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Abstract 

Traditional breeding for increased yield under water limiting conditions has been hampered 

by the complexity of the polygenic plant response and the unpredictability of seasonal 

conditions. This has made it difficult to observe the hereditability of a selected trait. Given 

these difficulties, breeders have been selecting for yield improvement under water deficit by 

phenotyping methods rather than by genetic association. Hence, an improvement in yield 

under water limited conditions is often seen under well-watered conditions and so selection 

has been for yield increase and not “drought tolerance”. Understanding the plant drought 

response at the molecular level will aid efforts to increase yield under water limited 

conditions. An approach to reveal the molecular mechanisms of the plant drought response is 

to study the role of transcription factors which act as global regulators of gene expression.  

Members of the homeodomain-leucine zipper class I (HD-Zip I) γ-clade TFs show drought 

and ABA inducible expression and are believed to act in plant adaptation to abiotic stress. It 

was therefore considered that, HD-Zip I γ-clade TFs pose good candidates for studying a part 

of the drought response mechanism. To this end three wheat γ-clade HD-Zip I TFs were 

isolated, TaHDZipI-3, TaHDZipI-4 and TaHDZipI-5, and studies of their function were 

performed. 

Studies were performed to confirm the relationship of the isolated γ-clade TFs with 

homologues. The three wheat γ-clade HD-Zip I TFs show patterns of induction by abiotic 

stresses and interaction with the putative HD-Zip I cis element that suggests differences exist 

between dicot and monocot homologues. 

Transgenic wheat and barley plants constitutively over-expressing wheat γ-clade HD-Zip I 

TFs have been produced. Investigations were made to analyse any role of HD Zip I TFs in 

stem development and the regulation of lignin deposition in anther development. Wheat 

constitutively over-expressing TaHDZipI-4 displayed no differences in stem length contrary 

to other reported observations made on γ-clade HD-Zip I TFs. However, a stem 

developmental series showed that there is an increase in endogenous expression correlating 

with internode maturity and a developmentally specific spike in expression in the entire stem. 

Analysis of lignin deposition was performed using barley expressing TaHDZipI-3, TaHDZipI-

4, and ZmHDZip1 under the 35S promoter. Results suggest that no differences in anther lignin 

deposition have occurred. 
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Transgenic wheat was grown under two different drought scenarios, sustained water deficit or 

cyclic drought, to assess the effect of γ-clade HD-Zip I TFs under the regulation of a strong 

drought inducible promoter. No improvement in yield under water deficit was observed. 

It appears that wheat HD-Zip I γ-clade TFs have diversified from known dicot homologues in 

their expression characters and role as transcription factors. Hence, the mechanisms of action 

of these TFs in monocots may be different from that in Arabidopsis. Despite the efforts and 

analyses presented here as part of the PhD project, the role of γ-clade HD-Zip I TFs in the 

plant drought response remains elusive.  
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1.1 Introduction 

Crop growth under water limited conditions results in yield decreases and is the largest 

component of yield loss internationally (Izanloo et al., 2008; Chen et al., 2011). With water 

supplies for agriculture diminishing it is becoming apparent that we will need to improve crop 

genotypes for performance under water deficit, through breeding and molecular biology 

approaches (Farooq et al., 2009; Chen et al., 2011).  

1.2 Improving drought tolerance in wheat 

1.2.1 Breeding for drought tolerance by phenotyping 

Breeding for improved yield under water limited conditions in wheat is a problematic 

situation due to the apparent complexity of the plant response and the unpredictable nature of 

drought. It is difficult to confirm hereditability of a desirable trait as the environmental 

factors, required to realise the phenotype, may not be the same the following year or across 

sites. This is particularly true of weak phenotypic characters which still contribute to the 

overall response. These genotype by environment interactions are further complicated by the 

effects of other abiotic stresses that often occur in combination with water deficit, such as heat 

stress and the presence of toxic elements (for example, salt and boron). Given these 

difficulties, breeders in Australia achieve yield improvement under water deficit by 

phenotypic rather than genotypic selection. It is argued that this has led to improvements in 

general yield performance which are not specific to water limited conditions (Cattivelli et al., 

2008). 

1.2.2 Drought tolerant ideotype 

One strategy for reducing the impact of water deficit in wheat involves identification of 

relevant physiological traits. This has led to the proposal of a drought tolerant ideotype of 

wheat which displays a leaf and root phenotype that enhances drought tolerance. In the leaves 

the ideotype would have: increased leaf thickness and optimised leaf angle to reduce the 

incident light received, reduced stomata number to decrease evaporation, increased leaf 

waxiness and pubescence to decrease evaporation from the leaf surface, and responsive leaf 

rolling to reduce evaporation. The ideotype would have deep roots to access water during the 

grain filling stage (Reynolds et al., 2001; Wasson et al., 2012). This ideotype remains 

theoretical, though correlations between characters and drought tolerance have been found, 
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and some features may reduce yield under well-watered conditions or may not apply to 

different drought scenarios.  

1.2.3 Drought related quantitative trait loci 

QTL (Quantitative Trait Loci) mapping for drought tolerance has involved measures of leaf 

water status, photosynthetic parameters, and cell damage as proxies, these include: canopy 

temperature depression, leaf relative water content, osmotic adjustment, water index, carbon 

isotope discrimination, fluorescence index, photosynthetically active radiation, quantum yield, 

transpiration efficiency, excised leaf water retention, delayed senescence/“stay-green”, and 

cell membrane stability (Bogale et al., 2011; Lonbani & Arzani, 2011; Moayedi et al., 2011). 

These measurements make a broad assessment of plant health and adaptation under water 

deficit. However, no QTL for yield under drought have been cloned from wheat and until a 

specific gene and allele is identified they do not reveal the underlying molecular or 

physiological mechanism. Understanding the mechanisms that contribute to yield 

maintenance under water deficit will enable targeted improvements in breeding programs 

(Diab et al., 2008; Izanloo et al., 2008). 

