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1 Introduction

1 Introduction

Auxin is a hormone involved in many aspects of plgrowth and development such as
embryogenesis, lateral root formation, vascularettgyment, tropism, apical dominance and
senescence (reviewed in Kepinski and Leyser, 20@Gdhe cellular level, auxin is involved

in the regulation of cell elongation, cell divisiand cell differentiation.

The most abundant naturally occurring auxin is le€®acetic acid (IAA) (Figure
1.1). Many synthetic auxins, such asnaphthalene acetic acido-NAA) and 2,4-
dichlorophenoxyacetic acid (2,4-D) (Figure 1.1) aaeailable and are used both in

experimental approaches and commercially, mostheaicides.

OH O — CH, — COOH E—

CH; — COOH a a ocH,8

0 X
\ 90 :
cl 2-Methoxy-3,

I ; ; ichlorobenzoic acid
a-Naphthalene acetic acid 2,4-Dichlorophenoxyacetic 6-dic
g Indole-3-acetic acid (@-NAA) Al i

(IAA)

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 hesdsdid horticulture and agriculture. The most widebged are
probably dicamba and 2,4-D, which are not subjedireakdown by the plant and are very stable (Ptaden
from Plant Physiology online™edition and adapted).

1.1  Auxin perception

One of the first steps of a hormone action is itgling to a receptor. Beside the described
function of auxin receptors from the TRANSPORT INBHTOR RESPONSE 1/AUXIN-
BINDING F-BOX PROTEIN (TIR1/AFB) family, putative uxin receptor, the AUXIN-
BINDING PROTEIN 1 (ABP1) has been identified (rewed in Tromas and Perrot-
Rechenmann, 2010; Shi and Yang, 2011; Sauer andei&hn, 2011, and Scherer, 2011).
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TIR1 is an F-BOX protein, which is located in theckeus and allows the recognition
and the degradation of repressors of auxin-regiiiggmes. Once the repressors are degraded,
transcription of early auxin response genes canrodicectly and leads to auxin responses.
TIR1 encodes a member of large family of F-box protémslved in regulated proteasome-
mediated protein degradation (Kepinski and Ley2@@5b; Dharmasiri et al, 2005).

ABP1 has been shown to participate in fast auxspaases at the plasma membrane,
to mediate auxin control of cell division and cellongation, and lately, to modulate
regulation of early auxin response genes (reviewedromas et al, 2010). All these
functions support its role as an extracellular peaefor auxin.

1.1.1 Auxin-Binding Proteins (ABPS)

Auxin binding proteins (ABPs) are components of iausignalling pathways. They were
identified relatively early in the crude fractioo etiolated maizeZea mays L.) coleoptiles
(Hertel et al, 1972), and so far, at least five AR the literature also found as Zm-ERabp
(Zea mays endoplasmic reticulum auxin-inding protein), 22i{B¥ or ABPzm1) have been
identified in maize (Schwob et al, 1993). Howewbeir function in maize growth is still
poorly understood. In contrast to maize Arabidopsis ABP gene family is represented by
the only one membeABP1 (Palme et al, 1992).

1.1.1.1  Structureand localization of ABPs

First sequence data of ABP were obtained in 198@s<e et al, 1989; Tillmann et al, 1989).
Hesse et al. (1989) purified three maize ABPs (ABRBP2 and ABP3) from crude
coleoptile membrane fractions. Few years laterw®thet al. (1993) cloned, sequenced and
compared three maize genes encoding ABP1, ABP4ABRb. In the predicted amino acid
sequences four key features were found:
1) atransit peptide,
2) a C-terminal KDEL sequence thought to be imedlin retaining proteins in the
endoplasmic reticulum (ER),
3) the HRHSCE sequence thought to be responsiblauxin binding (Venis et al,
1992) and
4) an NXT glycosilation site.
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ZmABP1 forms homodimer of 20-22 kDa (Hesse et @89). The mature proteins of
ZMmABP1 and ZmABP4 are 85% identical and the mapugein of Arabidopsis ABP1 is
63% and 64% identical to ZmABP1 and ZmABP4 proteiespectively (Schwob et al,
1993). Despite the presence of the KDEL sequentigeat-terminus (Pelham, 1990; Napier
et al, 1992), a fraction of ABP1 reaches the plasmebrane (Leblanc et al, 1999; Diekman
et al, 1995). Indeed, in maize, ZmABPL1 is mainlgaied in the ER, with less than 5%
exported to the plasma membrane (Henderson et 987;1Feckler et al, 2001). In
Arabidopsis and tobacco, the relative amount of ABP1 in thedERt the plasma membrane
is much more equally distributed than in maize (8mura et al, 1999). Therefore, it has
been proposed that ABP1 cycles between the ER langlasma membrane (Jones, 1990;
Cross, 1991). The optimal pH binding of NAA is SvBih essentially no binding around pH7,
which supports the concept that in the ER the ABPhaves as a very low affinity auxin
binding site, whereas the optimal conditions far liinding are at the plasma membrane
(Lobler and Klambt, 1985).

In maize, ABP1 was detected in roots, mesocotytdeaptiles, ears and tassels
(reviewed in Jones, 1994). Its abundance correlatgld growing regions of etiolated
seedling, i.e. apical regions of mesocotyl, basgians of coleoptiles and young leaves.
Using reverse genetic approach and Robertddutstor transposable element system, Im et
al. (2000) isolated and characterized three maige-bf-function mutants iBmABP1 and/or
ZmABP4 genes. Analysing the phenotype albp mutants they observed no significant
differences between the singlbpl andabp4 and doubleabpl/abp4 mutants, suggesting the
functional redundancy of these gene family in maldewever, they did observe that the
amount of ABP1 protein iabp4 mutant was 4-7 times higher than in WT, whereasAiBiel
transcript level did not differ among WT and indival abp4 mutants. This data indicate that
the elimination of theABP4 gene activatesABP1 expression post-transcriptionally. The
expression analysis @mABP genesl and4 revealed thaZzmABP4 gene showed highest
expression in male floral tissue whifanABP1 was most expressed in female flower parts
(Im et al, 2000). In addition, both genes were brgexpressed in the coleoptile compared to
primary leaves of etiolatedea mays seedlings (Hesse et al, 1993; Schwob et al, 1983).
Arabidopsis, ABP1 is crucial for the embryogenesis becauséogs-of-function in the null

abpl mutant causes embryo lethality already at the \globstage (Chen et al, 2001). In
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contrast, plants heterozygous for the mutatiorha gingleArabidopsis ABP1 gene do not

exhibit any phenotype (Chen et al, 2001).
1.1.1.2 Auxin-dependent responses mediated by ABP1

In Arabidopsisthaliana, ABP1 is involved in numerous auxin-dependent oasps including
early responses at the plasma membrane, regulatigene expression, cell division and cell

expansion (reviewed in Tromas et al, 2010).

Auxin induces the decrease of the cytosolic pHIéFet al, 1986, 1991; Felle, 1988;
Shishova and Lindberg, 1999) by promoting prototreseon into the cell wall (Rayle and
Cleland, 1980; Cleland et al, 1991) inducing th@drpolarizaton of the plasma membrane
(Ephritikhine et al, 1987). Acidification of the teacellular space can activate cell wall
expansins, the major agent for cell wall loosenthgs facilitating future expansion of the
cell wall (Cosgrove, 2000). Activation of a voltagependent inward rectifying’kKchannels
(Figure 1.2) contributes to the water uptake, whechecessary for cell expansion (Ruck et
al, 1993; Philippar et al, 1999; Philippar et &102).

ABP1 is involved in the binding of auxin at the gif@a membrane (Goldsmith, 1993;
Timpte, 2001; Napier et al, 2002) and polyclondiilardies directed against maize ABP1
inhibit auxin-mediated hyperpolarizaton of the phasmembrane (Barbier-Brygoo et al,
1989) and cell division of tobacco mesophyll prdésgs (Fellner et al, 1996). In addition,
maize ABP1 added to the tobacco protoplasts enkaheeauxin-mediated hyperpolarizaton
(Barbier-Brygoo et al, 1989). Taken together, thesmilts suggest that the auxin-induced
processes are mediated by ABP1 at the outer fatteegilasma membrane (Barbier-Brygoo
et al, 1989; Barbier-Brygoo et al, 1991). Since tABP1 protein has no putative
transmembrane region in its sequence, the existefica “docking protein” has been
proposed (Figure 1.2). Auxin is perceived by ABRMhich binds to the docking protein,
allowing the transduction of the signal inside ttel (Klambt, 1990). The C-terminal
peptide-binding protein (CBP1) is a potential cdate as docking protein (Shimomura,
2006). However, the direct interaction of CBP1 wi&BP1 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 plasmambrane by ABP1, which interacts with an unknown
membrane-associated protein or protein complexkidgcprotein). Binding of auxin to ABP1 activates a
cascade of events including activations of the masnembrane proton pump ATPase-@&TPase) and
potassium (K) inward rectifying channels. The activation of tH&ATPase induces hyperpolarization of the
plasma membrane and acidification of the extratzllapace which contributes to cell wall loosenifige
increase of intracellular Kcontributes to the uptake of water which is esaefdr cell expansion. It is not
known whether these early events are part of aalligg cascade controlling downstream ABP1-mediated
cellular responses (scheme adapted from Tromds2QX0)

Chen et al. (2001) proposed a model in which ABa high-affinity auxin receptor
mediating auxin-regulated cell elongation at lowiaulevels, whereas another unknown
low-affinity auxin receptor exists, which is inveld in auxin-regulated cell division. The
work of David et al. (2007) with the functional ctevation of ABP1 in tobacco BY2 cells or
in tobacco andirabidopsis plants demonstrated that ABP1 is crucial for aurgulation of
the cell cycle, acting at both the G1/S transiaod G2/M transition.

The involvement of ABP1 in auxin-induced cell expam has been reported in maize
coleoptile protoplasts andrabidopsis hypocotyls (Steffens et al, 2001) as well as in
protoplasts of peaP{sum sativum) stem epidermal cells (Yamagami et al, 2004). AB1
involved in the regulation of early auxin respogemes. Indeed, the accumulation of 10 of
the 14Aux/IAA transcripts rapidly reduced in shoots tissues ohgoseedlings after a short-
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term ABP1 inactivation. In addition, the responsiess of the same genes to auxin was also
affected with an increased response in shoot, elesiereduced response in roots (Braun et
al, 2008). ABP1 is involved in the auxin-dependstimulation of cell expansion in leaves
and acts as a negative regulator of cell expansioroots as observed for auxin itself
(reviewed in Tromas et al, 2010). Recently, evigsnwere provided that ABP1 is involved
in the regulation of polar auxin transport (PATHu$ affecting local auxin concentration and
cell expansion (Braun et al, 2008; Robert et al,®2Xu et al, 2010; Effendi et al, 2011).

1.2 Relationship between auxin and calcium

Auxin action causes different effects on the caluevel. Auxin induces increase in the
cytosolic free calcium (G4 concentrations (Felle, 1988; Shishova and Lingb2004). In
addition, as a response to auxin, a cytosolic wmlization and a transient increase of
cytosolic C&" concentrations in guard cells have also been tegqfricker et al, 1994;
Gehring et al, 1998)

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

homeostasisin plant

Ccd" is an important divalent cation, which plays masgential roles in plants. istone of

the most essential macronutrients for plants astg also as a second messenger mediating a
wide range of cellular responses (Sanders et 8R2Beside its role as a second messenger,
it is an essential plant nutrient required for giiowand development, especially for the root
and shoot, which meristematic regions are veryvadii cell divisions. C& helps in the
formation of microtubules that are essential inahaphase of mitotic division. Egplays a

role in strengthening the cell wall by cross-lirgitne carboxyl groups of the pectic polymers
(Cleland et al, 1990) as well as in maintaining sheictural and functional integrity of the
outer surface of the plasma membrane (Clarkson Hadson, 1980). Ga is also an

important counterion for inorganic and organic asin the vacuole.

C&"* concentration in the cytosol fluctuates in respatosgrowth, development and

environmental perturbations (Sanders et al, 199@raD et al, 2000). Although an elevated
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cytosolic C&" concentration is necessary for signal transductioprolonged increase in
Cd" in cytosol is lethal. Sustained high cytosolic*Caoncentration is implicated in
apoptosis, both during normal development and ipelsensitive responses to pathogens
(Levine et al, 1996). Different biotic (the hormanabscisic acid, auxin and giberellin,
pathogen elicitors, bacterial and fungal signald andulation factors) and abiotic signals
(light, low and high temperature, touch, hyperosmsiress and oxidative stress) can change
the free C& concentration in the cytosol (Sanders et al, 2008g free cytosolic CGa is
maintained at very low concentrations ranging fro®d to 200 nM (Bush, 1995). However,
the pool of cytosolic Ca is much higher due to the presence of'@inding proteins with
high affinity for C&". In contrast, cell wall and cellular compartmesish as vacuole, ER
and mitochondria, contain mM concentrations of ‘Canaking large concentration gradients
across the plasma membrane and endomembranesadheles serves as a primary pool of
Cd" ions in plant cells (Ueoka-Nakanishi et al, 1999)ring biological responses, €aan

be mobilized from and to the vacuole to act asraracellular signalling molecule (Marty,
1999).

As a second messenger,’Cs involved in different signalling pathways inclod
auxin signalling pathway. Two signalling pathwaysvé been proposed to participate in
auxin-induced internode growth in peBidum sativum): an ABP1l-independent pathway,
which is dependent on extracellular ?Cand an ABP1-dependent pathway, and not
dependent on extracellular € Yamagami et al, 2004). However, latter case da@s n

exclude the involvement of intracellular Cin auxin response through ABPs.

As a consequence of concentration gradients acnessbranes, Gapassively enters
the cytosol through Ga channels (Chung et al, 2000) either from apoplastfrom
intracellular organelles (vacuole, ER and mitochi@)d The control of C4 homeostasis can
be achieved through four mechanisms?‘Cehannels, C&-binding proteins (calmodulin,
CaM-like proteins, calcineurin B-like proteins a@df*-dependent protein kinases), “Ga
ATPases and G4H* exchangers (CAtion eXchangers, CAXs) (Sanders, €082; Pittman
and Hirschi, 2003).

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

spatial characteristics of €antracellular signal. The opening of €achannel influences
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local biochemical processes since the diffusiorCef" within the cytoplasm is very low
(Clapham, 1995) and buffering of €an the cytoplasm is very high (Malhé et al, 1998;
Trewavas, 1999). The opening of‘Cahannel produces a local increase in cytosolit’ Ca
concentration that dissipates rapidly after thenclkehhas closed. Trewavas (1999) suggested
that the local elevation of &zconcentration might generate soluble second messerspich

as nositol trisphosphater cyclic ADP ribose that diffuse through the cytoplasm to activate
a relay of spatially separated ahannels. This activation of €achannels produces

‘waves’ within the cytoplasm by the successive uignrent of receptive Gachannels.

The binding of C& to C&*-binding proteins changes their structural and/or
enzymatic properties and provokes their subseqmegrtaction with target proteins, which
can alter solute transport and enzymatic activitiegtoskeletal orientation, protein
phosphorylation cascades and gene expressionyplet specific physiological response is
determined not only by the cytosolic Caerturbations, but also by the expression of"Ca
binding proteins, their affinities for both €aand target proteins and the abundance and

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

C&* is removed from the cytosol by €aATPases and G&H" exchangers which
activity is energized by the pH gradient establisbg proton pumps, such as-ATPase or
H*-pyrophosphatase (HPP-ase). The stoichiometry of the vacuolar CAX leesn estimated
to be 3H/1C&" (Blackford et al, 1990). G&ATPases and G4H" exchangers insure a low
cytosolic C&" concentration in the cell appropriate for the pjasmic metabolism. They
provide C&" in the ER for the secretory system to functiora(BI2000; Ritchie et al, 2002)
and remove divalent cations, such as’M#In®*, Ni** or Zrf*, from the cytosol, to support
the specialized biochemistry of particular orgaeelland to prevent mineral toxicities
(Hirschi, 2001; Wu et al, 2002). The relative impmice of C&-ATPases and G&H*
exchangers in each of these functions is still earclHirschi (2001) suggested that*Ga
ATPases, which have high affinity @<1-10 uM; Evans and Williams, 1998) but low
capacity for C& transport, are responsible for maintaining'Q@meostasis in the cytosol
of the resting cell, whereas the{Jal* exchangers, which have lower affinities,£10-15
uM) but high capacities for Ghtransport, are likely to remove €drom the cytosol during

Cd" signals and thereby modulate?Cperturbations in the cytosol.
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1.2.2 CAtion eXchangers (CAXS)

As mentioned earlier, CAXs belong to the group obt@ins that mediate the cations
extrusion from the cytosol out of the cell or te $torage compartments maintaining optimal
cytosolic ionic concentrations (Shigaki et al, 200Bhey can function as &#H" and/or
heavy metal (Cd and Mrf*)/H* exchangers (Hirschi et al, 1996; Hirschi et alp®0
Several C&/H" antiporters have been isolated from bacteria, ifang plants (lvey et al,
1993; Cunningham and Fink, 1996; Hirschi et al, @) 99he phenotypes afax mutants
suggest the involvement of CAXs and“Caignalling in several processes such as plant
development, hormonal responses or cold acclimg@atala et al, 2003; Cheng et al, 2003,
2005). In plants, they can be localized at the jiasi, the plasma membrane or the thylakoid
membrane (Hirschi, 2001; Cheng et al, 2003; Kasdi lduto, 1990; Ettinger et al, 1999).
However, the localization of most of the CAXs igl sthknown. First planiCAXs, AtCAX1
and AtCAX2, were isolated fronf\rabidopsis thaliana by their ability to sequester €anto
vacuoles ofSaccharomyces cerevisiae mutants deficient in Ga vacuolar transport (Hirschi
et al, 1996). The high-affinity, high-capacity Jai* transporte’AtCAX1 is highly expressed

in response to exogenous “Can plants, whereas the low affinity €41" transporters
AtCAX2 andAtCAX4 are not induced by exogenous’Cishigaki and Hirschi, 2000; Hirschi,
2001). Up to date several CAXs were isolated fraifeint plant species (Table 1.1).

