. 2011. The
heterozygous abp1/ABP1 insertional mutant has defects in
functions requiring polar auxin transport and in regulation of
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Supplemental Fig. 1, RT-PCR analysis of the absence and/or presence of ABP1 and ABP4 
transcripts in knockout maize single mutants abp1, abp4 and double mutant abp1abp4, and 
in the corresponding WT. Seedlings were grown in darkness in a growth chamber for one 
week. The procedures of RNA purification, cDNA synthesis and RT-PCR were the same as 
described by Fellner et al. (2006) with slight modification mentioned in Material and Methods. 
Using specific primers, PCR products (ABP1 and ABP4, both 403 bp in size) were size 
fractionated by electrophoresis in a 1% (w/v) agarose gel stained with ethidium bromide. 
 