1.3 Plant molecular response to drought 

1.3.2 Drought response 

At the molecular level, attempts to determine the genes involved in drought tolerance, using 

molecular biology and plant transformation tools have been successful in prising apart some 

of the physiological and molecular dimensions of the water deficit response (Nakashima et 

al., 2009). It has been shown that upon sensing of water deficit the plant hormone abscisic 

acid (ABA) is generated and acts as a signal of the impending abiotic stress (Nakashima et al., 

2009). The immediate physiological response to this perceived water stress is stomatal closure 

(Farooq et al., 2009) proceeded by the cessation of shoot growth (Neumann, 2008). This 

response reduces the evaporative surface areas and reduces water loss through transpiration. 

CO2 assimilation is also reduced due to decreased gas exchange through stomatal pores and 

photosynthesis is repressed (Farooq et al., 2009). Destructive reactive oxygen species are 

generated, due to the abundance of light energy gathered by light harvesting complexes and 

the inhibition of photosynthesis, and this may activate signalling cascades (Logan, 2005; Kar, 

2011; Suzuki et al., 2012). In general, the response to water deficit is a diversion of resources 

from shoot growth and development to soil water extraction, water retention, and damage 

prevention; root growth occurs to access deeper soil moisture, aquaporin levels are increased 

in roots to reduce resistance to flow (Tardieu et al., 2010), antioxidants are generated for 
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protein and lipid protection (Simova-Stoilova et al., 2009; Suzuki et al., 2012), photo-

protection molecules are used to absorb light energy (Logan, 2005), protein chaperones and 

dehydrins are expressed to maintain protein integrity (Lopez et al., 2003), and small 

osmolytes are produced to preserve water within the cell and maintain turgor at decreasing 

water potential (Yancey, 2005; Cutler et al., 2010). In spite of this stress adaptation, a plant 

can sustain only a certain degree of damage and under prolonged drought wilting, premature 

senescence, desiccation and eventually death can occur (Neumann, 2008). 

1.3.3 Transcription factors as candidates for improvement of drought tolerance 

As stated above, plant adaptation to water deficit involves suppression of photosynthesis and 

growth and increases in adaptive protection mechanisms. This is achieved through the 

regulation of relevant genes by transcription factors (TFs) and other regulatory molecules. A 

TF, or trans-element, interacts with a specific DNA sequence, or cis-element, found in the 

promoter regions of many genes to form a regulatory system or regulon (Nakashima et al., 

2009). This enables one transcription factor to coordinate the control of many genes. Due to 

this regulatory hierarchy it has been proposed that TFs are good candidates for revealing 

molecular mechanisms involved in the plant drought response (Hussain 2011).  

1.4 Transcription factors involved in the drought response 

1.4.1 Transcription factor networks in the plant drought response  

Many studies have been published on the modulation of drought responsive TFs and their 

effects on drought tolerance in the model species Arabidopsis. The two most studied TF/cis 

element regulons in the water deficit response are the Drought Responsive Element (DRE) 

and the ABA Responsive Element (ABRE). The ABRE and DRE regulons are ABA-

dependent and –independent, respectively (Yamaguchi-Shinozaki & Shinozaki, 2005). These 

paths of regulation are not mutually exclusive and there is extensive cross-talk and feedback 

between and within each group. The ABRE regulon is controlled through interactions of bZIP 

(basic leucine zipper) TFs with the ABRE, T/CACGTGG/TC, whereas the ABA-independent 

DRE pathway is regulated through interaction of DREB/CBF (DRE binding factor/c-repeat 

binding factor) TFs with the DRE, A/GCCGAC. Other less studied TFs are also interesting 

candidates for study of drought response mechanisms such as the WRKY, NAC, MYB, Myc 

and HD-Zip I drought responsive TFs. 
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1.4.2 Utilisation of transcription factors for improved drought tolerance 

The difficulties and shortfalls of current breeding practices for drought tolerance have 

encouraged the exploration of reverse genetics as a potential approach to minimise yield 

losses in wheat under water deficit. Here the approach involves selecting a gene for analysis 

which is considered to play a role in the drought response. The gene selection is based upon 

evidence of drought responsiveness in the selected species, or evidence from another species 

and the isolation of homologues. Many investigations have used drought inducible TFs when 

attempting to manipulate the drought response of crop plants. However, many studies have 

concluded that, drought tolerance is conferred but at a cost to biomass accumulation and 

consequent yield loss. This is due to the effect of ectopically over-expressing a master 

regulator that shifts resources from growth to protection and water retention. This reduced 

growth/yield payoff for drought tolerance is seen in transgenic wheat over-expressing 

TaDREB2 or TaDREB3 TFs (Morran et al., 2011). However, it was found that the negative 

impact upon growth can be alleviated and improved drought tolerance maintained using a 

stress inducible promoter (Morran et al., 2011). Yet, over-expression of some TFs does not 

impact upon growth under well-watered conditions and still improves drought tolerance. 

Transgenic rice expressing AtDREB1A and AtABF3 (a bZIP TF) under the control of the 

Ubiquitin1 promoter displayed tolerance to osmotic stress with no discernible effect on 

phenotype (Oh et al., 2005). This is in contrast to the phenotype of transgenic Arabidopsis 

constitutively over-expressing the same genes (Kasuga et al., 1999; Kang et al., 2002). 

However, the assessment of drought tolerance in crop plants is not straightforward. Many 

studies assess drought tolerance as the ability of a plant to recover from a severe terminal 

drought, an assay that has little relevance to the cropping situation. Pellegrineschi et al. 