Species Gene name Reference
AtCAX1 Hirschi et al, 1996
AtCAX2
Arabidopsis thaliana AtCAX3 Shigaki et al, 20C
AtCAX4 Cheng et al, 20(
AICAXS Maser et al, 2001
AtCAX6
OsCAXla
OsCAX1b
Oryza sativa OSCAX1C Kamiya et al, 2005
OsCAX2
OsCAX3
Vigna radiata VCAX1 UeokéeNakanishi et al, 19¢
Capsella bursa-pastoris | CbCAX51 Lin et al, 200!
Hordeum vulgare HVCAX2 Edmond et al, 2008
Lycopersicon esculentum |  LeCAX2
Zea mays ZmHCX1 Shigaki & Hirschi, 200

Table 1.1 List of known CAX sequencesin different plant species.
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Shigaki and Hirschi (2000) identified the first nomot CAX-like gene in maize
named ZmHCX1. Despite the high homology to the previously chtmazed CAXs,
ZmHCX1 could not overcome the €agrowth defect in yeast mutant defective in’Ca
vacuolar transport suggesting that this gene damsencode for the vacuolar €&*
transporter in maize (Hirschi et al, 1996; Ueokdd&tashi et al, 1999, 2000; Shigaki and
Hirschi, 2000).

All of the CAXs characterized so far share some room features. They are
approximately 400 amino acids long and are preditbehave 11 transmembrane domains
(Kamiya and Maeshima, 2004). They contain a certgarophilic motif, rich in acidic
amino acid residues (the acidic motif), that bisebe polypeptide into two groups of five or
six transmembrane spans (Hirschi, 2001). Two dosnamodulate CAX activity: the N-
terminal regulatory region (NRR) (Pittman and Hits2001) and the Gadomain (CaD)
(Shigaki et al, 2001). The NRR of AtCAX1 is 36 amiacids long. Whereas the NRR must
be removed to ensure a proper?Caansport across the tonoplast Saccharomyces
cerevisiae (Pittman and Hirschi, 2001), ilsrabidopsis, the presence of the NRR is necessary
to get the active antiporter (Cheng et al, 2003)e NRR is predicted to be present in all
Arabidopsis CAX-like transporters. This region controls AtCAXttivity as well as other
CAX transporters including VCAX1 and AtCAX2 (Pittmand Hirschi, 2001; Pittman et al,
2002, 2004). The CabD region is 9 amino acids long ia AtCAX1 it is located between
amino acids 87 and 95 (Figure 1.3).

Shigaki et al. (2001) have shown that expressioAtGAX3 in yeast does not induce
changes in C& transport and transgenic tobacco expres@t@AX3 did produce any
alteration in its ion sensitivity. However, wheret@aD region of AtCAX1 was introduced
into AtCAX3 the expression of the chimeric protémluced in yeast an increased transport
of C&" and ion sensitivity of transgenic tobacco plaritsilar to those of tobacco plants
over-expressingtCAX1 (Hirschi, 1999). When the CaD of AtCAX1 was fugedAtCAX2,
which besides G transports also Gd and Mrf*, this resulted in an increase in vacuolar
transport of C& with no noticeable change in the transport of ofioass. Shigaki et al.
(2002) have shown that the lle residue at the os87 within the CaD is necessary for the
cd”* transport.
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A) AtCAX1
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Figure 1.3 Ca* domainsin the CAX-like genes.

(A) The region shown is put into context of the ent@AX open reading frame with a hydropathy plot of
AtCAX1 (Shigaki and Hirschi, 2000). The positionfstbe 36-amino acid N-terminal regulatory regidtRR),
the C&* domain CaD), and the acidic motif areighlighted.

(B) Alignment of deduced amino acid sequences betweerdeduced first and second membrane-spanning
domains (M1 and M2) of polypeptides encodedAythaliana (At) CAX1, CAX2, and CAX3, mung bean
VCAX1, and S cerevisiae (Sc) VCX1. Alignments were performed by using CLUSTAM 1.8 program
(Baylor College of Medicine; Thompson et al, 199€pnsensus amino acid residues hozed in black
(identical) orgray (similar). (Adapted from Shigaki et al, 2001)

The plant CAX family can be divided into two clustebased on their different
substrate specificity: type I-A (transports predoanitly C&") includes AtCAX1, AtCAX3,
AtCAX4 from Arabidopsis and OsCAX1la, b and ¢ from rice, whereas type trBngports
multiple cations such as €aCd*, Mn*") contains AtCAX2, AtCAX5 and AtCAX6 from
Arabidopsis and OsCAX2, 3 and 4 from rice (Shigaki et al, 2006

1.2.3 Relationship between auxin, Ca**, ABPsand CAXs

In plants, the cytosolic pH is slightly alkalinedais regulated by the Hpumps on the
plasma membrane (P-ATPase) and tonoplast (V-ATRaseH-PP-ase). CAX-mediated
transport may alter the cytosolic Taconcentration and pH, as well as intracellulaf*Ca
gradients (Barkla et al, 2008). Any slight altevatin pH has the potential to significantly
reduce C& loading to the vacuole and thus dramatically atter cytosolic C4 levels

11
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(Pittman et al, 2005). The overexpressioiAEAX1 in Arabidopsis resulted in an increased
V-ATPase activity, whereas mutations MICAX1 caused a decrease in the measured V-
ATPase activity (Cheng et al, 2003). Arabidopsis caxl mutant, the Cd-pump (C&'*-
ATPase) is upregulated as a compensatory mechaaisarrect the perturbations in the’Ca
gradient (Cheng et al, 2003). In turn, the P-ATRamdd be activated in order to restore the
normal cytoplasmic content of 'HBarkla et al, 2008; Zhao et al, 2008). However, all

CAX mutants show this complex feedback.

Sincecax1l mutant inArabidopsis shows typical symptoms of auxin deficiency (i.e.
reduction of the number of lateral roots and bramghshoots), it can be assumed that
AtCAX1 is involved in the auxin transduction pathyvas well as in the mobilization of the
intracellular C&' (Cheng et al, 2003). Moreover, these mutants shaltedations in auxin-
mediated growth responses and altered expressiaoxifi-regulated promoters, reinforcing
the idea that CAXs are important components oftlnan signalling pathway. Very recently,
it was demonstrated that vacuolar CAX1 and CAX3iabidopsis influence auxin transport
in guard cells via regulation of apoplastic pH (Ghal, 2012). The authors also showed that
caxl and cax3 mutants are less responsive than WT to the IAAwed inhibition of
hypocotyl elongation.

Up to date, no information is available concernihg possible interaction between
ABP1 and CAXs. On the base of literature data,aih de assumed that auxin action,
mediated via ABP1 could change the cytosolié’@ancentration via the regulation of ¢a
transport by both AtCAX1 and AtCAX2, which are s#ine to and regulated by cytosolic
pH (Pittman et al, 2005). However, the involvemehtauxin in the regulation o€AX
expression in maize and the role of ABPs in thissgde relationship has not been
investigated yet. Moreover, maize CAX homologs ¢€AX1 still remain to be identified
and characterized.

Shishova and Lindberg (2010) proposed a hypotHetnalel of auxin perception,
which explains the possible interplay among ABPAATPase and cytosolic &a(Figure
1.4). The extrapolation of this model could alsglain the relationship between auxin,
ABP1 and the vacuolar €auptake provided by CAX.

12
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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 receptdhiwithe nucleus and results in rapid expressioauxin-
induced genes. A possible perception of auxin & plasma membrane might appear through the 2-
subunitreceptor. The external subunit is providgdABP1, while the transmembrane domain is still emd
discussion. It might be coupled with a G-proteid &®ad to an activation of phospholipases, andbaesguent
elevation of cytosolic free Gaconcentration through receptor-operated IP3-régdlahannels. The receptor
transmembrane domain might also representa&@ennel, which manages fast shifts if Gancentration via
extracellular C&. In both cases the rise in free?Caoncentration results in short inhibition of-ATPase,
which causes a number of physiological effectslutliog cytosol acidification. (Figure taken fromiStova,
and Lindberg, 2010)

1.3 Functional interplay between auxin and light

As it was mentioned before, auxin, as an interaeldr, has multiple effects on the growth of
plants including cell enlargement required for stelmngation, leaf expansion and tropic
growth. Auxin also inhibits lateral shoot growthdapromotes lateral root formation. On the
other side, light, as an external factor, regulamesierous developmental events including
seed germination, stem elongation, apical hook iogeneaf expansion, phototropism,
chloroplast movement. These overlapping functiohauxin and light indicate a functional
interplay between them (reviewed in Tian and R@€@1; Halliday et al, 2010However,
mechanisms of a cross-talk between auxin and aghtstill not fully understood (reviewed

13
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in Halliday at al, 2009). In addition, it is stifiot completely known how auxin could be

involved in the light-induced growth inhibition.

It has been shown that light affects auxin biosgsth (lino, 1982a; lino, 1982b;
Nishimura et al, 2006), homeostasis (Tanaka eR2@0D2; Hoecker et al, 2004), transport
(Jones et al, 1991; Jensen et al, 1998; Nagashins, €008) and signalling/response
(Galston and Baker, 1953; Kondo et al, 1969). Numerstudies have shown the existence
of a correlation between light responses and aaairtent or polar auxin transport (PAT).
For example, light reduced the intensity of PATetiolated coleoptile segments (Huisinga,
1964, 1967; Naqvi, 1975; Fellner et al, 2003) amduced the concentration of free 1AA in
etiolated maize seedlings (Briggs, 1963; Bandueskil, 1977; lino, 1982a). Several studies
have implicated the importance of light and PATmesocotyl photomorphogenesis (Van
Overbeek, 1936; Vanderhoef and Briggs, 1978; lir@82b; Jones, 1990; Barker-Bridgers et
al, 1998). It has been shown that auxin distributan be modified by light which controls
the abundance of auxin efflux carriers, P-glycopird (PGPs) and PIN-FORMED proteins
(PINs) (Sidler et al, 1998; Friml et al, 2002; Nsigana et al, 2008). In addition, several
studies provided the evidence of light controlliagxin-regulated genes (reviewed in
Halliday et al, 2010)

Several hypotheses have been made about the imvehteof ABP1 in the light-
regulated growth (Walton and Ray, 1981; Napierletl@88; Jones et al, 1989; Jones and
Venis, 1989). For example, Jones et al. (1991) sllothat the red light (RL) reduced the
growth rate of maize mesocotyl by decreasing th&tesd of IAA and the abundance of
ABP1. In addition, Im et al. (2000) reported thapeession ofABP1 in maize seedlings was
much less in light- than in dark-grown plants. Byhtast, Fellner et al. (2006) showed that
the expression oABP4, another member of ABP family, was up-regulatedniesocotyl of
RL- and far red light (FR)-grown maize seedlinggetestingly, Béucka and Fellner (2012)
showed that functionadBP1 and ABP4 are required for normal expressionRifiYB gene
and that expression dPHYB is not reduced by white light wheABP1 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 tegon of shoot and leaf growth was
intensively reviewed (Tian and Reed, 2001; Che®12Mengler and Kang, 2001; Casal et
al, 2003). In leaves, auxin and light promote epansion (Cosgrove, 1994; Jones et al,
1998). Leaf growth is regulated by light acting yiaytochrome and other photoreceptor
signalling pathways (Downs, 1955; Dale, 1988; Vaalkénburgh and Cleland, 1990).
Cellular mechanisms of light-stimulated leaf expansnvolve enhanced proton efflux from
mesophyll and epidermal cells. In epidermal cdilsie and red light increase the proton
efflux by two different mechanisms (Van Volkenburgtal, 1990; Van Volkenburgh, 1999).
Elzenga (1997) proposed that the blue light stiteslgroton efflux by a direct interaction
between the blue light receptor and the proton puwmbereas the red light-induced
stimulation of proton pump may involve an indirecbdulation of calcium and potassium
channels (Staal et al, 1994; Elzenga, 1997). Howevis still unknown how light and auxin

interact in the regulation of the leaf angle depetent.

One of the interesting phenotypic characters of enodnaize hybrids is their more
upright leaf position in comparison with the olddensity sensitive varieties. It is assumed
that upright leaves are responsible for the obskteterance of modern maize hybrids to
neighbours and higher yield in dense planting (Bkiv2001). Previous results obtained from
the analysis of maize hybrids led to the hypothtdsas the development of upright leaves in
the modern maize hybrids is a consequence of thdirced responsiveness to auxin, light,
and increased expression ABP4 compare to old hybrid (Fellner et al, 2003, 2008)e
authors further showed that in both hybrids (old emodern), light (white, red and blue) can
increase the leaf declination from the verticalevdas N-1-naphthylphthalamic acid (NPA),
an inhibitor of PAT, reduced the leaf declinationald, but not in modern maize hybrids.
Their results further support the hypothesis thixiraand PAT are involved in the elongation
of maize seedlings and that light interacts witliawr PAT in the regulation of the leaf

declination.
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1.3.2 Morphology of maize leaf

The maize leaf has three major axes along whichphwogical differentiation occurs:

proximodistal, mediolateral, and adaxial-abaxiabrédventral) (Bennetzen et, a&009;
Figure 1.5).
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Figure 1.5 The anatomy and major growth axes of the maize leaf.

a) Image of the adaxial (upper) surface of the meaf showing distal blade and proximal sheatpassed by
the ligule/auricle region. (b) Scheme illustratihg axes of the maize leaf relative to the mais akithe plant.

Photo taken from Handbook of Maize: Its BiologyriBger 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 teaf and is the primary axis of
growth. The mediolateral axis is defined as midwwb margin and can also permit an
extensive growth. By contrast, the adaxial-abaaias, which extends across the leaf from
the upper to the lower surface, comprises onlydestinct cell layers.

The maize leaf, typical for the grasses, is dividaeo three regions: the proximal
sheath, the distal blade and the central ligulgrorethat connects these two parts (Figure
1.5). The sheath wraps around the stem, providiaghanical support for the blade, which
projects outwards to catch the light and is optedifor photosynthesis. Ligular region
consists of the ligule and auricles, specializéahtgular structures that allow the blade to
bend outwards thus describing leaf angle (Figu®. Eellner et al. (2003) proposed that the
length of the auricles is proportionally associatetth the leaf angle declination in maize.
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Leaf angle

b

Blade —\'t"’-\

Figure 1.6 A schematic representation of maize leaf angle.

The sheath (proximal part of maize leaf) wraps adothe stem, providing mechanical support for ttael®
(distal, free part of maize leaf), which projectgweards describing the leaf angle.

1.4 Maize mutantsin ABP genesasamodel of study

Maize is the most productive grain crop in the worrchaeological and molecular data
indicate that modern maize was domesticated frerwild grass ancestor teosin#ed mays
ssp. parviglumis) in southern Mexico (Mesoamerica) between 6.600 @000 years ago
(Figure 1.7).

Modern Carn

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

The suppression of branching from the stalk of Tr@esesulted in a lower number of ears per plantdiows
each ear to grow larger. The hard case aroundédheekdisappeared over time. Today, maize hasajdstv
ears of maize growing on one unbranched stalk ¢goiNational Science Foundation).
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Maize plant can be used for many purposes - evamyqgd the plant has commercial
value. Maize is used both as human and livestockl fas well as feedstock for many
industrial products including maize oil, sweetenengize starch, alcohol for beverages and
ethanol as a car fuel. In addition, new bioprodwsiish as amino acids, antibiotics and
biodegradable chemicals and plastics are increlgsimgng synthesized using maize as a raw

material.