(2004) and Saint Pierre et al. (2012) have assessed transgenic wheat expressing the 

AtDREB1A gene under the control of the Arabidopsis rd29A promoter. Their work used 

glasshouse based tests, including terminal drought tests, for initial assessment and then 

validation in the field for candidate lines showing the desired phenotype. In the glasshouse the 

transgenic lines displayed wilting 5 days later than null segregants, increased water use 

efficiency, and improved survival under terminal drought (Pellegrineschi et al., 2004). Field 

trials of the transgenic lines did not display improved biomass or yield under water deficit but 

showed stable performance across the treatments (Saint Pierre et al., 2012). There was 

marked variation between independent transgenic events, but they found consistency between 

the initial selection and secondary assessment of lines in the glasshouse for water use 

efficiency and performance in the field (Saint Pierre et al., 2012).  
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1.4.3 Candidate transcription factors 

The TF network regulating the plant water deficit response is complex and involves members 

of many TF types. Investigations of this network typically begin with the assessment of a 

single TF family and drought inducible members. The genes are isolated and transgenic plants 

generated that express the TF under a constitutive promoter or a drought inducible promoter 

to test “drought tolerance”. The TF is often isolated from a crop species and then tested in a 

model species. The value of this approach in defining the mechanism of drought tolerance is 

questionable given the complexity of the TF network and the promiscuity of the related cis 

elements. However, many drought responsive TFs have been tested in their species of origin. 

NAC domain TFs from rice have been shown to improve drought tolerance in rice under field 

conditions (reviewed in Nakashima et al., 2012). Rice MYB and WRKY TFs were found to 

improve drought tolerance in rice and a large effort has been made to identify drought 

responsive MYB TFs in wheat (Wu et al., 2009; Yang et al., 2012; Zhang, LC et al., 2012). 

Rice derived bZIP TFs were shown to confer desiccation tolerance to rice seedlings and 

drought tolerance to pot grown rice (Chen, H et al., 2012).  

1.4.4 Homeodomain-leucine zipper class I transcription factors 

The focus of this PhD thesis is the class I Homeodomain-leucine zipper (HD-Zip I) TFs, 

another family of TFs that has several drought and ABA inducible members. A 

comprehensive review was composed on the role of HD-Zip I and II TFs in plant responses to 

abiotic stresses and the mechanism of their action (see Chapter two; Harris et al., 2011). It has 

been suggested that HD-Zip I TFs prevent growth, inhibit early leaf senescence, and regulate 

ABA signalling genes in response to drought (Hjellstrom et al., 2003; Olsson et al., 2004; 

Dezar et al., 2005; Manavella et al., 2006; Ariel et al., 2010; Valdés et al., 2012). They form 

a family of TFs in Arabidopsis and rice consisting of 17 and 14 genes, respectively, which is 

relatively small compared to the other families mentioned above. However, very little is 

known of the mechanism by which these TFs contribute to the drought response. This has led 

us to investigate their role in the drought response of wheat and determine their potential for 

use in improving yield under water limited conditions. To this end, investigations were made 

to:  

 confirm the relationship between wheat members of the HD-Zip I γ-clade TFs 

 describe the expression of the HD-Zip I TFs in response to abiotic stress 

 evaluate the function of the HD-Zip I γ-clade as TFs  

 determine elements in the HD-Zip I promoter regions that contribute to activation by 

ABA 
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 analyse the function of the HD-Zip I proteins  

 assess the potential of altered expression of HD-Zip I genes to improve yield under 

water deficit 
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Chapter Two – Literature review 
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3.1 Plant material, growth, treatment, sampling, selection of transgenic 

lines, and experimental design and analysis 

3.1.1 Pre-sowing germination 

Seeds were surface sterilised and left to germinate for two days at 4
o
C in petri dishes on wet 

filter paper. Seeds were then left to resume germination at room temperature for 2-3 days until 

they were transplanted to growth medium. 

3.1.2 ABA treatment of wheat cultivar RAC875 in a hydroponics system 

For ABA treatment germinated seeds were transferred to two hydroponics growth units that 

consisted of a 500ml container with an insert that could hold up to 100 0.5 ml bottomless 

microtubes to support the seedlings. 30 seedlings of similar size were transferred to the 

microtubes so that the grain sat just above, but the roots were in contact with, the growth 

solution. Growth solution was made following Genc et al. (2007) except that Na2SiO3 was 

excluded. Growth solution was aerated with an aquarium pump using a hose and an air stone. 

After transplantation to hydroponics, growth resumed for one week in a glasshouse and the 

solution was renewed the day before ABA treatment. ABA was dissolved in DMSO to make a 

50mM stock and 2ml was added to a final concentration of 200µM. Control plants received 

2ml of DMSO. Aerial portions of three random seedlings were harvested at 0, 1, 2, and 4hrs 

put into 10ml tubes, snap frozen in liquid nitrogen and stored at -80
o
C until processing for 

RNA extraction. This experiment was repeated in triplicate. 

3.1.3 Cold treatment of wheat cultivar RAC875 

Pre germinated seeds intended for cold treatment were planted in 12 6 inch 2L pots with coco 

peat, four seeds to a pot. Growth continued for three weeks in a glasshouse until the 

commencement of cold treatment in a growth cabinet (BINDER, Tuttlingen, Germany). 

Plants were grown under 14h/10h day/night lighting in the cabinet. Growth for two days was 

at a constant 18
o
C until the start of the cold treatment when the temperature was rapidly 

decreased at 09:00 until the required 4
o
C was reached, at around 10:30, and maintained for 

47hrs until the temperature was gradually increased to 18
o
C from 08:00 until 22:00. 