Maize is also very important plant as an experimlentodel both for fundamental
and applied research. For example, it was the npd&zeé where Hertel et al. (1972) detected
first ABP activity from the crude membrane fractiohetiolated coleoptiles. The maize loss-
of-function mutants made by the means of Robertsanutator transposable element
(Bennetzen, 1996) represent a very good reseanthlsing reverse genetic approach, Im et
al. (2000) isolated and characterized three mazs-bf-function mutants iABP1 and/or
ABP4 genes. They observed no obvious phenotypic diffte between single maize
mutantsabpl and abp4, double mutantabpl/abp4 and wild type (WT), suggesting the
redundancy of ABPs in maize. In contrast to Imle{2000), Fellner et al. (2006) observed
that the sameabp mutants developed leaves with altered declinatompared to WT
suggesting that ABPs may play a role in the augectavth and the leaf angle development.
Therefore, the maize loss-of-function mutantABP genesl and4 are good experimental
models which can help in elucidating the mechars$ry which auxin (via ABPs or not)

may regulate the auricle growth and consequendyeaaf angle in maize.
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2 Theaimsof thisPh.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
Ca”*/H* antiporter has been isolated and characterized so far. Considering the fact that auxin
influences the level of Ca?* during the signalling transduction events, it can be hypothesized

that vacuolar CAXs can aso be involved in one of the stepsin 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, Ca?*, ABPs and CAXs play arolein 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
regul ated by the light quality?

2) Can maize seedling development be altered by modifying Ca®* and auxin status?

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

devel opment?
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3 Material and Methods

3.1 Plant material

The loss-of-function mutants lBP1 andABP4 genes in maizeZéa mays L.) were used for
all experiments (Im et al, 2000). Thabp mutants contained the Robertsoviitator
transposable elements (Bennetzen, 1996)BR1 and/orABP4 genes. Seeds of the single
abpl andabp4 mutants, doublabpl/abp4 mutant and a near isogenic lifiebred line A619,
here called WTWwere kindly provided by Alan M. Jones (The Universf North Carolina,
Chapel Hill, NC). All mutants were tested for thack of ABP1 and/or ABP4 gene

expression, and they showed stable phenotypes.
3.2 Growth conditionsin vitro

3.21 Seedshandling

For the experiments vitro, seeds were first washed with 70% ethanol for 13, mnsed with
distilled sterile water and then soaked in Savo@iwal solution (~5% sodium hypochlorite;
Bochemie, s.r.o, Czech Republic) supplemented wittirop of Tween®20 (Calbiochem,
USA), shaken on a stirrer for 30 min and then hegtensively with sterile distilled water.
Seeds germinated on 0.7% (w/v) agar medium in Mag&»A7 boxes (77x77x196 mm;
Sigma-Aldrich, Prague, Czech Republic) (6 to 9 semel box) at the temperature of 23°C
and different light conditions (dark, blue lightdared light) described below.

322 Medium

The basal medium (BM) contained Murashige and Slsatig (MS medium; Sigma-Aldrich,
Prague, Czech Republic) (Murashige and Skoog, 19682)(w/v) sucrose and 1 mM MES
(2-(N-morpholino)-ethanesulfonic acid; pH adjusted.1 before autoclaving).
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In experiments with auxin, BM was supplemented @i with 1-Naphthaleneacetic
acid (NAA) in various concentrations. Medium withhoG&* was prepared using the
components of the BM excluding CaG#1.2 mM, NHNO;, 18.8 mM KNQ, 1.5 mM
MgSQOx7H,0, 1.25 mM KHPQ,; 100 uM HsBOs, 100 uM MnSOmx4H,0, 30 pM
ZnSOX7HO, 5uM KI, 1 uM Na;MoO4x2H,0, 0.1uM CuSQx5H,0, 0.1uM CoCkLx6H,0,
0.2 mM NaEDTAx2H,0, 0.1 mM FeSgx7H,0, 1% sucrose (w/v) and 1 mM MES). The
pH was adjusted to 6.1 before autoclaving. In tRpeements with CH, the prepared
medium without C& was supplemented with CaGh various concentrations (3 mM and 10
mM).

3.2.3 Light and temperature conditions

Seeds in the Magenta boxes (Sigma-Aldrich, USA)ewplaced in a growth chamber
(Microclima MC1000E, Snijders Scientific, The Netlamds) and incubated at a temperature
regime of 23°C. For development of etiolated seedli(D), the boxes were wrapped in
aluminium foil. Maize seeds were also incubatedeuncbntinuous blue light (BL) with
maximum irradiance at 460 nm or in continuous Ightl(RL) with maximum irradiance at
660 nm at 23°C. BL as well as RL were provided lyeb(Philips TLD-36W/18-Blue,
Phillips, USA) and red fluorescent tubes (PhilipeD¥36W/15-Red, Phillips, USA),
respectively. Total photon fluence rates of BL &idwere 10 pmol.M.s*. Fluence rate was
measured with a portable spectroradiometer (mod&BDO0; Li-Cor; Lincoln, NE) calibrated

by the Department of Biophysics at Palacky Uniugrisi Olomouc.
3.24 Measurement of seedling growth in vitro

In all conditionsin vitro the size of various organs (coleoptile, mesocggimary root) of
five-day-old seedlings developed on BM was measusgtth a ruler in various light
conditions (D, BL, RL). Coleoptile length was meslifrom coleoptilar node to the tip of
the coleoptile. Mesocotyl length was measured fsmutellar to the coleoptilar node and
primary root length was measured from the scutedale to the root tip. In each genotype,
six to nine seedlings per treatment that germinatethe same day were measured in each
experiment. When necessary, changes in growthirghéition or stimulation) caused by an
effector (light, exogenous auxin, etc.) in indivadllgenotype 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* stand for growth (in mm) in the
absence and presence, respectively, of the effector

3.3 Growth conditionsin vivo

For experimentsn vivo, plants were grown in soil (Potgrond H, Klasmareilidann GmBH,
Germany) in small pots (190x190 mm; one seed pgrlpom deep) and regularly watered.
In summer, plants grew under natural light condii@nd temperatures of°@Gand higher.

In winter, plants grew under high-pressure sodiamgds PlantaStar E40/ES 400 W (Osram
GmbH, Germany) to maintain 16-hour photoperiod. Tmeperature was adjusted from 15 to
27°C.

3.3.1 Measurement of plant growth in vivo

For the study of the leaf characteristics, planesengrown in soil in the greenhouse as
described above and watered regularly. The lealeafugclination from the vertical plant’s

axis) (Figure 3.1) was measured with a protracedd lat the base of the leaf blade in 5 to 10
intact seedlings of each genotype from 2 to 4 wedes seed germination in 12 independent

experiments.

Leafdeclination

Vertical axis — |

Blade

Auricle ien?y‘~

‘\_

\\.‘

«—— Profractor

Rod

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 therimiof the leaf blade closest to the

plant’s vertical axis. The size of the leaf angksvindicated by a freely swinging rod.
3.3.2 Microscopic analysis of the auricles

For the microscopic analysis, auricles were excigitldl a blade from leaves of plants grown
in the greenhouse. They were mounted between aseimpic slide and a cover glass with a
drop of water. The natural auto-fluorescence ohitigwas used to monitor cell size as
described by Nelson et al. (2002). Auricle regioasvobserved on a microscope Olympus
BX60 standard light microscope under epifluoresdénmnination using a 372 nm excitation

filter with a 456 nm long pass observation filedlowing a visualization of fluorescence as
light blue signal. Images were captured using aynfpus DP71, CCD colour video camera
and DPManager and DPController Software. Lengttthef auricle cells was determined

using the Imagedoftware

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 aaxid C&" on plant growth, plants were
sprayed every day, late in the afternoon in theopeof 4 weeks from the moment of
germination, with approximately 2 ml of solution1@M, 10 uM and 100uM NAA or 10
uM, 50 uM, 100 uM, 1mM and 10mM solution of Cag}lper plant and the control plants
were sprayed in the same time with the same volohdstilled water. Plant characteristic
including plant height, blade length and leaf angkre determined in both controlled and
treated plants in the way described above.

3.4 Calcium content deter mination

Calcium content was determined in the aerial p@ateoptile and mesocotyl) of seedlings
grown in the medium without Gaor supplemented with 3 mM and 10 mM%C&eeds in
the Magenta boxes were wrapped in foil, placedrowth chamber and incubated at 23°C.
Five-day-old seedlings were collected and freereddin lyophilizer (Thermo, Electron

Corporation, Heto, PowerDry, PL300, Freeze Dryer)24 hours.
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Cd"* content was determined by the Flame Atomic AbsonpBpectrometry (FAAS)
(Avanta Sigma, GBC, Australia) using acetyleneflame at the wavelength 422.7 nm.
Lanthanum oxide (2 g%) was used as releasing agent to overcome commemicél
interferences caused by phosphates. External adtibrin range 0.1-10.0 mg.was used to
evaluate C& concentration in samples. Prior to FAAS deternigmatall samples were
digested by microwave digestion unit (UnicleverRlazmatronika, Poland) using mixture of
nitric acid and hydrogen peroxide (EN 1SO 7980:198Gter quality-Determination of ¢a
and magnesium (Mg -- Atomic absorption spectrometric method). Amsidyof C&"
content in collected samples was performed by Cavi®D Milde from the Department of
Analytical Chemistry (Palacky University in Olomquc

3.5 RNA extraction

Five days after germination, coleoptiles and mesdeavere harvested, frozen immediately
and ground in liquid nitrogen with a mortar and tjgesTotal RNA was extracted from

mesocotyl and coleoptile using the RNeasy Planti Mih(Qiagen, Germany) according to

the manufacturer instructions. An additional DNagsebhtment was performed using RQ1
RNA-free DNase (Promega, USA) for 60 min at 37°Gllofved by a subsequent

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

contamination was checked by PCR before cDNA swishesing primers covering an intron
sequence afea mays Actin gene ZmAct81; accession number: U60511) (Table 3.1).

3.6 cDNA synthesis (reversetranscription)

The cDNA synthesis was performed fromud of the total RNA with the SuperScript Il
reverse transcriptase (InVitrogen, USA) accordimghe instructions of manufacturer. The
reaction contained 1X RT buffer, 0.5 mM dNTP, 5 rBNIT, 2.5uM oligo(dT), 20u RNasin

Plus RNase inhibitor (Promega, USA) and 200u Sagrgotlll reverse transcriptase. The
reaction mixture was incubated at 50°C for 60 nuhoWed by heat-inactivation of the
enzyme at 70°C for 15 min. The RNA was digestedbyRrRNaseH (New England Biolabs,
USA) for 20 min at 37°C. The obtained cDNA wereseduently diluted 50 times in RNase-

free water before use for PCR analysis. Integritgl@NA was confirmed by PCR using the
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same actin primers as in the case of gDNA contatmimgZmAct81, accession number:
U60511). In the case of cDNA, this primer combioatgives a 350 bp long product. The 20
pl PCR reaction contained 1X GoTaq polymerase buffeuM of each primer, 1 mM
dNTPs, 1u GoTag polymerase and the cDNA matrix. tReramplification, the DNA was
denatured at 94°C for 5 min followed by 35 cyclésmplification (30 sec at 94°C, 30 sec at
45°C, 45 sec at 72°C). A final extension step atCr®or 7 min was performed. PCR
products were visualized on 1.5 % (w/v) agarose ag®itaining 0.5 pg.rifi ethidium

bromide.
3.7 Database search and sequence analysis

Blast algorithm available at the National CentarBmotechnology InformatiofNCBI) was
used to identifyArabidopsis CAX1 (AtCAX1) homologs in maize. ThatCAX1 (accession
number: AF461691) was used as a reference sequendglastT and BlastX analysis.
Alignments were performed with CLUSTAL W 1.8 progrdLarkin et al, 2007).

The full lengths sequence @MCAX2 (accession number: AB044567) adahCAX3
(accession number: AY108295) genes were amplifisidguspecific primers (Table 3.1)
designed based on the sequences available in thieada. The PCR reaction was performed
as previously described with the following prograime DNA was denatured at 95°C for 5
min followed by 35 cycles of amplification (30 sat 95°C, 30 sec at 50/58°C, 1 min. at
72°C). The final incubation at 72°C was extended toin.

3.8 Cloning, sequencing and sequence analyses

3.8.1 PCR reactionsand PCR products purifications

The amplified ZmMCAX2 and ZmCAX3 genes were sequenced in order to confirm their
identity and more especially their sequence inghaotype used in this study. The PCR
amplification of the full-length sequences &CAX2 and ZmCAX3 was performed in the
conditions already described. The amplificationgoaon was as follow: the DNA was
denatured at 95°C for 5 min followed by 30 cycléamplification (30 sec at 95°C, 30 sec at
57/56°C ZmCAX2/ZmCAX3), 3/1.5 gmCAX2/ZmCAX3) min at 72°C). The final incubation
at 72°C was extended to 7 min. However, in the cdZenCAX2 High Fidelity PCR Enzyme
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Mix (Fermentas, Canada) was used. PCR products siseefractionated by electrophoresis
on a 0.8% (w/v) agarose gel stained with ethidiwomiide (0.5 pg.mt). PCR products were
excised from gel and subsequently extracted aaogriie instructions of the manufacturer
of the QIAquick Gel Extraction Kit (Qiagen, Germanilution was performed twice with
50 ul of EB. DNA concentration was quantified using NB&mop ND-1000

spectrophotometer (Thermo Fisher Scientific INnGA).

In the case ofZmCAX2, amplified by the High Fidelity PCR Enzyme Mix, a
subsequent A-tailing step was performed with G&Taglymerase in order to ensure a
successful ligation into the pGEMT Easy Vector. For this purposepof 10 mM dATP, 6
ul of 5X GoTad polymerase buffer and 5 u of Gofapolymerase were added to the 21 pl
of PCR product (final volume 30l). Samples were incubated 30 min at 72°C. TherRPC
products were again purified on QIAquick PCR Paafion Kit following manufacturer’s
instructions. Elution was performed twice with gl0of EB. PCR products were precipitated
by addition of 1Qul of 1M Acetic acid, 100 pl bD and 33Qul of 96% ethanol and incubated
overnight at -20°C. Samples were centrifuged 30 (@BOOO rpm; 4°C). Supernatant was
removed and the pellet was washed by pl06f 70% ethanol and centrifuged 5 min again.
Supernatant was removed and the pellet was waske800 ul of 96% ethanol and
centrifuged 5 min again. Finally, supernatant warmaved and the pellet was air dried and

subsequently dissolved inu of DEPC water.
3.8.2 Ligation, E.coli DH5a transformation and plasmid isolation

The ligation into the pGEMTEasy Vector (Promega, USA) was performed ovemnagh
4°C as followed: 1X T4 DNA ligase buffer, 25 ngwa#ctor, 3 u of T4 DNA ligase and the
PCR product (4). The 10ul of ligation reaction was used to transform 10®f DH5a™
competent cells (Invitrogen, USA) by thermic shoCllls were grown overnight at 37°C in
incubator and selected on LB agar medium contaifithgg.mi™* Ampicilin, 50 pg.mI* Xgal
and 0.1 nM IPTG.

The pGEM-Teasy vector allows a blue/white selection of @estcontaining the
gene of interest. Plasmid was isolated from sevéral-overnight LB-Amp°® culture

following the instructions of the NucleosflirPlasmid Quick Pure kit (Macherey Nagel,
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Germany). Elution was performed twice with 80of EB. EcoRlI restriction was performed
on purified plasmids to verify presence of the rhs&ectors containing inserts were
guantified and sent to the Macrogen Company fousegng (Korea). Sequences were
analysed with BioEdit (Hall, 1999) and BLAST anadysias performed to confirm identity

of sequences.
3.8.3 Prediction of transmembrane topology

Prediction of transmembrane topology was done ey TtMHMM program (Krogh et al,
2001). In addition, TMpred program (Hofmann andffetp1993) that makes a prediction of
membrane-spanning regions and their orientationalssused.

3.9 Geneexpression analyses

3.9.1 Plant material and growth conditions

Gene expression analyses were performed in thésptaown in bothin vivo andin vitro
conditions.In vitro plants grew in the dark (as described above) m different conditions:
in the BM supplemented with 50M NAA and in the BM supplemented with 3 and 10 mM
cd&*. As a control condition plants grew in the BM. Ayses were performed in the
coleoptile and mesocotyl of five-day-old maize deed. In vivo, the analyses were
performed in the leaf bases of the third leaf,udetg auricles, which were harvested from
the plants when the leaf emerged or was fully dgped (one-month-old plants). These

plants were grown in the greenhouse as describageab

Expression analysis of both genes was first stuthedsemiquantitative RT-PCR.
Since the expression @mMCAX3 was very weak and almost no detectable by semigRR;
the expression analysis BMCAX3 was further determined by quantitative RT-PCR (gRT
PCR). Primer combinations used and size of expgutedlicts are listed in Table 3.1.
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Geng name and Forward (F) and reverse (R) primers Eroduct
accession number size (bp)
ZmAct8l F | 5-ACACAGTGCCAATCT-3’ 316
(U60511) R | 5. ACTGAGCACAATGTTAC-3’
ZMCAX? i F | 5. AATCGAGATGGGCGGTTTCAAGG-3’ 1338
(AB044567) R | 5. AGGTATTTGACGCATTACTTACAG-3’
ZMCAX3 fi F | 5.CGGCGAAGGAGATGGATCGTCTGC-3’ 1590
(AY108295) R | 5.GACCGGATGCAAATTCGCTACCC-3’
F | 5.ATCATTCTCCACTTCACGAC-3’
ZMCAX2 327
R | 5. TGCCTTACTGAAGATTTGGT-3'
F | 5. ATGAGCATCCAAGGCAGCAACG-3’
ZMCAX3 62
R | 5.CATCAACCTTTGCACGGCATTG-3’
GAPDH F | 5. TGATCCGCCACATGTTCAAGACC-3’ 29
(Zm.3765) R | 5.CGGCATACACAAGCAGCAACC-3’

Table 3.1 Thelist of primersused in CAX cloning.

3.9.2 Expression analyses of ZmCAX2 by RT-PCR

TheZmCAX2 expression analysis by semiquantitative PCR wesimeed in a 20 pl reaction
as already described and according the followingliteons: the DNA was denatured at 95°C
for 5 min followed by 35 cycles of amplification3ec at 95°C, 30 sec at 50°C, 1 min. at
72°C). A final extension step at 72°C was perforrf@d/ min. PCR products were loaded
into a 1.5% agarose gel containing 0.5 ug/ml Etit the picture was taken with a G-BOX
Syngene Cold camera UV transiluminator (20x30 cire intensity of the signal was
determined using ImageJ program. Normalization agsessed by the housekeeping gene
actin and the gene expression was expressed disgdlathe gene expression observed in

WT. Results presented are average + standard (&E)rof 3 independent biological repeats.
3.9.3 Expression analyses of ZmCAX3 by quantitative Real Time-PCR

Amplification of the second target gen&dnCAX3, and real-time detection of amplicon
production were monitored on an Mx3000P sequentectie (Stratagene, USA). gRT-PCR
reactions contained 80 nM of each primepl ®f cDNA template (diluted 1/50), 1248 of

2X absolute SYBR Green ROX Mix (ABGene, Epsom, UK)e volume was filled up to 25
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ul with sterile RNase-free water. PCR cycling coiotis required an initial HotStart
activation of 15 min at 95 °C, followed by 45 cylaf 95 °C for 30 s and 60 °C for 30 s. To
confirm the product purity, a melting curve analys&ss performed at the end of the PCR
reaction. The SYBR green fluorescent signal wagdstalized with a passive reference DYE
(ROX) included in the SYBR green PCR master mixe Tthrget gene expression was
quantified relative to the expression of the refeeeigeneGAPDH (accession number:
Zm3765) in the same sample. Differences in the ecysumbers during the linear
amplification phase between the samples and\#@T method were used to determine the
differential gene expression. Primers for qRT-PCRrevdesigned using the program
QuantPrime (Arvidsson et al, 2008). Gene expresgidhe abp mutants was expressed as
relative to that obtained for WT plants. Resultssented are average + SE of 3 independent

biological repeats.
3.10 Statistical analysis

When needed, statistical analysis was performedgushe Student’s t-test (MS Office

Excel).
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4 Reaults

4.1 Maize abp mutants asan experimental model

In this study maize mutants #BP genes were used as an experimental model. Therefor
and extensive phenotypic analyses of these muteagsperformed both in conditian vivo

and in conditiorin vitro.
4.1.1 Phenotype of maize abp mutantsin vivo

One-month-old plants developed in the greenhouse wealyzed for overall growth, leaf
blade length and width, and leaf blade declinatiG@enerally, during this period all

experimental genotypes fully developed four leaffegure 4.1.1). The development of the
leaves was the fastest abpl/abp4 mutant, whereaabpl mutant showed the slowest leaf

development (data not shown).

Control plants grown in the greenhouse were ap@0>cm tall. Plants with mutation
in ABP1 gene were about 20% shorter than WT plants, whetgal mutant was taller than
WT. Plants ofabpl/abp4 mutant reached height similar to that of contra@npé (data not

shown).
4111 Leaf angle

Leaf angle was analyzed in fully developed leavie85eday-old plants for the"2 leaf, 32-
day-old plants for the ' leaf, and in 35-day-old plants for the™ 4leaf.
In one-month-old WT plants, declination of th¥ and 3 leaf reached approx. 25 degrees
(Figure 4.1.1A). Mutation irABP1 gene led to the development of smaller leaf datiom
(approx. 20 degrees), whereas defe@Br4 gene led to development of less vertical leaves

(leaf angle approx. 28 degrees) in comparison ta Wially, the loss-of-function in both
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genes resulted in leaves with declination simitarthat observed imbp4 mutant (Figure
4.1.1A).
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Figure 4.1.1 Leaf angle in single maize abpl and abp4 mutants, double abpl/abp4 mutant and the
corresponding WT grown in the greenhouse.

Leaf angle, measured as a declination from vertit&5-day old plants {2 leaf), 32-day-old plants (Bleaf),
and in 35-day-old plants {4eaf), was determined by a protractor to the retategree. For each genotype, four
to ten seedlings were measured in each experinvaities show leaf angle (mean + SE) obtained in 12
independent experiment&). WT andabp mutants show significant differendetést:p<0.05 (*), p<0.01 (**)).

In (B), photography of angle of*3eaf is shown in one-month-old WT aabp mutant plants.

41.1.2 Bladelength

Singleabpl mutant developed blades of the first four leavegér than WT. Irabp4 mutant
1% and 2% leaves were of the same size as in WT plants, edise¥ and 4" leaf were longer

than in WT (by approx. 25%)Interestingly, ¥ and 29 leaves ofabpl/abp4 mutant were
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shorter than in WT plants, whered8#nd 4" leaf reached a length similar to that observed in
control plants (Figure 4.1.2).
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Figure 4.1.2 Length of the leaf blade in single maize abpl and abp4 mutants, double abpl/abp4 mutant
and the corresponding WT grown in the greenhouse.

Blade length in 25-day-old plants"{2eaf), 32-day-old plants (Bleaf), and in 35-day-old plants'{deaf) was
measured by a ruler to the nearest millimetre.damh genotype, four to ten seedlings were measuoredch
experiment. Values show lengths of leaf blade (me&E) obtained in 12 independent experiments. \Wd™ a
abp mutants show significant differendetést:p<0.05 (*), p<0.01 (**), p<0.001 (***)).

4113 Blade base width

The loss-of-function iPABP1 and/orABP4 genesled also to the development of different
blade base width in comparison to WT (Figure 4.1TB)e base of the"2leaf blade irabpl
andabpl/abp4 mutant was wider than in WT plants, especiallynsige3° and 4" leaf. The
narrowest leaf blade base was foundlip4 mutant especially in"2 leaf (Figure 4.1.3A and
B). The examples of blade base width i, 8% and 4" 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 abpl and abp4 mutants, double abp1/abp4 mutant
and the corresponding WT grown in the greenhouse.

Blade base width in 25-day-old plant§‘&af), 32-day-old plants (Bleaf), and in 35-day-old plants{4eaf)
was determined using ImageJ program. For each gemolifteen to twenty seedlings were measuredache
experiment. Values show width of leaf base (mea®E; obtained in a single experimedt)( WT andabp
mutants show significant differencetést: p<0.05 (*), p<0.01 (**)). In (B), photo of the widths of the bases of
2" 39and 4" leaf in one-month-old WT arabp mutant plants are shown. Bar =5 mm.
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4114 Blade surface

The blade surface of'2 3¢ and 4" leaf was determined using ImageJ software. Thiysisa
showed that the greatest blade surface was devklmpeéheabpl mutant. Theabpl/abp4
mutant had blade surface greater than WT. The rhabgd showed blade surface similar to
that observed in WT plants with the exception & #' leaf, where mutant blade surface
was significantly smaller than that observed in2¥deaf of the WT plants (Figure 4.1.4).
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Figure 4.1.4 L eaf blade surface in single maize abpl and abp4 mutants, double abpl/abp4 mutant and the
corresponding WT grown in the greenhouse.

Blade surface in 25-day-old plants{&af), 32-day-old plants (Bleaf), and in 35-day-old plants‘{4eaf) was
measured by scanning the leaf blades and afterwdismined using ImageJ software. For each geaptyp
four to ten seedlings were measured in each expatinvalues show leaf surfaces (mean = SE) obtamé@
independent experiments. WT aatgh mutants show significant differencetést: p<0.05 (*), p<0.01 (**)).

4115 Auriclelength

The abpl mutant developed auricles longer than WT for adveess measured, whereas the
auricle length did not differ between WT and thlgp4 mutant. Theabpl/abp4 mutant
developed auricles shorter than WT plants (Figutes).
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Figure 4.1.5 Auricle length of the 2", 3"® and 4™ leaf in single abpl and abp4 mutants, double abp1/abp4
mutant and the corresponding WT.

For each genotype 35 to 45 auricles were measMades represent mean + SE. WT afpp mutants show
significant differencetftest:p<0.05 (*),p<0.01 (**)).

4.1.1.6 Microscopic analysis of auricles

The microscopic analysis based on the autofluorescef the lignin was used to study the
epidermal auricle cells that are believed to beaasible for leaf angle development
(Figures 4.1.6 and 4.1.7).

The epidermal auricle cells of the second leaf i Wants and in thebpl and
abpl/abp4 mutants were approximately 150 um long (Figurdsé4and 4.1.7). In contrast,
the auricle epidermal cells of tlabp4 mutant were shorter than those of the WT. In kel t
leaf, the epidermal auricle cells had approx. t@es length as those of%deaf. The single
abpl and abp4 mutants developed auricles with cells of the saemgth as the WT. In
contrast, theabpl/abp4 mutant developedleaf bearing an auricle with in comparison to
WT. Interestingly, the length of the auricle caifsthe 4" leaf was the same in the WT and
the abp4 mutant (approx. 200 um), whereas #bpl mutant developed the auricle with cells
of the same length as tlabpl/abp4 mutant (approx. 100 um), i.e. two times shorter in

comparison to WT.
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o . . .

Figure 4.1.6 Micrographs of the adaxial auricle epidermis of the 2", 3¢ and 4" maize leaf in single abpl
and abp4 mutants, double abpl/abp4 mutant and the corresponding WT observed by fluorescent light
using lignin autofluor escence.
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Figure 4.1.7 Length of the auricle cells of the 2", 3'@ and 4™ leaf in single abpl and abp4 mutants, double
abpl/abp4 mutant and the corresponding WT.

30 to 50 cells in the region between the edge efdiricle and @ vain of 5 auricles were measured. Values
represent mean = SE. WT aalop mutants show significant differendetést:p < 0.05 (*),p < 0.01 (**)).

4.1.2 Phenotype of the abp mutantsin conditionsin vitro

In addition to the phenotype analysmsvivo, the phenotype of maizbp mutants was also
analyzed in conditions vitro. The analyses included the determination of thgtleof three
different etiolated seedling’s organs: coleoptiteesocotyl and primary root in basal medium
(Figure 4.1.8A). The size of these organs was nredswith a ruler to the nearest millimetre
in 5-day-old intact seedlings developedvitro and germinated in the same day. Mesocotyl
length was measured from scutellar to coleoptitadenand coleoptile length was measured

from coleoptilar node to the tip of the coleoptilength 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 mutangbpl grown in the dark developed coleoptgéghtly longer than that
observed in the WT, while the coleoptile lengthtlee abp4 and doubleabpl/abp4 mutants

was almost 20 to 30% shorter than the coleoptit@ttontrol plants (Figure 4.1.9).

Differences between the WT amtdp mutants were also observed in the respect of
mesocotylgrowth (Figure 4.1.9). Whereas etiolated seedlofghe abpl mutant developed
mesocotyl shorter than that in the WT, the lendtthe mesocotyl in thabp4 mutants was
identical to the WT plants. The etiolated doublpl/abp4 mutant developed almost two

third-length mesocotyl in comparison with that ontrol plants.

The primary root of etiolated seedlings (Figure.9).lwas the longest in the WT
plants. The lpl and abp4 mutants developed primary root shorter than the. WT
Interestingly, the double mutation led to even &rgprimary 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 ruleh¢oniearest millimetre in 5-day-old seedlings. Tédwmults are
the mean length £ SE obtained from 5 to 12 indepenhdxperiments. In each genotype, six to ninelsesd
were measured in each experiment. WT alol mutants show significant differencetést: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 aurirthe growth of maizeabp mutant
seedlings, plants were grown in conditiarvitro in the dark in medium supplemented or not
with different auxin concentrations (1-Naphthaleset acid/NAA: 1¢, 10°, 5x10° 10*
M). The growth of all organs of etiolated seedlingsall genotypes was gradually inhibited

by auxin in a concentration-dependent manner (Eiguz.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 thedark in vitro on the BM supplemented or not with auxin (NAA).

For each genotype and condition, organ lengthxrtesinine seedlings was measured. Values represean
organ length + SE obtained from 5 to 12 indepené&ptriments. Percent of inhibition + SE of orgaavgh
in etiolated seedlings is calculated from the meslnes in 5 to 12 independent experiments.
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The results showed that etiolated WT plants areemsgnsitive to exogenous
auxinhanabp mutants. For example, the elongation of coleoptiiethe WT plants was
inhibited by 50% by 50 uM NAA whereas thbp mutants were less sensitive at the same
concentration (Figure 4.2.1A). The coleoptile dbletted dpl andabp4 mutants exhibited
approx. the same sensitivity to exogenous NAA (itlun approx. 35%), but remained
essentially lower compared to WT plants (Figure4A2. The etiolated doublabpl/abp4
mutant was the least sensitive to the inhibitofeafof exogenous auxin. Indeed the NAA-

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

Like for the coleoptile, exogenous auxin inhibitbé elongation of the mesocotyl in
WT and abp etiolated seedlinggn a concentration-dependent manner. All etioladbd

mutants were less responsive to the inhibitoryoefb¢ auxin than the WT (Figure 4.2.1B).

The strongest inhibitory effect of NAA on elongatiavas observed on the primary
roots (Figure 4.2.1C). Whereas etiolated Vdibpl and doubleabpl/abp4 mutant showed
almost the same sensitivity to NAA (growth inhibrii approx. 80%), primary root growth of
theabp4 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 auxirhenplants growmn vivo the growth of
plants developed in the greenhouse was analysethdooverall growth (plant height), the
leaf blade length and width, and the blade decgbnat~or this purpose plants were sprayed
every day with a solution of 0gM, 10 uM or 100uM NAA,; the control group of plants was
sprayed with the same amount of distilled watere€hndependent experiments with each
auxin concentration have been performed but nac&sffeere observed in relation to any of

the parameters being tested (data not shown).

4.3 Effectsof light on the growth of maize seedlings

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

of light on the growth of maize seedlings in coimdisin vitro was also studied. Plants were
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grown for 5 days under continuous blue (BL) andlrglt (RL) and the length of the three
different organs, coleoptile, mesocotyl and primagt, was measured.

The results showed that BL had an inhibitory effesty on the elongation of the
abpl mutant coleoptile, whereas it did not affect taagth of the WT and thabpl/abp4
double mutant coleoptile. However, it slightly stilated the elongation of thebp4 mutant
coleoptile (Figure 4.3.1A). RL stimulated coleoptélongation in WTabp4 andabpl/abp4
double mutant, but not in tlapl mutant (Figure 4.3.1A).

In all genotypes tested, BL strongly inhibited thesocotyl elongation in comparison
to etiolated seedlings (Figure 4.3.1B). The mutatio ABP1 and/or ABP4 genes had no
effect on the sensitivity of mesocotyl to BL. Siarly to BL, RL showed a strong inhibitory
effect on the elongation of mesocotyl. Interestmginder RL, theabp4 mutant developed
mesocotyl significantly longer compare to Wabpl andabpl/abp4 double mutants (Figure
4.3.1B). BL inhibited the elongation of the primaopot of the WT and thabpl/abp4 double
mutant, but had no effect on the elongation ofghmary root of the singlabpl andabp4
mutants (Figure 4.3.1C). In comparison to WT, unBerthe length of primary root of the
abpl mutant was longer, whereas #gp4 mutant had primary root length similar to that of
the WT. The mutation in botABP1 and ABP4 genes led to development of essentially
shorter primary root in thabpl/abp4 double mutant compare to the WT. RL inhibited the
primary root elongation of WT plants by approx. 30@hereas it had no effect on the
elongation of the primary roots of neither the &ngor doubleabp mutants. Under RL, the
abpl mutant developed primary roots slightly longernth&T, whereas, thabp4 and
abpl/abp4 double mutants had primary roots of a similar tangs observed in the WT
(Figure 4.3.1C).
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Figure 4.3.1 Comparison of seedling growth in single maize mutants abpl and abp4, double mutant
abpl/abp4 and corresponding WT, in response to dark and light.

Elongation of coleoptileX), mesocotyl B) and primary root @) was measured with a ruler to the nearest

millimetre in 5-day-old seedlings grown in conditim vitro in dark (D), blue light (BL), or in red light (RL9n
the BM. The results are the mean length + SE obthiftom 5 to 12 independent experimerits.each

genotype, six to nine seedlings were measured @ experiment. Comparison of NAA-induced growth
inhibition of coleoptile A), mesocotyl B) and primary rootQ) in seedlings developed in D, BL or RL at auxin
concentration of 5.I0M. Values are mean growth inhibition + SE calcethfrom the mean values in 5 to 12
independent experiments. WT aabb mutants under the same light condition show sicgnift difference t¢
test:p<0.05 (*¥), p<0.01 (**), p<0.001 (***)).
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4.3.1 Effectsof auxin on the growth of maize seedlings under different light conditions

The effect of exogenous auxin on the growth of maeedlings was assessed in different
light conditions using several concentrations ofANA&or a clearer presentation of the results
only data obtained with 50M NAA are shown (Figure 4.3.1).