Temperature was restored to 18
o
C and plants recovered for a further 36hrs. The 3

rd
 and 4

th
 

leaf of randomly selected plants were harvested at -0.25, 1, 2, 4, 8, 12, 24, 36, and 48 hrs for 

cold treatment and 60, 72, 84, and 96hrs for recovery. Leaves were snap frozen in liquid 

nitrogen and kept at -80
o
C until processing for RNA extraction. This experiment was repeated 

in triplicate. 
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3.1.4 Exposure of pot grown wheat cultivar RAC875 to prolonged water deficit 

For prolonged water deficit treatment pre-germinated seeds were sown one to an 8 inch 4.5L 

pot in coco peat and grown in a growth room under 8/16hr day/night lighting and 22/18
o
C 

day/night temperatures. Water was withheld after 3 weeks of growth and the youngest fully 

expanded leaf was sampled from a single different tiller at days 0, 15, 17, 23, 25, and 30. 

Rewatering occurred 31 days after initiation of withholding (day 0) and samples were taken at 

31, and 35 days. Leaves were snap frozen in liquid nitrogen and kept at -80
o
C until processing 

for RNA extraction. Soil volumetric water content was recorded throughout the experiment 

using a FieldScout TDR 300 Soil Moisture Meter (Spectrum Technologies, Inc., U.S.A.) and 

three plants with a similar drying pattern throughout the treatment were used as biological 

replicates for downstream analysis. 

3.1.5 Stem developmental series of wheat cultivar RAC875 

Five pre-germinated seeds were planted in each of 16 8 inch, 4.5L pots with coco peat. Plants 

were left to grow in a growth room under conditions of 14/10hr day/night lighting and 

22/18
o
C day/night temperatures. The main stem was harvested from random plants at four 

different developmental stages defined by length of the stem, i.e. the distance from the basal 

end of internode 4 (the furthest from the peduncle) to the peduncle/spike node, and the stage 

of flowering. The stages were defined as follows: 100mm; 300mm, awns emerging; 400mm, 

head emerging; 500mm, anthesis, peduncle emerged. At each developmental point 10 stems 

with 5 internodes were harvested and the internodes were measured for length and pooled by 

type. For RNA extraction internodes were ground in liquid N2 using a mortar and pestle and 

powder was processed as below (3.2.1 Total RNA extraction). 

3.1.6 Phenotyping of wheat constitutively expressing TaHDZipI-4 

For experimental evaluation T2 sublines arising from 3 independent transgenic events (3.1.11 

Generation of transgenic wheat and assessment of T1 transgenic lines for copy number and 

expression) were pre-germinated and grown in separate 8 inch, 4.5L pots containing coco 

peat. To act as negative controls wild type and T2 null segregants, derived from T1 null 

segregant parents of the same transgenic events as the experimental lines, were also grown. 

This totalled three plants per pot, one T2 transgenic, one T2 null segregant, and one wild type. 

As T1 lines displayed heterozygosity, T2 plants were further analysed for insertion of the 

transgene by PCR from gDNA and expression by RT-PCR. Pots with newly arisen null 

segregants were discarded. These pots of three plants each were replicated seven times and 

five pots for each transgenic line were selected for further analysis. Transgenic and null 

segregant plants of the third line randomly displayed aberrant growth characters, likely due to 
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tissue culture effects, and were discounted resulting in two transgenic/null segregant lines to 

be considered. The remaining lines were analysed as separate experiments consisting of either 

Tx1, Null1, and WT1 or Tx2, Null2, and WT2. Plants were grown under growth room 

conditions of 14/10hr day/night lighting and 22/18
o
C day/night temperatures.  

Measurements of each plant were made from the first three tillers to achieve anthesis, the 

appearance of extruded anthers. Phenotypic features were counted or measurements taken as 

described below (3.1.10 Phenotypic measurements). Leaves were numbered as they emerged 

from the main stem e.g. Leaf1 being the first or primary leaf, tillers were numbered in order 

of days to anthesis i.e. Tiller1 being the first to achieve anthesis, internodes were numbered as 

their corresponding position from the peduncle i.e. internode 1 is immediately below the 

peduncle, leaf width was determined at the leaf midpoint, leaf thickness was measured 1 cm 

from the basipetal end of the lamina, tiller length was determined as being the distance from 

the basipetal end of the basal internode (internode 4) to the node between peduncle and spike, 

internode length was measured from node to node, internode width was measured at the 

widest cross section of the midpoint, spike length was determined as the distance between the 

peduncle/spike node and the base of the awn of the terminal floret, plant dry weight was of 

the above ground portion, relative chlorophyll was measured at the leaf midpoint and 1cm 

either side to obtain an average of three points. 

 3.1.7 Barley constitutively expressing HD-Zip I genes under the 2x35S promoter 

Transgenic golden promise was sown one seed each into 6inch, 2L pots with coco peat and 

grown under glasshouse conditions consisting of: natural daylength occurring from March 

until harvest, with evaporative air conditioning maintaining day temperatures of 23
o
C (±5

o
C), 

and a hot water heating system preventing temperatures dropping below 12
o
C. 10 T1 plants 

were grown for each of 3 independent transgenic Golden promise lines harbouring the 

2x35S:TaHDZipI-3 or the 2x35S:TaHDZipI-4 chimeric transgenes. T1 transgenic plants were 

screened by PCR performed on gDNA (3.2.5.4.2 REDtaq PCR) and northern blotting of RNA 

to identify null segregants (3.2.6 Northern blotting). 