Under BL, the coleoptile responsiveness to the bimbry effect of auxin was
markedly lower than that of etiolated seedling&elin the dark, BL-developed coleoptile of
WT seedlings showed a higher sensitivity to exogerauxin than thabp mutants (Figure
4.3.1A). Whereas the coleoptile of BL-grovbpl mutant showed almost no sensitivity to
auxin, the coleoptiles of thabp4 andabpl/abp4 double mutants were three and two times,
respectively, less sensitive than coleoptiles in.WHe mesocotyl of BL-growabpl mutant
showed almost the same sensitivity to exogenoushaas< mesocotyl of the WT seedlings
(Figure 4.3.1B). Interestingly, whereas in WT sewi grown under BL auxin inhibited
mesocotyl elongation by approx. 25%, in thlep4 mutant developed in BL mesocotyl
growth was slightly stimulated by auxin. Mesocotyl abpl/abp4 double mutant was the
least sensitive to auxin under BL. Primary rooBafgrown abpl seedlings showed almost
the same sensitivity to auxin as WT plants, whereats of theabp4 andabpl/abp4 double
mutants were slightly less responsive to exogeramuwsn than WT grown in the same
condition (Figure 4.3.1C).

Under RL, the responsiveness of coleoptiles to emogs auxin was generally lower
than the sensitivity of coleoptiles developed ia thark. In RL, coleoptiles of thabpl and
abpl/abp4 double mutants showed less sensitivity to exogeraausn than WT (Figure
4.3.1A), whereas coleoptile of tlabp4 mutant was the most sensitive to exogenous auxin.
Mesocotyl of RL-grown WT plants showed higher stvisy to auxin than allabp mutants.
Mesocotyl of theabp4 mutant showed almost no sensitivity to exogenaugnaunder RL
(Figure 4.3.1B). The primary root of RL-growaebpl mutant showed almost the same
sensitivity to auxin as WT plants, whereas primamgts of theabp4 andabpl/abp4 double
mutants were less sensitive than WT to exogenoxis amder RL (Figure 4.3.1C).
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4.4 Roleof calcium in the development of maize

4.4.1 Effect of exogenous calcium on the growth of maize seedlingsin vitro

In order to check the sensitivity abp mutant plants to G4 growth of maize seedlings
vitro was assessed in dark condition using several otmati®ns of C&". All genotypes were
able to grow in the medium without €as well as in the medium supplemented with 3 mM
(concentration of G4 in basal MS medium) and 10 mM T4Figure 4.4.1).

b
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Figure 4.4.1 Effect of exogenous Ca?" on the growth of coleoptile (A) and mesocotyl (B) of single maize
abpl and abp4 mutants, abpl/abp4 double mutant and the corresponding WT grown in the dark.

Maize seedlings grew in conditionsvitro for 5 days on the basal MS medium free of GaClsupplemented
with CaCl in concentrations of 3 or 10 mM. For each genatype to ten seedlings were measured in each
experiment. Values represent mean + SE of 4 to @eréxents. WT andchbp mutants show significant
difference {-test:p<0.05): a-significantly different from WT in the samoncentration, b-significantly different
from the control (0 mM C4) of the same genotype.
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Experiments on etiolated seedlings showed that enmgs C& influences growth of

coleoptile and mesocotyl in a different way.

In the medium without Ga(Figure 4.4.1A), thabp4 mutant developed significantly
shorter coleoptile compare to WT, whereas the naurtan the singleABP1 gene and in both
ABP1 and ABP4 genes did not have any significant effect on tbéeaptile elongation
(Figure 4.4.1A). The data further showed that tloéeaptile growth of WT,abpl and
abpl/abp4 double mutant was insensitive to exogenous' @8 mM and 10 mM).
Interestingly, elongation of coleoptile in tlaép4 mutant was significantly stimulated by 3
mM C&", but not by 10 mM C&.

In the medium free of Gathe mesocotyl length did not differ between WT abd
mutants (Figure 4.4.1B). Unlike in the coleoptiéxogenous Ca strongly stimulated the
mesocotyl elongation in all genotypes with the maxin at 10 mM C&. The greatest
growth stimulation at 3 and 10 mM CaQlas 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

C&"* content in maize coleoptile and mesocotyl was detexd in etiolated seedlings
grown in conditionsn vitro in the medium without Gaand in the medium supplemented
with 3 mM and 10 mM CH (Figure 4.4.2). Whatever the genotype, the comagah of C&"
in the aerial parts of the maize etiolated seedlingcreased with increasing
Cd*concentration in the medium (Figure 4.4.2). Expernits showed that the mutation in the
ABP1 gene does not affect the accumulation of'GQa aerial parts of maize, whereas in the
abp4 mutant the accumulation of €awas three-times higher than in WT both in medium
without C&* or with 3 mM and 10 mM CGA The mutation in bottABP1 and ABP4 genes
caused slightly higher accumulation of*Cthan observed in WT seedlings (Figure 4.4.2).
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Figure 4.4.2 Accumulation of Ca®in coleoptile plus mesocotyl of etiolated single maize abpl and abp4
mutants, abpl/abp4 double mutant and the corresponding WT.

Maize seedlings grew in conditioisvitro for 5 days on the basal MS medium free of GaClsupplemented
with CaCl in concentrations of 3 or 10 mM. Sample consistifig to 11 seedlings was collected from each
Cd* concentration and freeze-dried in lyophilizer. “Cavas determined by flame atomic absorption
spectrometry using acetylene-air flame at waveleAgR2.7 nm. Values represent data from one expetime

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

developed in the greenhouse

The effect of exogenous Ezon the plants developed in the greenhouse wagzathfor the

overall growth, leaf blade length and width, araf ideclination.

Treated plants were sprayed every day with a swlubf CaCj of different
concentrations (1QM, 50 uM, 100uM, 1 mM and 10 mM) and control group of plants was
sprayed in the same time with the same amountstilldd water. No obvious differences
were obtained in response to exogenou$ €ancerning these characteristics neither in the

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

Sequence analysesin silico

In order to isolate and characteriZ&CAX1 homolog in maize, databases NCBI
(http://www.ncbi.nlm.nih.gov/) and maize GDB (httfuww.maizegdb.org/) were screened
using the AtCAX1 sequence (accession number: AF461691) as a reéerdirom this

analysis three sequences were identified in m@im#iCX1 (accession number: AF256229),
ZMmCAX2 (accession number: AB044567) andmPCO087284 (accession number:
AY108295).

The ' sequenceZmHCX1, was assigned to CAX1-like protein sharing 65%ntitg
with AtCAX1. The 2¢ sequenceZmMCAX2, shares 72.4% of identity witiArabidopsis
AtCAX6. Finally, the & sequenceZmPCO087284, encodes a protein sharing 71.8% of
similarity with AtCAX3 from Arabidopsis and will be further reported ZsnCAX3.

Specific primers were designed in order to amplifg full length ofZmCAX2 and
ZmCAX3 from plant material (WT plantsgmCAX2 is 1338 bp long, contains a 1260 bp
open reading frame and encodes a protein with 4%Rlues with a calculated molecular
mass of 45.6 kDaZmCAX3 is 1590 bp long, contains a 1389 bp open readiaigpd and

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

An unrooted phylogenetic tree was made using semsefromArabidopsis, Oryza
sativa and Zea mays. The analysis showed thaInCAX2 was classified into CAX type 1B
with other CAXs, whereasZmCAX3 is clustered into the type IA of CAXs, togethertiwi
Arabidopsis AtCAX1 and AtCAX3 (Shigaki et al, 2006) (Figure 4.5.1). In additiche
analysis showed that on the basis of the amino seggienceZmCAX2 is closely related to
OsCAX3 from the same species, wher&@asCAX3 gene is closely related @sCAX1a 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 aligrtsesf full-length amino acid sequences using the
ClustalW2 (Larkin et al, 2007) program. Type IA CA)Yredominantly transport €awhereas type IB CAXs
transport cations other than Cauch as Mfi, Mg?* and Cd*. The accession numbers are as follaveCAX2

(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, At1lg55730),AtCAX6 (A. thaliana, At1g55720),0sCAXla (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) afdlpred program
(Hofmann and Stoffel, 1993) for prediction of topgy of these proteins, were used. They
allowed the description of 11 transmembrane domwitis a long hydrophilic N-terminal
part facing the cytosol (Figure 4.5.2). An acidmiao-acid-rich region was found in the
cytosolic loop between the sixth and seventh tramsbrane domain of bothAX candidates

(Figures 4.5.2 and 4.5.3).
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Figure 4.52 Membrane topology of ZmCAX2 (Z. mays, AB044567.1) and ZmCAX3 (Z. mays,
AY108295.1).

The topologic models were generated by TMHMM prograhe red areas indicate predicted TM domains, and
the blue and magenta lines indicate the regions alea predicted to be inside or outside of the nramd,
respectively.
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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&rdpean Bioinformatics Institute Web site. Consensu
amino-acid sequences are boxed in black (identicalyray (similar). Gaps introduced into sequent®es
increase their similarity are denoted by hyphet® T1 putative transmembrane spans (M1-M11) predifctr
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all transporters and the central hydrophilic maith in acidic residues are overlined. The accessiombers
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, Atl1g55730),AtCAX6 (A. thaliana,
At1g55720), OsCAXla (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 thesetgins are highly conserved
among monocots and dicots, except of the N-termifmahain of the protein. The €a
domain (CaD), constituted of 9 amino acids, wasliaed between the M1 and M2 spanning
domains (Figure 4.5.4). CaD is poorly conservechiwitthe CAX family, however the

regions flanking CaD region are quite similar tcleather.

M1 M2
Acaxt 66 | ol LeTRB  Brpa Baalictvcevsorw e CBLLELT 110
AtCAX3 66 LOEMILGTEETLEFLAIBPLANLANSYHYSRPLIESLEL @LT 110
ZmcAx3 72 LOEMFLE TEEAVEFPAaVELANasoCcAHF e owvinviEls LELLEL | 116
zmeax2 46 TR IMIFTSKENLEMPF GBasl I LHF TTRRHGL IEILFEMLEYT 90
acaxe 22 FRIBMILsHEENLELRFBLANL vHYLTDHKewF BLLELVE T 66

9 amino acid region
(CaD)

Figure 4.5.4 Ca** domainsin some maize (Z. mays) and Arabidopsis (A. thaliana) CAXs.

Alignment of deduced amino acid sequences betwbendeduced first and second membrane-spanning
domains (M1 and M2) of polypeptides encoded AWCAX3 (Z. mays, AY108295), ZmCAX2 (Z. mays,
AB044567), AtCAX1 (A. thaliana, AF461691),AtCAX3 (A. thaliana, At3g51860) andAtCAX6 (A. thaliana,
At1g55720). Alignments were performed by using @IWw?2 (Larkin et al, 2007) and Jalview Version2
(Waterhouse et al, 2009) programs.

4.6 Expression analysesof ZmCAX2 and ZmCAX3 genes

As one of the aims of this thesis was to study réiationship between CAXs and ABPs
during maize development, the expression pattertheftwo cloned geneZmCAX2 and
ZmCAXS3, have been investigated in different conditiansvivo and in vitro by both
semiquantitative RT-PCRZ(NCAX2) and qRT-PCRZmCAX3) (due to very low transcript
level of ZMCAX3). All the results presented here are expressativelto the gene transcript

accumulation in the WT in the control condition.
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4.6.1 Expression analysesof ZmCAX2 and ZmCAX3in theleaf base

Finally, as one of the aims of this thesis wasrtauel the possible role of CAXs in the leaf
development, the expression patterrZniCAX2 andZmCAX3 was analysed in the base of
the emerging third leaf and fully developed leapt#nts grown in conditiom vivo since in
this leaf the most significant difference in leaige between WT and thebp mutants was
found. The attention was focused on the base detfan order to estimate the expression of
these two genes during auricle development. Thaltsegre expressed relative to gene

transcript accumulation in the base of the emertgagof the WT.

The expression aZmCAX2 (Figure 4.6.1) in the base of the emerging ledf ribt
differ between WT andbp mutants ZmCAX2 expression was not affected in the base of the
developed leaf neither in WT nor abpl andabp4 mutants, whereas it was significantly

down regulated imbpl/abp4 double mutant compared to the emerging leaf of WT.
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Figure 4.6.1 Relative expression of ZmCAX2 in the base of the emerging and fully developed third leaf in
single abpl and abp4 mutants, abpl/abp4 double mutant and the corresponding WT.

WT and mutant plants were grown in the greenhouskeiulong day condition, at temperature of 15 tdC27
and regularly watered. ExpressionZmhCAX2 (Z. mays, AB044567.1) was determined in the base of emerging
and fully developed third leaf. The expression gsial of ZMCAX2 was performed by semigRT-PCR and as a
reference gene was us@hAct81 (U60511). Results are expressed relative to gene transiengl! in the
emerging leaf of WT. The data were analyzed udimglimageJ program. Results present the data obtaine
three independent experimerds. significantly differentt(test:p<0.05) from WT control (emerging leaf).
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The expression aZmCAX3 (Figure 4.6.2) in the base of the emerging ledf rabt
differ between WT an@bp mutants. However, in the base of the developed tleiaf, the
expression ofZmCAX3 was significantly up regulated in the singbpl and double

abpl/abp4 mutant compared to its expression in the baskeoéimerging leaf of WT.
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Figure 4.6.2 Relative expression of ZmCAX3 in the base of the emerging and fully developed third leaf in
single abpl and abp4 mutants, abp1/abp4 double mutant and the corresponding WT.

WT and mutant plants were grown in the greenhouskeiulong day condition, at temperature of 15 tdC27
and regularly watered. ExpressionZmiCAX3 (Z. mays, AY108295.1) was determined in the base of emegrgin
and fully developed third leaf. The expression wsial of ZmMCAX3 was performed by gRT-PCR and as a
reference gen&APDH (Zm.3765) was used. Results are expressed relative to ganscript level in the
emerging leaf of WT. Results present the data pbthiin three independent experiments. a - sigmifiga
different ¢-test: p<0.05) from WT control (emerging leafly - significantly different from theabpl/abp4
emerging leaftftest:p < 0.05)

4.6.2 Expression analyses of ZmCAX2 and ZmCAX3 in function of exogenous NAA

Since thein vitro phenotype analyses performed in this study shotwatl WT andabp
mutants are differently sensitive to exogenousrayikigure 4.2.1), the expression pattern of
the selected genes was analysed in coleoptiles na@sbcotyls of 5-day-old etiolated
seedlings in order to unravel the effect of auxartlee expression @mCAX2 andZmCAX3.

For this purpose plants were grown in the mediupp&mented or not with 50M NAA.
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The analyses showed that the expressiatn@@AX2 in the coleoptile and mesocotyl
of seedlings grown on BM did not differ (Figure 88), whereasZmCAX3 was markedly

more expressed in the mesocotyls than in the cblesfFigure 4.6.3B).
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Figure 4.6.3 Expression of ZmCAX2 and ZmCAX3 genes in etiolated coleoptiles and mesocotyls in maize
single abpl and abp4 mutants, double abpl/abp4 mutant and the corresponding WT.

WT and mutant seedlings were grown in the darlsfdays in conditionm vitro on the basal MS medium. The
expression analysis @mCAX2 (Z. mays, AB044567.1) A)was performed by semiqRT-PCR anatiCAX3 (Z.
mays, AY108295.1) B) expression analysis was performed by qRT-PCRhéncase oZmCAX2, ZmAct81
(U60511) was used as housekeeping gene, and icaee ofZmCAX3 primers for GAPDH (Zm.3765) were
used as a control. Results are expressed relatitheetgene transcript accumulation in WT coleopfilee data
for ZmCAX2 were analyzed using the ImageJ program. Resuéisept the data obtained in two to three
independent experiments in each condition and gpeofa (-test: p<0.05), b {-test: p<0.01), ¢ {-test:
p<0.001)-significantly different from WT coleoptile.
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The expression pattern @mCAX2 gene in the presence of NAA did show any
significant difference betweesbp mutants compare to WT neither in the coleoptile inor
the mesocotyl and therefore these data are noemtex$ here. Similarly, the expression of
ZmCAXS in coleoptile also did not show any differencewssn maizeabp mutants and WT
grown on BM or BM supplemented with NAA (data nbos/n).

However, the expression @mCAX3 in the mesocotyl (Figure 4.6.4) of etiolated
seedlings grown in BM (containing 3mM Callvas significantly lower in thabp4 mutant
compare to the WT. No significant difference waseed in either thabpl mutant or in
the abpl/abp4 double mutant. Treatment of seedlings byuB NAA significantly inhibited
the expression mCAX3 in WT, abpl andabpl/abp4 mutants. However, the expression of
ZmCAX3 gene in theabp4 mutant did not significantly differ between seedingrown in

auxin-free medium and in the medium supplementéid NAA.
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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 dankyitro and on BM or on BMsupplemented with 50M NAA.
ZmCAX3 expression analysis was performed by qRT-P8Bsults are expressed relative to the transcript
accumulation in WT plants developed in thiesence of NAAGAPDH was used as a reference gene. The
values represent an averagetbé data obtained in three independent experimeneach condition and
genotypea - significantly different from WT in the absencEMAA (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 exogenou$ Gere observed among genotypes, the expression
pattern ofZmCAX2 andZmCAX3 was investigated in coleoptile and mesocotyl afay-old
etiolated seedlings in relation to Taupply (10 mM). As a control condition plants were
grown on BM depleted in G4 In the C&'-free medium and in the medium supplemented
with 10 mM CaCj, the expression mCAX3 was very weak and almost undetectable. In
contrastZmCAX2 was expressed in all tested genotypes in bothittonsl

Once again, the expression pattern ZbhCAX2 gene did show any significant
difference betweerabp mutants compare to WT neither in coleoptile normesocotyl.
Therefore these data are not presented here. 8ymithe expression oZmCAX3 in
coleoptile did not show any difference betwedap mutants and the WT grown either in

basal C&'-free medium or BM supplemented by 10 mMQO@ata not shown).
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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 @akim vitro, and on BM free ofCaCl2 (control) or
supplemented with 10 mM CaCl2. In 5-day-old seg#lj@mCAX3 expression analysis was performed by qRT-
PCR. Results are expressed relative to the traggtssccumulation in WT plants developed with an abseof
calcium (0 mM CaClI2)As a reference gen§APDH was used. The values represent an average + Ste of t
dataobtained in three independent experiments in eaoditon and genotype - significantlydifferent from
WT at 0 mM C&" (t-test:p < 0.05),b - significantly different from thabp4 at OmM C&* (t-test:p < 0.01)
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The expression oZmCAX3 in etiolated mesocotyl (Figure 4.6.5) did not eliff
between WT andabpl mutant, whereas it was significantly lower in batbp4 and
abpl/abp4 double mutants compare to the WT.?Careatment slightly increased the
expression oZmCAX3 in the mesocotyl of WTabpl and abpl/abp4 mutant seedlings,
whereas it significantly affected its expressiothi@ mesocotyl of thabp4 mutant.
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4 Discussion

Auxin-Binding Proteins (ABPs) were predicted to Ipaitative auxin receptors. In
Arabidopsis, the onlyABP gene ABP1) was identified (Palme et al, 1992). In contrast t
Arabidopsis the maize ABP family counts at least five ABPsh\8aob 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. (200@)ssted a functional redundancy of ABPs
in maize because loss-of-function mutant&BP1 andABP4 genes did not show significant
phenotype. In opposite to the observations of Inale{2000), data obtained on the same
mutants revealed that these mutants developed mvx@®& and more horizontal leaves,
respectively, than corresponding WT plants (Felkteal, 2006). Therefore, it was proposed
that both ABP1 and ABP4 might play an importanerol the establishment of maize leaf

declination.

The role of ABP1 throughout the plant life has beerestigated very thoroughly in
several studies, which showed that it controls almall auxin-dependent responses
(reviewed in Tromas et al, 2010). One of the awdependent responses at the cellular level
is an increase in cytosolic €aconcentration (Felle et al, 1986, 1991; Felle,8 3Bhishova
and Lindberg, 1999, 2004). Several mechanisms aéguaiptimal C& concentration in the
cell (reviewed in Spalding and Harper, 2011) inahgdvacuolar CAtion eXchangers (CAXs)
(reviewed in Manohar et al, 2011). Recent work dfoGet al. (2012) showed that in
Arabidopsis guard cells CAX1 and CAX3 are involved in reguwatiof the apoplastic pH
thus also involved in auxin transport. Althoughoadf work has been done on the research

of CAXs, no maize vacuolar CAX has been clonedaso f

The overall aim of this Ph.D. study was to chanmdmtethe phenotype of maizbp
mutants in more details in order to unravel othessible roles of ABPs during the growth
and development of maize plants and to clone ardacterize maize vacuolar ad*

exchanger(s). Using maize mutants with loss-ofzfiom in ABP1 and/or ABP4 genes, an
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attempt was made in order to unravel the possidiionship between auxin, ABPs, €a
and CAXs in growth and development of maize pldnt.addition, the research was
performed in order to unravel whether defectABP1 and ABP4 genes may affect light-
mediated changes in growth of maize seedlings.

5.1 ABP1 and ABP4 control the architectur e of maize leaf.

Phenotypic analyses abp mutant plants grown in the greenhouse showedAB&1 and
ABP4 genes are either separately or jointly involveddifierent aspects of maize plant
architecture. The attention was paid on the charaettion of maize leaf. A typical maize
leaf is divided into three regions: the proximaleatn and the distal blade which are
connected by the ligular region, which forms at tlade/sheath boundary (Figure 1.5).
Braun et al. (2008) have shown thatAnabidopsis the functional inactivation of ABP1
provokes severe leaf growth defects, with reduaedria width and length and a pronounced
downward curling of both cotyledons and leaves. Elav, the obtained results in this thesis
indicate that ABP1 and ABP4, although involved iany aspects of maize leaf growth, do
not cause such severe leaf growth effects in maimbably due to the presence of other
ABPs. Phenotypic analysis revealed that both ABRILABP4 are involved in the regulation
of maize leaf blade elongation as well as latelati®d growth and consequently in the whole
blade surface (Figure 5.1.1).

ABP1 — Auricle length : ﬁgg;
ABP1/ABP4 — length Blade

width — ABP1

«— ABP4

Figure5.1.1 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 propdsdbth ABP1 and ABP4 negatively influence thengltion
of the leaf blade. ABP1 negatively contributes tade width, while ABP4 makes leaves wider. Accogdin
the results obtained, ABP1 controls leaf angle idetibn in positive manner, whereas ABP4 regulates
negatively. In addition, ABPs are involved in algidength; ABP1 negatively affects auricle elongafi
whereas both ABP1 and ABP4 mutually stimulate demtongation. Arrows and T-bars represeositive and
negative effects, respectively.
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The obtained results indicate that ABP1 is negjtiuevolved in the control of the
leaf blade elongation early in the plant developthemereas ABP4 affects the leaf blade
elongation in the same manner in the later stagth®fleaf development (Figure 4.1.2).
However, because the douldbpl/abp4 mutant has leaves of length similar to that of the
WT, it seems that the negative regulation of thed ldade growth by ABP1 or ABP4 is
indirect, or that the knockout &BP1 andABP4 triggers the activity of factors that promote
the leaf elongation (Figure 4.1.2). ABP1 and ABRalymlso a role in the lateral growth of
the leaf blade. The data indicate that the funeligkBP1 keeps leaves narrower, whereas
ABP4 acts in opposite direction (Figure 4.1.3). Budre likely, narrow leaves in trabpd
mutant result from high level of ABP1 (Im et al,d) and it can be hypothesized that the
phenotype observed in thabp4 mutant is a consequence of this accumulation oPAB
protein. Nevertheless, as the accumulation of ABRdtein was not measured, this

hypothesis remains speculative.

The analysis of the leaf blade declination perfatrmethis study in conditiom vivo
supports the previous data obtained and publislyeBdtiner and co-workers (2006). The
results suggest that functior@BP1 is positively involved in leaf angle declinatiomhereas
the activity of the functionalhBP4 results in reduced leaf angle declination (Figutesl
and 5.1.1). The fact that leaves in doudidpl/abp4 mutant showed a leaf declination similar
to that of the leaves of thabp4 mutants suggests that functional ABP4 negatively
contributes to the development of the leaf angl#/@nthat simultaneous knockout ABP1
and ABP4 genes triggers substitute pathway(s) involvedhe tlevelopment of the leaf
declination. These pathways may include additiomamnbers of maize ABP family (Schwob
et al, 1993). According to the data obtained i thork it is apparent that both ABP1 and
ABP4 play an essential role in leaf developmemieemlly in regards to the establishment of

leaf angle as it was supposed by Fellner et aDgR0

The ligular region of the leaf consists of liguledaauricles (Figure 1.5), specialized
triangular structures that allow the blade to bentivards thus describing leaf declination
(Figure 1.6). The differentiation of the auriclesfirst visible as a thin line of cells that
separate the blade and sheath; auricle cells afeleszionly after the initiation of the ligule
(Becraft et al, 1990). The auricle cells enlargehasligule differentiates and then divide as

the blade and sheath expand (Osmont et al, 2006)leVeinalyzing leaf angle in maize
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hybrids, Fellner et al. (2003) suggested that #a# &ngle is proportionally associated with
the length of the auricle. | observed that mutaiomABP genes affect the length of the
auricle (Figures 4.1.5 and 5.1.1): wherd&P1 gene itself negatively regulated the auricle
length, mutation inABP4 gene had no impact on the regulation of the aumdbngation.
Interestingly, it seemed thaBP4 together withABP1 positively influenced the auricle
elongation. However, the assumption of Fellnerle{2003) could not be confirmed since
abpl mutant developed a smaller leaf angle than WT, redseits auricle was significantly
longer compare to WT. In additioabp4 mutant developed leaf angle greater compare to
WT, whereas théBP4 mutation did not affect the auricle length. In clusion, the results
showed that in maizabp mutants the length of the auricle is not propowity associated

with the leaf declination as it was suggested farz@ hybrids (Fellner et al, 2003).

Since phenotypic analysis of WT plants anddhe mutants revealed differences in
leaf angle and partially in auricle length, thedsmf research was moved on microscopic
analysis of auricle epidermal cells in order toawa if differences in this leaf part correlated
with differences in leaf angle (Figures 4.1.6. @ntl.7). The role of ABP1 in the control of
cell size was already mentioned. Indeed, in ABPé&rexpressing maize plants, ABP1 is a
positive regulator of cell size and the downregatabf ABP1 in leaf tissues reduces the cell
size (Jones et al, 1998; Braun et al, 2008). Thelt® of this study showed that the mutation
in ABP1 and/orABP4 genes affected the cell length of the auricle eqpids dependently on
the stage of the plant development. Whereas fumaitidBP4 likely positively regulated
auricle cell length in the second leaf, i.e. earythe development of the maize plant,
functional ABP1 seemed to positively regulate tlumgation of the auricle cells in the fourth
leaf, i.e. later during the developmental prograithough differences found between WT
and abp mutants in the structure of the auricle epidermdicated thatABP genes are
involved in the auricle cells development, a geheoaclusion would be speculative since
there is no regular correlation between the auterigth and the length of the auricle cells in
the examined phenotypes. Interestingly, on the baisghe abpl mutant phenotype
harbouring longer auricle than WT with shorter £€lit least in the later stages of plant
development i.e. fourth leaf) it can be speculdbed theabpl mutant has higher number of
cells in the auricle and consequently that the ABBdd be involved in the cell division of

the auricle cells. Unfortunately, this parameteswiat investigated here. The role of ABP1
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in cell division has already been identified in dobo (Fellner et al, 1996). Moreover,
analyses ofrabidopsis loss-of-function mutant idBP1 indicated a dual role of the ABP1

protein in cell division and cell expansion duriggyly embryogenesis (Chen et al, 2001).

Because ABPs were described as putative auxind@sefurther investigation was
performed in order to see whether exogenously egmiuxin could affect the leaf angle
declination of the maizebp mutants. In this case, the spraying of intact glant the
greenhouse with NAA did not significantly affecetigrowth of neither WT plants nabp
mutants. Several reasons could explain this result:

1) The method used for assigning the effect was irgp@te. Instead of spraying, a
drop of lanolin containing NAA could have been deifed directly on the base of the leaf,
making the treatment more specific.

2) Concentrations of auxin were not appropriate toeoles any significant effect. A
larger range of concentrations should have bededess Hall et al. (1985) reported that
auxin is generally less effective when applied ritaét whole plants (compare to excised
organs or seedlings).

3) NAA simply does not affect the leaf angle developtria these maize genotypes and
some other forms of synthetic auxin or native aufiA should have been tested.

52 ABPl and ABP4 regulate the development of maize seedling
differently in the dark and light.

Since phenotypic analysis of maize leaf revealedoubted involvement of ABPs in the
maize growth in conditiomn vivo, further attention was focused on the characteoizaof
maizeabp mutant seedlings in conditioms vitro under different light conditions: dark (D),
blue light (BL) and red light (RL). The experimemsisowed thaABP1 andABP4 genes are
also involved in the development of maize seedimgl that their roles and functional

relations are organ- and light-dependent.

Analysis of etiolated maizabp mutants showed that ABP1 was not involved in the
coleoptile elongation, whereas it seemed that ABP% positively in its elongation. The

phenotype of doublabpl/abp4 mutant supports this idea. Neither BL nor RL atféelcthe
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elongation ofabp mutant’s coleoptiles suggesting that ABP1 and ARBRnot essential for

the growth of coleoptile in light.

The obtained results further suggest that both ABRd ABP4 are essential for the
growth of etiolated mesocotyl. It was particulavigible for the doubleabpl/abp4 mutant.
The data also indicated that ABP1 and ABP4 couldssiute for each other during the
etiolated mesocotyl growth. Under BL, the mesoca&igngation was affected neither in
abpl nor abp4 mutants, suggesting that these genes are notvewah BL-mediated growth
of this organ (Figure 4.3.1B). Very interestinglye long mesocotyl aibp4 mutant suggests
that ABP1 stimulated the elongation of mesocotyRin However, the role of ABP4 in this
process cannot be excluded. This latest resultagieement with the observation of Jones et
al. (1991) who hypothesized that RL-induced inlndioitof the mesocotyl growth could be
partially caused by the RL-induced reduction of AB&bundance. The fact that the growth
of the mesocotyl of the doublabpl/abp4 mutant was not affected under BL and RL
indicated that in these conditions some otheryradteve pathways, not including ABP1 and

ABP4, could be activated and regulate the mesogobyith.

The growth of primary root of etiolated seedlingsitsmulated by both ABP1 and
ABP4 although the stimulatory effect of ABP4 wasrea@ronounced (Figures 4.1.9 and
5.2.1). The loss of the ABP1 function resulted amder primary root under BL and RL,
whereas the knockout &BP4 resulted in a WT-like phenotype. This suggests &BP1
itself had no effect on the root elongation in tghbut rather suppressed the promoting
effects of ABP4 (Figure 4.3.1C). Taken togetheesth data suggest the involvement of
auxin-binding proteins in light signalling pathwayshich 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), bluelight (BL) (B) and red light (RL) (C).

Based on the results obtained, the model propdsssABP1 along with ABP4 positively participate on
elongation of etiolated mesocotyl and primary r@oiti ABP4 only is positively involved in elongatigrowth

of coleoptiles A). In BL (B), neither ABP1 nor ABP4 affect the growth of eitlmleoptile or mesocotyl,
whereas ABP1 inhibits stimulatory effect of ABP4 primary root elongation. In RLQ), like in BL, neither
ABP1 nor ABP4 affect the growth of coleoptile. Hoxee, ABP1 stimulates mesocotyl elongation undes thi
light condition. In addition, like in BL, ABPL1 inhits stimulatory effect of ABP4 on primary root e@ation.
Arrows and T-bars represgmbsitive and negative effects, respectively.

5.3 Thelossof ABP1 and/or ABP4 function leadsto 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 plardvggh; however its physiological functions
are question of controversy. Indeed, exogenousawexiuced the elongation of the etiolated
maize coleoptile, mesocotyl and primary roots tadh maize hybrid seedlings (Fellner et al.
2003, 2006) and etiolated seedlings of modern mhyeids with reduced expression of
ABP4 gene showed reduced auxin-induced responses (Fetliag 2006). In opposite, other
authors demonstrated that in maize coleoptiles KBagt al, 1986; lino, 1995), pea
internodes (Hall et al, 1985; Yang et al, 1993,68)9and watermelon hypocotyls (Carrington
and Esnard, 1988), the growth of intact plantstisidated by externally supplied IAA.
Nevertheless, this stimulation of growth by exogentAA was transient even if IAA was

supplied continuously (Hall et al, 1985; Carringtand Esnard, 1988). Why exogenous
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auxin, in contrast to endogenous auxin, inhibitsgation in many plant species, is still not
fully understood. Hasenstein and Evans (1988) megothe mechanism by which the
application of the exogenous auxin results in aaygtimal concentration of auxin in the
tissues causing the inhibition of elongation. ldesrto better understand the role ABP1
and ABP4 genes in auxin-mediated growth responses the mesmmess (sensitivity) of
etiolated intact maize seedling’s organs of WT abgd mutants to exogenous auxin was
analyzed.

The growth capacity of WT and mutant maize seedlidiges not simply correspond
with the observed changes in levels of IAA in cpiides, mesocotyls and primary roots
(JuriSk-Knezev et al, 2012). The data showed that etidls¥d plants are more sensitive to
exogenous auxin than tlaep mutants (Figure 4.2.1). Mutation ABP1 and/orABP4 genes
led to a decreased sensitivity of maize seedlingexbgenous auxin suggesting that these
ABP genes are involved in auxin-regulated growth raspse in etiolated intact maize organs.
It seemed that the effect of mutation in both gewas additive, at least in coleoptile and
mesocotyl. In primary root the loss-of-functiontire ABP4 gene, but not idBP1, led to the
decreased sensitivity of primary root to exogenausin suggesting that in the dark auxin-
induced inhibition of root elongation is controlléadtough ABP4. Since doublabpl/abp4
mutant showed phenotype similar to WT, | hypothedlrat a substitute pathway mediated

the response of primary root in dark-grown seedilngxogenous auxin.