3.1.7.1 Histological investigation of secondary cell wall formation in anthers 

Anthers were identified for harvest from Golden promise plants as they turned yellow but had 

not yet achieved dehiscence. The anthers were harvested and placed on ice in 2ml microtubes 

containing fixative (FAA; 90ml 70% ethanol, 5ml glacial acetic acid, and 5ml 37% formalin) 

until all anthers were harvested for that day. Tubes of anthers were then vacuum infiltrated 

twice for 15mins and left overnight at room temperature. Tissues were rinsed and stored at 
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4
o
C in 70% ethanol until wax infiltration. Anthers were taken through an ethanol dehydration 

series with changes being made every 2hrs starting at 15% ethanol through 30%, 50%, and 

70% and left overnight at 4
o
C. The following day changes were made two hourly of 85%, 

95% and 100% ethanol with a final 100% change to be left overnight at 4
o
C. The following 

day a final 100% ethanol change was made followed 2hrs later by changes through an 

ethanol/xylene series. The ethanol/xylene gradient started at 75%/25% and was followed 

hourly by 50%/50%, 25%/75%, and three 100% xylene changes. Wax infiltration proceeded 

immediately with the addition of molten paraffin (GURR, BDH Chemicals Ltd, Poole, 

England) at 25% the volume of xylene and incubated at 42
o
C. Wax was gradually added at 

1/2hr intervals until a volume double the original xylene was achieved. Tissues were left at 

60
o
C for 2hrs when the xylene/ paraffin solution was replaced with molten paraffin and left at 

60
o
C for 2hrs until a second paraffin change was made. Tissues were left at 60

o
C overnight 

and over the following 3 days molten paraplast was replaced twice daily. Tissues was then 

embedded in paraffin using an embedder (Leica EG 1160) and stored at 4
o
C until sectioning 

at a later date. Tissue was sectioned at 10µm using a microtome (Leica RM 2265) and the 

sections floated on a water bath at 42
o
C for placement onto glass slides. Slides were left to dry 

on a warm plate overnight and stored at room temperature. Sections were observed under UV 

to visualise secondary cell wall components by autofluorescence (Leica AS LMD, UV filter: 

excitation 355-425nm, emission filter 470nm).  

3.1.8 Conditions of the targeted water potential experiment and experimental 

design 

Nine 8 inch, 4.5L pots were sown, with transgenic wheat transformed with 

ZmRAB17:TaHDZipI-4, as triplicates for each targeted level of water potential: well-watered, 

-300kPa, and -600kPa. Each pot had space allocated for 5 plants that were sown in duplicate 

at each space: control 1, control 2, line 1, line 2, line 3. Control plants being wild type wheat 

and lines 1, 2, and 3 being T1 sublines of independent transgenic events. Shortly after sowing, 

duplicate plants were selected for removal by testing for the presence/absence of the transgene 

by PCR using a small piece of tissue, 3-5mm, cut from the leaf tip (3.2.5.4 REDextract-N-

Amp Plant PCR kit). Three wild type “drier” plants were also sown in the centre of the pot to 

accelerate the onset of water deficit at the time of treatment; these plants were later excised. 

Growth medium was a mix of coco peat, for organic matter, and a clay based soil sourced 

from within South Australia. Pots were filled with 5.3kg of soil and watered to weight to 

achieve the targeted water potential. The soil water potential was evaluated and the weight  to 

which pots were watered was determined by reiteratively taking measurements of predawn 

leaf water potential of drier plants, a proxy for soil water potential. Leaf water potential was 
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determined using a Plant Water Status Console (Soil Moisture Equipment Corp. Santa 

Barbara, CA, USA) as per the manufacturer’s instructions. Pots were then watered 3 times a 

week to total weights of 6.4, 5.6, and 5.5kg for treatments of well-watered, -300kPa, and -

600kPa, respectively. At each watering the pots were randomly redistributed within the 

growth room. Phenotypic measurements were taken as described below (3.1.10 Phenotypic 

measurements). 

3.1.9 Cyclic drought experiment conditions and design 

Three independent T2 transgenic lines were selected from a prescreening of 20 T1 independent 

transgenic events (3.1.11 Generation of transgenic Bobwhite and assessment of T1 transgenic 

lines for copy number and expression). Seeds were sown in three custom built bins, 80cm 

width x 200cm length, which enabled the exposure of plants to three different watering 

regimes: well-watered, cyclic drought, and severe drought. Plants were sown widthways in 

rows of eight in a single block of 4 different genotypes that was repeated in each bin in the 

order: line 1, wild type, line 2, line 3. Gypsum blocks, GB Heavy (MEA, Adelaide, 

Australia), were used to measure soil water content and generate a profile. The gypsum blocks 

were placed in an array lengthwise along the centre of each bin at 3 evenly spaced positions, 

the two outer positions had probes at three depths of 10, 25, and 40cm while the central 

position had probes at 25, and 40cm depth. Well watered plants were watered consistently 

every few days whereas the cyclic drought and severe drought treatments where watered to 

saturation before sowing and were then assessed throughout the experiment. The cyclic 

drought bin received moderate watering at 69, 83 and 93 days post sowing while the severe 

drought bin received minimal watering at 83 and 100 days. Phenotypic measurements were 

taken as described below (3.1.10 Phenotypic measurements). 

3.1.10 Phenotypic measurements 

Measures of relative chlorophyll content were made using a SPAD-502 (Konica Minolta, 

Osaka, Japan), biomass and grain weight were recorded by weighing plants that had been 

desiccated and grain that had been dried at 37
o
C for one week, measures of length, width and 

thickness were made using a ruler or digital calipers. 

3.1.11 Generation of transgenic Bobwhite and assessment of T1 transgenic lines 

for copy number and expression 

In order to investigate the function of TaHD-ZipI-4 transgenic wheat cv. Bobwhite was 

produced by the in house transformation group of the ACPFG following the protocol of 

Kovalchuk et al., (2009). To identify transgenic wheat lines for future work, a large scale 
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screening of putative T1 transgenic lines bearing genomic integrations of either the 

RAB17:TaHD-ZipI-4 or Ubi:TaHD-ZipI-4 transgenes was undertaken. Fifteen T1 seeds of 

approximately 15 independent transgenic lines, screened for expression at T0, were sown five 

plants to a pot for each of the transgenes. QPCR was performed by a third party to reveal 

transgene copy number following the protocol of Kovalchuk et al., (2013). RT-PCR was 

performed to confirm expression of the transgenes from identified plants bearing a low 

transgene insert number (1-2 copies). 