The analyses of growth of intact maize seedlingseunifferent light conditions and
in the presence of auxin in the medium unraveltedrole of light in auxin-regulated growth
via ABPs. In BL and RL, compared to dark-grown d$eed, the responsiveness of WT
organs to exogenous auxin was decreased, which wedsle both in coleoptile and
mesocotyl. The results further indicated that bafBP1 and ABP4 contributed to the
responses of coleoptile to the inhibitory effedtswaxin under BL and RL. Interestingly, the
growth of mesocotyl under BL was mediated mosthABP4, with no essential influence of
ABP1. However, it seemed that both ABP1 and ABP4ewavolved in auxin regulated
mesocotyl growth under RL. Loss of sensitivity offTVgrimary roots to exogenous auxin
under BL and RL indicated that some other pathwiagliependently from ABP1- and ABP4-

pathways, could be involved in auxin-induced grovesponses in primary roots.
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54 Etiolated coleoptile and mesocotyl are differently senstive to
exogenous calcium and its accumulation in these maize organs is inhibited
by ABPA4.

Besides the fact that €as an essential nutrient for plants, it also ast& second messenger
mediating a wide range of cellular responses (Sanekteal, 2002). Because auxin causes an
increase of the cytosolic free €aconcentrations (Felle et al, 1986, 1991; Felle8819
Shishova and Lindberg, 1999, 2004) and consideghegfact that ABPs are putative auxin
receptors, | hypothesized that the interaction betwauxin and Gathrough ABPs during
the growth and development of maize may exists finst step the effect of exogenous’Ca
on the growth responses alfp mutants was analyzed. The effect of Can the growth of
maize seedlings was assessed in conditiomtro in the dark in order to avoid the influence
of the light and photoreceptors. The differencesevabdserved both between different maize
seedling’s organs (coleoptile and mesocotyl) arfigr@int genotypes (WT amabp mutants)
(Figure 4.4.1). Since coleoptile of WT did not shamy response to exogenous’Giét can

be assumed that €adoes not regulate coleoptile elongation. In additiABP1 and ABP4
are not involved in this process. In contrast ttecptile, C&" stimulated the growth of

mesocotyl in a dose-dependent manner in all geestyp

Beside the study performed in conditionvitro, the effect of C& on the growth of
maize WT andabp mutants was also analyzed in conditions/ivo. Exogenously applied
Ccd" in the form of the CaGlsolution did not show any effect on the leaf gtowtf neither
WT plants nombp mutants. The reason for this result could be:

1) The inappropriately chosen form of the?Ctor the absorption by the leaves
2) Concentration range tested could be greater or

3) It could be that exogenously applied®?Cdoes not affect the leaf growth.

Another step in determination of the relationshgiween ABPs and Gain maize
seedlings was determination of aontent (Figure 4.4.2) in etiolated maize seetting
aerial parts (coleoptile + mesocotyl) in WT plaatsd abp mutants. This approach allowed
unravelling the role of ABPs in the regulation of®Caccumulation in maize. The fact that
abp4 mutant accumulated more €in its aerial parts compare to WT plants in ahditions
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tested suggests that ABP4 is involved in the iritibiof C&" accumulation in shoots of
etiolated seedlings. SincBBP1 gene inabp4 mutant is still functional, it can be also

assumed that ABP1 stimulates accumulation &f @amaize aerial parts.

55 ZmCAX2 and ZmCAX3, orthologs of AtCAX1, are putative maize
Ca*/H* exchangers.

As it was mentioned, Giis thought to play an important role in the sidingl pathways
(Sanders et al, 2002). During the signalling evetfits basal cytosolic Gaconcentration is
restored by sequestering the transient increageeefC&" into the vacuole (Sanders et al,
2002). One of the effective mechanisms of ‘Gaquestration into the vacuole is the family
of antiporters called CAtion eXchangers (CAX) (ewved in Manohar et al, 2011). In
several studies auxin has been shown to causasiena increase of Gaconcentration in
the cytosol (Felle et al, 1986, 1991; Felle, 198Bishova and Lindberg, 1999, 2004). Since
ABPs are putative auxin receptors, | assumed tineihavia ABPs could be included in the
signalling cascade, which involves and CAXs. Therefore the goal was to clone maize
C&*/H* antiporter(s) and to using maize mutants defedtivdBP1 andABP4 genes resolve

this assumption.

Up to date several €4H" antiporters have been characterized at the bioicaéand
molecular level in different plant species (Schueradnd Sze, 1985; Hirschi et al, 1996;
Ueoka-Nakanishi et al, 1999), but no maiz&'G4 antiporter has been cloned so far. In
Arabidopsis and in rice, respectively, si€AX genes and fiveCAX-homologs have been
isolated (Kamiya et al, 2005; Shigaki et al, 20@)me of them showed specificity forCa
transport and localization on the tonoplast. Ineori@ clone the maize CAX responsible for
Cd" transportArabidopsis AtCAX1 (AF461691) (Hirschi et al, 1996) sequence was @sed
a reference sequence in database search since liteea shown that this gene encodes the

vacuolar C&/H" antiporter.

Two sequences in maize, orthologsArabidopsis AtCAX1, ZmCAX3 (AY108295)
and ZmCAX2 (AB044567) were amplified by PCRn silico analyses showed that the
sequences isolated from maize encode proteinsnghadmmon features with the already

known CAXs of various organisms (lvey et al, 19B@schi et al, 1996; Ueoka-Nakanishi et
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al, 1999; Kamiya and Maeshima, 2004; reviewed imdkar et al, 2011). They are predicted
to have 11 transmembrane (TM) domains with the dyykitic loop between the"band the
7™ domain, which bisects the protein into two groapfive and six TM spans (Figures 4.5.2
and 4.5.3). In addition, the analysis of HB®CAX3 and ZmCAX2 sequences showebat

corresponding proteins are 462 and 419 amino &midg respectively.

Phylogenetic analysis showed th&ahCAX3 belongs to type IA of CAXs, whereas
ZmCAX2 belongs to type IB of CAXs (Figure 4.5.1). Thisistering reflected not only the
similarity between sequences at the amino acid Igamiya et al, 2005) but also probably
the different substrate specificity (Shigaki et2006). Evolutional relationships among the
characterized and uncharacterized CAXs could lead tbetter understanding of their
potential roles. Considering the fact that the ettohary closest relative of maize ZmCAX3
is rice OsCAX1la (Figure 4.5.1), known to be a vdaucd&" transporter (Kamiya et al,
2005), and phylogenetically belongs to the samstefuas AtCAX1 (type IA), it can be
assumed that the maize ZmCAX3 could have the sam&ibn and localization as this rice
transporter. The second CAX, which was identifiacthis study in maize was ZmCAX2,
closely associated to the rice OsCAX3 (Figure 4,5%shown to be a vacuolar transporter
responsible both for Gaand manganese (M%) transport (Kamiya et al, 2005). Considering
the fact that ZmCAX2 belongs phylogenetically t@ thame cluster as rice OsCAX3 and
Arabidopsis AtCAX2 (type IB), it can be assumed that maize ZAX2 might be a vacuolar
transporter, which transports both*€and Mrf* in maize plant.

Substrate specificity of transporters is an impdrtieterminant of their physiological
functions. Substrate range of different CAXs mayyvamong C&, Mn** and cadmium
(Cd?"). The nine-amino-acid-long region of AtCAX1 haseheshown to confer Gh
transport ability to its close non-Earansporting homologue AtCAX3 and it has been
designated as Gadomain (CaD) (Shigaki et al, 2001). However, tahility of AtCAX3 to
fully confer CAX1-like phenotype suggests that otlmegions in AtCAX1 affect some
elements of CA transport (Shigaki et al, 2001). The mechanismvhich the CaD regulates
ion transport is unknown. This domain is one of thest polymorphic regions within the
CAX group (Shigaki and Hirschi, 2000) (Figure 1.8)nfortunately, based only on the
sequence analysis the specificity of transporhefprotein cannot be predicted, which is the

case with these two maize CAXs. Additional complataBon tests with the yeast strains
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deficient in C&" transport must be performed in order to deterntfieesubstrate specificity

of these two proteins.

In eukaryotic cell, critical factor for the functioof the protein is its cellular
localization. So far, most of the characterizedagyétic CAXs, such as VCX1 from yeast
(Cunningham and Fink, 1996), VCAX1 from mung be&ledka-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, 20@2j et al, 2009), OsCAX1a from rice
(Kamiya and Maeshima, 2004) are localized to theugbe. However, localization of most
plant CAXs is still unknown. It is possible thainse CAXs are located on membranes other
than the vacuolar membrane. For example, biochéreiqaeriments suggest that /@&’
antiport activity is also present on the plasma torame and chloroplast thylakoid membrane
(Kasai and Muto, 1990; Ettinger et al, 1999). Imsthtudy, using the TmPred program
(Hofmann and Stoffel, 1993), the preferred modelthe N-terminus localization for both
maize CAXs, ZmCAX3 and ZmCAX2, was cytosolic. Sianly, the AtCAX1
hydrophobicity plot predicts that the N-terminajjuéatory region and the CaD are located on
opposite sides of the membrane (Shigaki et al, p@@hgesting that the N-terminus is
cytosolic and that the CaD domain would be founside the vacuole. Here should be
mentioned that beside the computational approachprfediction of protein localization,
different constructs of CAX-GFP/YFP fusion were math order to investigate the
localization of maize CAXs by this approach; howevier some unknown/unexplained
reasons this approach did not work.

5.6 ABP1l and ABP4 mutually regulate the expression of ZmCAX2 and
ZMmCAX3in later stages of leaf development.

Since two putative G&H" transporters in maize were cloned and the phenatjpeaize
abp mutants was thoroughly investigated and consetyudrd role ofABP1 andABP4 genes

in maize growth was unravelled, the focus of redearas moved on the analyses of possible
interaction and relationship between maize CAXs &mPs. Therefore, the expression
pattern of two putative G&H" transporters in different conditioms vivo andin vitro was

analyzed. The expression AiNCAX3 was very weak and almost no detectable by semigRT-

70



4 Discussion

PCR and therefore its expression analysis was rdeted by the more sensitive method
gRT-PCR. In contrast, the second geBmCAX2, was very well expressed in all tested

genotypes in all conditions.

Considering the fact that the most significantetiéhce in the leaf angle of maiagp
mutants was found in the third leaf (Figure 4.1thg further step was to check out if the
genes, ZMCAX2 and ZmCAX3, are differently expressed in different phases |exdf
development i.e. in the base of the emerging ledfia the base of the fully developed leaf
and in that way possibly involved in leaf develommerecently, Conn et al. (2011) have
shown that in Arabidopsis thaliana, AtCAX1, a vacuolar C&/H" transporter, was
preferentially expressed in the leaf mesophyll aedessary for significant proportion of

mesophyll-specific vacuolar storage ofCa

The expression analyses ZfiICAX2 andZmCAX3 showed that these genes were not
developmentally regulated since their expression mat affected by the age of WT plant.
However, a significant down-regulation &inCAX2 expression in the base of the developed
leaf of doubleabpl/abp4 mutant suggests that both ABP1 and ABP4 could dsatipely
involved in its regulation in later stages of ldalvelopment.

Increased expression @mCAX3 in the base of the developed leafatpl mutant
compare to emerging leaf, implicates that functigkiBP1 can regulatZmCAX3 expression
differentially during the leaf development and hmetsame time suggests that functional
ABPL1 inhibits the expression @mCAX3 in the developed maize leaf. &bpd mutant, the
expression oZmCAX3 did not significantly change during the leaf deyghent suggesting
that functional ABP4 alone is not involved in regfion of this gene expression during the
leaf development. However, higher expressio@ZmCAX3 in the base of the developed leaf
of doubleabpl/abp4 mutant compare to WT suggests that functional ABPdooperation
with ABP1 could inhibit the expression AMCAX3 in the fully developed leaf.

57 ABP4 is involved in auxin- and Ca*-regulated expression of
ZmCAX3 in mesocotyl.

Since certain differences between WT afip mutants in responses to auxin andda

conditionin vitro were found, gene expression analyses was performecter to unravel
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the putative relationship between CAXs and ABP4wo maize seedling’s aerial organs-

coleoptile and mesocotyl and the role of auxin @ad in their regulation.

In this study it was shown that maiaep mutants were differently sensitive to auxin
indicating that ABP1 and ABP4 are involved in auriediated responses in maize. In order
to unravel the relationship between auxin, ABPs &@#Xs in maize the expression of
ZmCAX3 andZmCAX2 was investigated in these mutants in relationuxdra The obtained
data have shown that in the basal conditions, ABRd ABP4 were not involved in the
regulation ofZmCAX3 expression in coleoptile, whereas ABP4 stimulatedexpression in
mesocotyl (Figure 4.6.4). Yamagami et al. (20pfposed the existence of two signalling
pathways participating in auxin-induced internodewgh in pea: an ABP1l-independent
pathway, which depends on exogenou$'@ad ABP1-dependent pathway independent on
extracellular C&. The data collected showed that auxin inhibitepression 0ZmCAX3 in
mesocotyl and did this via ABP4. The results alsowged that the expression 4MCAX2 in
coleoptile and mesocotyl was not regulated by ABit ABP4 in basal medium. In
addition, auxin did not influence the expressionZaiCAX2 neither in coleoptile nor in

mesocotyl and ABP1 and ABP4 were not involved is fitocess.

In order to unravel the relationship betweerf'CABPs and CAXs in maize, in the
next step, the expression BMCAX3 andZmCAX2 was investigated in thabp mutants in
relation to C&'". Since the expression BMCAX3 in coleoptile did not differ between control
condition and treatment with €ait could be concluded that the expressioZmCAX3 is
not regulated by Gain this maize organ. In contrast, in mesocotyg(fe 4.6.5)ZmCAX3
was more expressed in the WT organ treated wiffi @ampare to untreated one indicating
that in mesocotyl C4 stimulates the expression BMCAX3. These results are consistent
with other data obtained in this study, sinceZh&€AX3 expression was higher in mesocotyl
compare to coleoptile (Figure 4.6.3 B) and thaeaptile growth was G4 independent,
whereas mesocotyl growth was stimulated by*Cl addition, the phylogenetic analysis
data showed thaZmCAX3 belongs to the type IA CAXs which are predominar@ls™
transporters, making th&mCAX3 good candidate as a €4+ exchanger in maize. Further
analysis using yeast strains deficient in*Caansport will undoubtedly unravel the ion
specificity of this transporter. Since the expressif ZmCAX3 in the medium without Ga
in both coleoptile and mesocotyl did not differweeen WT andabpl mutant (Figure 4.6.5),
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the conclusion could be made that ABP1 alone dit play a role in regulation of its
expression in the absence of’Can contrast, lower expression BMCAX3 in mesocotyl of
bothabp4 and doubleabpl/abp4 mutant (Figure 4.6.5) led to the conclusion thBPA alone
as well as in cooperation with ABP1 stimulates #éx@ression oZmCAX3 in mesocotyl.
Increased expression BMCAX3 in mesocotyl obbp4 mutant treated with Gacompare to
the same genotype in control condition indicates @&", via ABP4 as a negative regulator,
regulates the expression KCAX3 in mesocotyl. The fact that €devel was the highest in
the aerial part obp4 mutant (Figure 4.4.2) contributes to the finditgtt ABP4 is a
negative regulator mCAX3, which is putative C4 transporter since the lack of ABP4 led
to accumulation of Ga in this maize part. In addition, @bpl mutant that does not lack the
ABP4, the level of C& did not change compare to WT, contributing to fineling that
ABP4 regulates CA accumulation in maize aerial parts.

The second maize CAX whose expression was invéstiga relation to exogenous
Cd* wasZmCAX2. The fact that this geneas not differently expressed between WT and
abp mutants in the medium without €asuggests that ABP1 and ABP4 were not involved in
the regulation of its expression neither in coldeptor in mesocotyl. Moreover, the fact that
ZmCAX2 was not differently expressed neither in coleeptibr in mesocotyl of WT in the
medium without and with Gasuggests that this gene was likely not regulate@#*. This
data is consistent with the phylogenetic analysi$gomed in this study (Figure 4.5.1), which
showed thaZmCAX2 belongs to the group of CAXs more responsibletfansport of ions
other than C&. As in the case with ZmCAX3, further analyses wigtast strains deficient in
C&* and/or other ions transport are necessary to Herpeed in order to determine the ion

specificity for this transporter.
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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, Ca?*, ABPs and Ca?*/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 Ca®* homeostasis in maize and recruited ABP4 as a

negative regulator of Ca®* 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 Ca®*/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, Ca’,
ABP1, ABP4 and ZmCAX3 in mesocotyl is proposed (Figure 6.1). According to this model,
both auxin and Ca?* stimulate ABP4, which is a negative regulator of ABP1. In that way,
both auxin and Ca®* via ABP4 inhibit the expression of ZmCAX3 in mesocotyl thus
regulating Ca®* 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.