3.2 Molecular methods 

3.2.1 Total RNA extraction 

Leaf material was collected and ground for gDNA extractions and 100-200mg of this same 

ground tissue was aliquoted into 1.5ml microtubes. RNA extraction is performed as follows: 

1. Add 1 ml of TRIZOL-like reagent (Phenol pH4.3 38ml, guanidine thiocyanate 11.816g, 

ammonium thiocyanate 7.612g, 3M Na acetate pH4.5 3.34ml, glycerol 5ml, water to 

100ml) and shake by hand to homogenise or vortex stubborn material. 

2. Put tubes on an orbital rotor for 5min to 1hr. 

3. Spin at 11,000g for 10min at 4
o
C. Transfer the supernatant to a new 1.5ml tube. 

4. Add 0.2ml of chloroform and shake tubes vigorously by hand for 15sec. Incubate at room 

temperature for 2-3min. 

5. Centrifuge at 11,000g for 15min at 4
o
C then transfer the aqueous phase to a new 1.5ml 

tube. 

6. Add 0.5ml of isopropanol and gently mix. Leave at room temperature for 10min. 

7. Centrifuge at 11,000g for 10min at 4
o
C. Carefully remove the supernatant. 

8. Add 1ml of 75% Ethanol and mix the sample by vortexing. Centrifuge at 7,500g for 5min 

at 4
o
C. 

9. Remove all ethanol by pipette and leave the tubes open in a fumehood for RNA pellet to 

dry. 

10. Resuspend RNA in 30µl of RNase free water by pipetting up and down.  

11. To remove carbohydrates freeze the sample at -80
o
C overnight. Thaw on ice and vortex 

briefly.  

12. Centrifuge at maximum speed for 15min at 4
o
C and transfer the aqueous phase to a new 

1.5ml tube. 

3.2.2 cDNA generation 

3.2.2.1 Superscript 

cDNA synthesis for further analysis by QPCR, was performed with Superscript reverse 

transcriptase (Invitrogen) as per the manufacturer’s directions using 2µg of total RNA and 

oligo dT(18). 
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3.2.2.2 AMV  

To screen transgenic plants for transgene expression Roche AMV reverse transcriptase was 

used to generate complimentary DNA from 1µg of total RNA as per the manufacturer’s 

directions using oligo dT(18). Template was diluted 1:10 and used in downstream PCR. 

3.2.3 QPCR 

Quantitative PCR was performed by a third party, using methods that are standard operating 

procedures within the ACPFG and were described previously for expression studies or 

assessment of transgene copy number (Burton et al., 2004; Kovalchuk et al., 2013). Primer 

pairs used to amplify wheat γ-clade HD-Zip I genes, TaWZY2, TaCOR410 and the TaHDZipI-

4:NOS transgene are shown in Table 3.1.  

Table 3.1: Primer pairs used in QPCR analysis 

Gene Forward primer sequence Reverse primer sequence Product 

size 

TaHDZipI-3 TCGTCGTTCCCGTTCCACTC GGGAATTCCTTTATGGTGCTTGAC 126 

TaHDZipI-4 CGTCAGGTAGAATCGTAGAACAG TCACGGACATGAATCCCAGAG 134 

TaHDZipI-5 CGGCTTGTGTGTGTAGCTTCAC GGACCCACCCGTCATTGC 107 

TaWZY2 AGCAGCTACTCGAGAGTTGAG ATCCCGGGTACATCCAAGCAG 161 

TaCOR410 GGACCTCGATTGAATTGTTGG ATCCAGGACCTTCAAAGACTG 149 

TaHDZipI-4:NOS TGTTGTTGCTGGCTGGTCTA TTGCCAAATGTTTGAACGATC 154 

Hv4CL1 CCGCCCTCCGCTTCTCAGGTA TGGAAACCAGCCTTGTTCTTA 191 

HvOMT1 CTGGAAGCGGGATTTAGTCA CGTGGACAGAACATCACAACA 167 

3.2.4 Cloning and plasmid preparation 

The TOPO cloning and the Gateway Technology system (Invitrogen) were used for 

generation of all promoter deletion and synthetic promoter plasmid constructs (Ubi:TaHD-Zip 

I and RAB17:TaHD-Zip I constructs were previously generated by Natasha Bazanova and 

Sergiy Lopato). This system involves two steps: firstly, directional cloning of a purified PCR 

fragment, with an additional CACC sequence, to generate a pENTR entry vector; secondly, 

shuttling from the entry vector to the gateway expression vector, pMDC164 (Curtis & 

Grossniklaus, 2003), by att site directed recombination. The recombination reaction is then 

used to transform E. coli cells for plasmid multiplication. Restriction enzyme digestion is 
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used to confirm the presence of the integrated DNA in the final plasmid preparations. When 

the sequence is known, confirmation of the insert is by selection of two or more restriction 

sites, one within the DNA insert and the other in the vector backbone, and resultant fragment 

sizes are verified by gel electrophoresis. Each step of this process is detailed below and 

examples of final plasmids are depicted in Figure 3.1. 
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Figure 3.1: Depiction of destination vectors and examples of final plasmid products for 

TaHDZipI-3 and TaHDZipI-4 promoter deletion constructs and variant HD-Zip I cis-

element synthetic promoters, continued over page. 

  

d) e) 

c) 

a) b) 
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Figure 3.1 continued: 

a) The pENTR plasmid is the initial destination vector and D-TOPO directed ligation occurs 

via the GGTG plasmid overhang and CACC extension on the PCR product. b) Products are 

sub-cloned from pENTR via att site directed recombination into the pMDC164 destination 

vector. pMDC164 harbours the β-glucuronidase coding sequence and is used for 

promoter:reporter analysis (Curtis & Grossniklaus, 2003). c) Final promoter:reporter 

construct p410HDZ1 generated after subcloning of the 251nt upstream of the TdCOR410 

translation initiation start site with 18nt of the HDZ1 tandem repeat from pENTR to 

pMDC164. p410HDZ2, p410HDZ3, and p410HDZmut plasmids are similar in construction 

but harbour tandem repeats of the cis-element variants as depicted in Figure 4.6. c) and d), 

diagrams of the initial TdHDZipI-3 and TdHDZipI-4 promoter constructs bearing 1300nt and 

1600nt regions, respectively,  upstream of the translation initiation start sites. Further deletion 

constructs for TdHDZipI-4 are similar in construction but harbour progressively shorter 

promoter regions (Figure 4.5a).  
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3.2.4.1 PCR 

PCR for generation of pENTR D-TOPO cloning compatible DNA products was performed 

using the following reaction setup and thermal cycle: 

1. Reaction setup 

Water 20.0 
G buffer* 25.0 
Primer forward** (10uM) 1.5 

Primer reverse** (10uM) 1.5 
Template DNA** (1:100) 1.0 
Pfx 50*** 1.0 

 
50.0 

 

*Failsafe PCR 2x premix G (Epicentre Biotechnologies) 

** See Table 3.2 

***Platinum Pfx 50 DNA polymerase (Invitrogen) 

2. Thermal cycle 

94oC 2min 
 

   94 oC 15sec 
 60 oC 15sec 35 cycles 

68 oC 45sec 
 

   68 oC 5min 
 12 oC hold 
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Table 3.2: Primers and DNA template used in PCR for generation of promoter deletions and synthetic promoter constructs 

Construct 
Expression 
vector Forward primer Reverse primer DNA template 

p410HDZ1 pMDC164 CACCCAATGATTGCAATGATTGACGCTGTCACTCACGAC GATCGAGATCGATCGGTGCAGC 
BAC clone (TdCOR410 
accession no. JN681186) 

p410HDZ2 pMDC164 CACCCAATAATTGCAATAATTGACGCTGTCACTCACGAC GATCGAGATCGATCGGTGCAGC 
BAC clone (TdCOR410 
accession no. JN681186) 

p410HDZ3 pMDC164 CACCTAATAATTGTAATAATTGACGCTGTCACTCACGAC GATCGAGATCGATCGGTGCAGC 
BAC clone (TdCOR410 
accession no. JN681186) 

p410HDZmut pMDC164 CACCCAGTAACTGCAGTAACTGACGCTGTCACTCACGAC GATCGAGATCGATCGGTGCAGC 
BAC clone (TdCOR410 
accession no. JN681186) 

proTdHDZipI-
4 1600 pMDC164 CACCCGAGGAGCATGCGCGGGACGTAGACC TTCGGAGCCGTCGCGGTACCGAAATC 

TdHDZipI-4 BAC clone #19 
F10 (TdB4L13) 

proTdHDZipI-
4 Del1 pMDC164 CACCATTCCTGCACACTACGGTGA TTCGGAGCCGTCGCGGTACCGAAATC 

TdHDZipI-4 BAC clone #19 
F10 (TdB4L13) 

proTdHDZipI-
4 Del2 pMDC164 CACCAGCTTGCTCTTTGTACTCTATC TTCGGAGCCGTCGCGGTACCGAAATC 

TdHDZipI-4 BAC clone #19 
F10 (TdB4L13) 

proTdHDZipI-
4 Del3 pMDC164 CACCCCTGGGCCGATTGAC TTCGGAGCCGTCGCGGTACCGAAATC 

TdHDZipI-4 BAC clone #19 
F10 (TdB4L13) 

proTdHDZipI-
4 Del4 pMDC164 CACCTTCTTGAACAAAGCGTGCAG TTCGGAGCCGTCGCGGTACCGAAATC 

TdHDZipI-4 BAC clone #19 
F10 (TdB4L13) 

proTdHDZipI-
4 Del5 pMDC164 CACCGGCCCGATGCGCGAC TTCGGAGCCGTCGCGGTACCGAAATC 

TdHDZipI-4 BAC clone #19 
F10 (TdB4L13) 

proTdHDZipI-
4 Del6 pMDC164 CACCGTTCTGGACCCGTATAAAAC TTCGGAGCCGTCGCGGTACCGAAATC 

TdHDZipI-4 BAC clone #19 
F10 (TdB4L13) 

proTdHDZipI-
3 1300 pMDC164 CACCGAGTGGCGGCGCGGGAGGAACCCTAG CGCCCCCTACCTCCCTAGCTAG 

TdHDZipI-3 BAC clone 
TdBL7 
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3.2.4.2 Gel electrophoresis 

PCR products and plasmid digestion reactions were separated using gel electrophoresis. 

Agarose gels were made at a concentration of 1.5% (w/v) in TAE buffer (40mM Tris-HCl, 

1mM EDTA, pH8 acetic acid) with Gelred (Biotium Inc., Hayward, CA, USA) added at a 

concentration of 1:10,000. DNA was separated at a current of 50-100V for approximately 1-

2hr in TAE running buffer and visualised using a UV transilluminator. 

3.2.4.3 Product purification 

Size separated DNA products of interest were excised from agarose gels by visualisation on a 

UV light bed and cut out with a new scalpel blade for each product. DNA was extracted from 

agarose using the GenElute Gel Extraction kit (Sigma-Aldrich) as per the manufacturer’s 

directions except that final DNA was eluted from the column using 50µl of water heated to 

65
o
C. 