Exogenous auxin ca*

\\\‘ ‘///

ABP4

|

2+
ABP1 —» ZmCAX3 —» S Mesocoty!

accumulation > growth

Figure 6.1 A proposed model of the relationship between auxin, Ca**, ABP1, ABP4 and ZmCAX3 in
maize mesocotyl.

According to the model proposed auxin and Ca?* regulate the expression of ZmCAX3 via ABP4 and ABP1.
ABP4 is a negative regulator of ABPL, which stimulates the expression of ZmCAX3 in mesocotyl.
Consequently, accumulation of Ca?* in mesocotyl and its growth are affected. Arrows and T-bars represent
positive and negative effects, respectively.

The complex interplay of auxin, Ca?*, ABPs and CAXs in maize is still at the
beginning of its story. Nevertheless, | 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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Mutanti kukuice s nefunknimi geny ABP1 a/neboABP4, pouziti v diserténi praci, jsou
velice vhodni pro studium interakce mezi auxinena®"CABP a CA'/H" transportéry.
V piedkladané préci bylo zji&to, Ze mutanti s nefutkimi geny ABP1 a ABP4 ukazuji
vyrazny fenotyp. Ziskané vysledky nazop, Ze proteiny ABP1 a ABP4 jsou zapojeny
v regulaci vyvoje aitrstu listi a rovréz v prodluzovani etiolizovanych rostlin kukee. Déale
bylo v predkladdané praci ukazano, Zze ABP1 a ABP4 jsou zapojeauxinem-regulovaném
rastu etiolizovanych rostlin kukice. Experimenty vedle toho ro&hodhalily, Ze na modrém
a cerveném sitle je mistova reakce rostlin k exogennimu auxinu slabsi veezne a Ze
ABP1 a ABP4 jsou dasthto proces zapojeny. Stanoveni obsahu?Caabp mutantech pak
poskytuje lepsi pohled na ulohu proteiABP v regulaci homeostaze vapniku v kiikua
ukazuje, Ze ABP4 by mohl fungovat jako negativngutator akumulace véapniku

v nadzemnickastech rostlin kukiice.

Béhem diserténi prace byly rov& klonovany a charakterizovany dva geny kodujici
domrelé kukuicné transportéry skupiny CAX, pojmenovafr@CAX2 a ZmCAX3, které jsou
homologni k vakuolarnimu G#H* transportéru AtCAX1, nalezenému uArabidopsis.
Analyzy jejich exprese v mutanteebp umoznily poodhaleni jejich regulace piesinictvim
proteimi ABP. Ziskané vysledky ukazuji, Ze fumk vztah mezi proteiny ABP a CAX u
kukufice je pozorovan viznych stadiich vyvoje rostlin kukice a je rovez zavisly na
organu. Na zakladvysledki ziskanych v podminkadh vitro u mladych rostlin byl navrzen
model, ktery popisuje furtki vztah mezi auxinem, €a ABP1, ABP4 aZmCAX3
v mezokotylu kukiice (Obr. 6.1). Podle tohoto modelu auxin &'Gaimuluji ABP4, ktery
funguje jako negativni regulator ABP1. Timtoagpbem, auxin i vapnik inhibuji expresi
genuZmCAX3 v mezokotylu progednictvim ABP4 a tim reguluji akumulaci €a tétocasti

rostliny a nasledntak jeji ist. V podminkachn vivo na Urovni vyvinutych rostlin ziskana
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data ukazuiji, Ze v regulaci exprese obouigdnCAX2 aZmCAX3 v pozdjSim stadiu vyvoje
listu jsou ABP1 a ABP4 funiné vzajemrE propojeny.

. . 2
Exogenni auxin ca”’

\/

ABP4

|

ABP1 ZMCAX3 Akumulace Rust

vapniku mezokotylu

Obr. 6.1 Model mozné interakce mezi auxinem, G4 ABP1, ABP4 aZmCAX3 v mezokotylu kukutice.

Podle tohoto modelu auxin a €aeguluji expresi genmCAX3 prostednictvim ABP4 a ABP1. ABP4
funguje jako negativni regulator ABP1, ktery stinjel expresiZmCAX3 v mezokotylu.Tim byla ovlivrena
akumulace C4 v mezokotylu a jehotst. Sipky oznauiji stimulaci, kdeZto zriky ve tvaru T reprezentuiji
inhibici.

Slozita souhra auxinu, €aa proteii ABP a CAX u kukiice je dosud na @étku

odhaleni. Nicmé# véiim, Ze tato pracefgpéla k porozundni jejich vzajemné interakce a

vyvolala dalSi otazky pro budouci vyzkum.
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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 Arabidopsisthaliana

ATP Adenosine Triphosphate

Aux/IAA Auxin/indole-3-acetic acid protein

BL Blue Light

BLAST Basic Local Alignment Search Tool

BM Basal Medium

ca® Calcium

CaD Calcium Domain

CaM Calmodulin

CAX CAtion eXchanger

cDNA Complementary Deoxyribonucleic Acid

CDPKs Ca’*-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 (G;) and synthetic (S) phase of
cell cycle
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Go/M

GAPDH

H™-ATPase

H*-PPase
IAA
IBA
KDEL
LB
Mes
Mgz+
M r]2+
MS
NAA
NCBI
Ni2+
NPA
Os
PAT
PCR
gqRT-PCR
R

RL
RNA
SE
TIR1
WT
Xgal
Zm

Zn%*

8 List of Abbreviations

Transition between growth 2 (G;) and meta-phase (M) of cell

cycle

Glyceraldehyde 3-phosphate Dehydrogenase
Proton pump

H*-pyrophosphatase

Indole-3-acetic Acid

Indole-3-butyric acid

Retention signal for endoplasmatic reticulum
Luria-Bertani broth
2-(N-morpholino)-ethanesulfonic acid
Magnesium

Manganese

Murashige and Skoog medium
1-Naphtaleneacetic Acid

National Center for Biotechnology Information
Nickel

N-1-naphthylphthalamic Acid

Oryza sativa

Polar Auxin Transport

Polymerase Chain Reaction

guantitative Real Time-PCR

Reverse primer

Red Light

Ribonucleic Acid

Standard Error

Transport Inhibitor Response 1

Wild Type

5-bromo-4-chloro-3-indolyl- -D-galactopyranoside
Zea mays

Zink
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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 Juri$ié-Knezev, Maria Cudejkova, David Zalabak, Marta Hlobilova,
Jakub Rolcik, AleS Péncik, 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 abpl, abp4, and abplabp4 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 ABPI 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 I’auxines « auxin-binding proteins » (ABPs), chez le mais, sans pou-
voir établir clairement leurs fonctions. Ils ont utilisé trois mutants de mais (abpl, abp4 et abplabp4) pour comprendre le
role des ABPs dans la croissance et le développement du mais. En serre, les mutants différent 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 a la lumiere bleue (BL) ou rouge (RL), en présence d’auxine exogene. Les plantules étiolées des mutants s’a-
verent plus courtes et moins sensibles a I’auxine que les témoins de type sauvage. Les BL et RL atténuent la sensibilité des
plantules a I’auxine, cette réaction étant partiellement contrdlée 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 a la lu-
miere. En conclusion, ABP1 et ABP4 jouent un role dans la croissance des plantules de mais et leur réponse a I’auxine, et
interagissent avec la(es) voie(s) de signalisation de la lumiere. Nous suggérons une interaction entre ABP1 et ABP4, toute-
fois dépendante de la lumiere, de ’organe et de la réaction étudiés.

Mots-clés : auxine, protéine liant I’auxine, croissance, lumiere, mais.

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 lino 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; Lobler and Klambt 1985).
Several studies demonstrated that ABPI 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 ABPI 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
ABPI 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 ABPI inactivation
could not be bypassed by exogenous auxin, suggesting the
role of ABPI1 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 ABPI1 activity in Arabidopsis results in a de-
crease of the expression of a large spectrum of Aux/IAA
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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 TIRI-
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
ABPI 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
TAA in etiolated maize seedlings (Briggs 1963; Bandurski
et al. 1977; lino 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; lino 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
ABPI1 (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 ABPI 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 ABPI 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 ABPI and ABP4 genes.

Material and methods

Plant material, growth conditions, and measurement of
seedling growth

The loss-of-function mutants in ABPI 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 ABPI and (or)
ABP4 genes. Seeds of single mutants abpl (B2 allele) and
abp4 (B2/K1 allele), double mutant abplabp4 (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 ABPI and (or) ABP4 gene expression (see Supple-
mental Fig. S1)!; they all showed stable phenotypes. The fy-
tochromobilin-deficient mutant elml (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 elml 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 X 77 mm X 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-!
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
MCI1000E, 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
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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 pumol'm2s-!. 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 X
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 X (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 Image] 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-

!Supplementary 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 Péncik 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 ABPI and (or) ABP4 transcripts
in the loss-of-function mutants in ABP/ 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 ABPI 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 ABPI
fragment (maize ABPI 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 (ABPI 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 ¢ 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 ABPI expression post-transcriptionally because the
ABPI transcript levels did not differ among WT and abp4
mutants (Im et al. 2000). Based on this, and on our previous
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Fig. 1. Leaf angle of single maize mutants abp! and abp4, double
mutant abplabp4, 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 (¢-test; P < 0.05 and P < 0.01, respectively) from
the corresponding WT leaf.
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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
abpl 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-
plabp4 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 TAA in the etiolated coleoptile and primary
root (see below).

Loss-of-function mutants in ABPI 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 ABPI 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.
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Fig. 2. Length of leaf blade, leaf width, and leaf surface of single maize mutants abp! and abp4, double mutant abplabp4, 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. (¢) 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 Imagel 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 (z-test; P < 0.05 and P < 0.01, respectively) from the corresponding WT leaf.
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Mutations in ABPI or ABP4 affected the overall features of  of the 3rd and 4th leaves were significantly longer than those
the leaves. In the single mutant abpl, leaf blades of the 2nd, in WT (by ~17%) (Fig. 2a). The 2nd leaf of the double mu-
3rd, and 4th leaf were longer than in WT plants. In abp4 mu- tant abplabp4 was shorter than in WT plants, and the 3rd
tants, the 2nd leaves were the same size as in WT, and blades and 4th leaves reached lengths similar to those observed in
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WT plants (Fig. 2a). Leaf width was also affected by the mu-
tations (Figs. 2b, 2¢). The base of the leaf in abpl 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 Imagel] software. Figure 2d
shows that the greatest blade surface was measured in plants
where ABPI or both ABPI 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 ABPI 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 abpl
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
ABPI 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 abpl 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, abpl, and the double
mutant (Fig. 3b).

Defects in ABPI and (or) ABP4 also had an impact on the
length of the primary root (Fig. 3c). In etiolated seedlings,
loss of function in ABPI 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 abpl 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 abpl
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 abp/
and abp4, double mutant abplabp4, and corresponding wild type
(WT) in response to darkness and light. Elongation of the (a) co-
leoptile, (b) mesocotyl, and (¢) 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 (s-test; P < 0.05 and P < 0.01, respectively)
from WT in D; letters a, b indicate significant differences (z-test;

P <0.01 and P < 0.05, respectively) from dark-grown seedlings of
the same genotype; ¢ indicates a significant difference (s-test; P <
0.05) from WT in BL; d indicates a significant difference (z-test;

P <0.05) from WT in RL.
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Fig. 4. Comparison of mesocotyl diameter in single maize mutants abpl and abp4, double mutant abplabp4, and corresponding wild type
(WT) seedlings grown in Magenta boxes in darkness. (a) Mesocotyl cross-section microphotograps (Scale bar = 200 wm). (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 (z-test; P < 0.05) from each other.

100 [

Cell diameter (um) ©

double mutant abplabp4, primary roots were of a length
similar to those observed in WT plants (Fig. 3¢).

In etiolated mesocotyls, the mutation in ABPI 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 abpl and abp4
corresponded with the reduced diameter of cortical cells. It is
also evident that the loss of function in ABPI 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 ABPI 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

Published by NRC Research Press



use only.

Botany Downloaded from www.nrcresearchpl):r%s.com %/ UNIV OF WASHINGTON LIBRARIES on 10/24/12
or person

JuriSi¢-Knezev et al. 997

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 to 10~ mol-L™), in dark (D), blue light (BL), or red light (RL)
conditions. Dose-response curves of the (a) etiolated coleoptile growth, (¢) 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 X 10> mol-L~'. The values are the mean growth inhibi-
tion + SE calculated from the mean values in 5 to 12 independent experiments. ¥, *, and ** indicate significant differences (7 - test; P < 0.1,
P < 0.05 and P < 0.01, respectively) from WT in D; letters a, b indicate significant differences (z-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 (#-test; P < 0.05) from WT in RL; e indicates a significant difference (s-test; P < 0.1) from abplabp4 in RL.
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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 X 10-5 mol-L-! 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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of seedlings in BL and RL are shown in percentage of inhib-
ition by NAA at the concentration 5 X 1075 mol-L-! (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
abpl 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, abp! 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 abpl, 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. Se). Etiolated WT, abpl,
and double mutants showed similar responsiveness to NAA
(70%-80% at concentrations from 10 to 10 mol-L1),
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 abpl) 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 ABPI 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 TAA 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 ABPI or ABP4
gene did not result in any essential change in the accumula-
tion of free IAA. However, a twofold augmentation of free
TAA was observed in etiolated coleoptiles of the double mu-
tant (Fig. 6a). In WT, abpl, 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 I[AA and no matter the

Botany, Vol. 90, 2012

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 (¢-test; P < 0.1 and
P < 0.01, respectively) from WT in D; letters a, b indicate signifi-
cant differences (#-test; P < 0.01 and P < 0.05, respectively) from
dark-grown seedlings of the same genotype; ¢, d indicate significant
differences (t-test; P < 0.01 and P < 0.05) from WT in BL; e indi-
cates a significant difference (s-test; P < 0.05) from WT in RL.
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Fig. 7. Growth responses of the maize e/m/ 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 x 10~ 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 x 10> mol-L ™).
The values are the mean growth inhibition + SE calculated from the mean values in six independent experiments. The letter a represents a

significant difference (z-test; P < 0.05) from B73 in D.
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genotype, RL had a negligible effect on the auxin content.
Interestingly, the loss of function in the ABPI 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 ABPI 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. 6¢). 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. 6¢).

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
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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 e/m/ in maize
for its sensitivity to exogenous auxin. On the BM, etiolated
seedlings of WT and elml mutants developed coleoptiles of
similar length, and BL- or RL-induced de-etiolation of co-
leoptiles was less evident in elm/ 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 X 10-5 mol-L-!. In BL and RL, auxin inhibited the co-
leoptile growth in B73 significantly less than in D. However,
the responsiveness of the elml 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 elml essentially less than in B73
(Fig. 7¢). 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 e/m/ in the same man-
ner as in D, BL, or RL conditions (Fig. 7d).

Discussion

In Arabidopsis, the sole ABP gene, ABPI, was identified
(Palme et al. 1992), and its knockout resulted in an arrest of
seedling development at the globular stage of the embryo
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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 ABP! 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 abpl 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., abpl 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
abpl 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 ABPI 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 ABPI and ABP4 thus confirms the pheno-
type expectation above (see Results). The phenotypes of
single mutants further indicate that the functional ABPI1
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-
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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 ABPI) suppress the
activity of ABP4. The arrows and T-bars represent positive and ne-
gative effects, respectively.

For leaf declination, blade elongation and lateral blade growth

”

ABP1 <> leaf declinaton |——— ABP4

\/ blade elongation 7 _
lateral blade growth

For blade elongation

tivity of ABPI 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 abplabp4
supports this idea. Since the loss of function of ABPI 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 ABPI 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 abplabp4
grown in BL or RL leads to the conclusion that in the light
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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 ABPI1(-), ABP4 (-)*
BL ABP1(+), ABP4 (?)
RL X
Mesocotyl
Elongation D ABP1(+), ABP4 (+)*
BL X
RL ABP1(+), ABP4 (?)
IAA accumulation D X
BL ABPI1(+), ABP4 (+)"
RL X
Cell size D ABP1(-), ABP4 (-)
Primary root
Elongation D ABP4(+)
BL ABP4(+)"
RL ABP4(+)"
TAA 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; m, where ABP1 (ABPI) 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
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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
BL
RL

Mesocotyl

Growth inhibition D
BL
RL

Primary root

Growth inhibition D
BL
RL

ABPI1(?), ABP4 (+)
ABP1(+), ABP4 (+)
ABP1(+)

ABP1(?), ABP4 (+)
ABP4(+)
ABPI(+), ABP4 (+)

ABP4(+)
X
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.

the elimination of both ABPI 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 ABPI 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).
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The knockout of ABPI, 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 abplabp4 shows
WT phenotype.

Knockout of ABPI 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
TAA (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 TAA. We further deduce that in BL conditions, the
level of endogenous TAA in the coleoptile is positively con-
trolled by ABP1, whereas the role of ABP4 remains unclear.
Finally, the level of TAA 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 TIAA 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
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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, 5¢).

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 e/m/ 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,
ABPI1 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 ABPI, 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 ABPI 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 ABPI 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.
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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 abp7abp4, 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.