3.2.4.4 Ligation/Recombination 

Plasmid construction was performed by following the proceeding reaction setups and 

procedures:  

1. TOPO cloning reaction (per manufacturer’s direction) 

2. Transformation 

3. Plasmid preparation 

4. Digest entry vector, run reaction on gel and extract product 

5. Gateway LR clonase recombination reaction (per manufacturer’s direction) 

6. Transform NEB 10B cells  

3.2.4.5 Bacterial transformation 

For plasmid multiplication, NEB 10B cells (New England BioLabs, Inc., MA, U.S.) were 

transformed by heat shock as follows: 

1. Remove competent cells (100µl) from -80
o
C, thaw on ice 

2. Aliquot half of a ligation or recombination reaction into a new tube 

3. Aliquot cells, 20-50µl depending on the number of constructs, to ligation/recombination 

reactions 

4. Leave on ice for 5min 

5. Heat shock cells at 42
o
C for 2min 

6. Cool cells on ice 2min 

7. Add 1ml of luria broth  (1% w/v bacto-tryptone, 0.5% w/v yeast extract, 1% w/v NaCl, 

pH7.5 NaOH) and leave shaking at 250rpm for 1hr at 37
o
C 
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8. Centrifuge tubes for 1min 

9. Remove 900µl of supernatant and resuspend the cells in the remaining media 

10. Plate out on agar supplemented with kanamycin at 50µg.ml
-1 

and leave the plates 

incubating at 37
o
C overnight 

11. The following day overnight cultures can be started for plasmid preparation or plates can 

be stored at 4
o
C 

3.2.4.6 Plasmid preparation 

Overnight cultures are inoculated with selection positive colonies picked from plates as 

generated above (3.2.4.5 Bacterial transformation). Cultures for small mini/large midi 

preparations are of 5ml/100ml volume of liquid luria broth supplemented with kanamycin to 

50µg.ml
-1

. Plasmid DNA was prepared from the cultures using either a Plasmid Mini Kit 

(Bioline) or Hi Speed Plasmid Midi Kit (Qiagen) for small or large cultures as per the 

manufacturer’s instructions, respectively. 

3.2.4.7 Plasmid digestion 

Plasmid digestions were performed using NEB restriction enzymes with the following 

reaction and procedure: 

1. To a tube add: 

  
µl 

plasmid preparation 
 

5.0 
each restriction 
enzyme 

 
0.5 

NEB buffer 
 

1.0 
NEB BSA (1:10) 

 
1.0 

Water 
 

make up to 10µl total 
reaction 

 
 

10.0 
2. Leave reaction at 37

o
C for 2hrs 

3. Add 2µl of 6x loading buffer (NEB) to digestion reaction and proceed with 

electrophoresis (see above) 

3.2.5 Genomic DNA extractions 

3.2.5.1 Processing leaf material 

Leaf material was collected in 10ml tubes and stored at -80
o
C until processing. Processing 

began with the grinding of leaf material with ball bearings using short cycles of vortexing so 

material could be kept frozen by returning to liquid nitrogen. This cycling was performed 

until a fine powder was obtained of a uniform consistency. Where recalcitrant material was 

encountered, such as stems or midribs, an aluminium grinding pestle or insulated knitting 
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needle was also used. Three methods of DNA extraction were used depending on 

requirements. 

3.2.5.2 Phenol/chloroform gDNA extraction 

For large quantities of high concentration clean gDNA extraction by the phenol/chloroform 

method is performed as follows: 

1. Add 2.5ml of DNA extraction buffer to slightly thawed material. Shake tubes by hand or 

vortex to homogenise, place on ice. 

2. Add 2.5ml of phenol/chloroform to material and shake tubes. Mix for 10min on an orbital 

rotor. 

3. Spin tubes at 5k rpm for 10min. 

4. Move supernatant to 10ml silica matrix tube and add 2.5ml of phenol/chloroform. Leave 

on orbital rotor for 5 mins. 

5. Spin tubes for 10min at 5k rpm. 

6. Move supernatant to new 10ml tube and add 200μl of 3M Na Acetate (pH4.8) and 2ml of 

isopropanol. Mix the solution gently and spin tubes at 5k rpm for 5min. 

7. Remove supernatant and add 1ml of 70% EtOH, tip the tubes to shift the pellet. Spin at 

5k rpm for 5min. 

8. Remove the EtOH and leave tubes to air dry. Resuspend pellet in water with RNase 

(40μg.ml
-1

). For wheat add just enough water so that the DNA can be aspirated with a 

200μl pipette tip, for barley add 40μl. 

3.2.5.3 Freeze dry gDNA extraction 

The freeze-dried method is fast and high throughput, but yields lower quantities, and is less 

clean than the phenol chloroform method. DNA from these extractions can be used for PCR 

and also QPCR. Extraction is performed using 96 well tube holders and strips of 8 tubes with 

separate strips of lids. Two different types of tissue processing were used for extraction. Fresh 

or frozen leaf material can be used as described below, otherwise, 100mg of pre-ground tissue 

(as described for the phenol/chloroform extraction method above) can be aliquoted into tubes. 

When using pre-ground material proceed to step 6. The freeze dry gDNA extraction method is 

performed as follows: 

1. Collect a leaf piece of approximately 2cm and remove the midrib. Place into a collection 

microtube on ice. Freeze the plate containing the leaf tissue and then proceed with freeze 

drying when convenient. 

2. Add one stainless steel ball bearing to each tube and shake the plate of tissue at a 

frequency of 25/second for 2.5min (Retsch mill, Type MM 300). Plates of tubes can be 

stored at –20
o
C once material is ground. 
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3. To each tube add 600 l of extraction buffer. Shake thoroughly and remove the bottom of 

the tube holder to maintain contact with water, incubate at 65
o
C in a waterbath for 30 

mins. 

4. Cool the plates at 4
o
C for 15min and add 300 l of 6M ammonium acetate (stored at 4

o
C). 

Shake vigorously to mix and incubate for 15min at 4
o
C. 

5. Centrifuge the plate for 15min at 4k rpm. 

6. Recover 600 l of the supernatant and transfer to a new tube containing 360 l of 

isopropanol. Mix thoroughly and leave at room temperature for 5 mins. 

7. Centrifuge 15min at 4k rpm. 

8. Decant the supernatant. Allow the remaining fluid to drain off the DNA pellet by 

inverting the tubes onto a paper towel for less than 1min. 

9. Wash the pellet in 400 l of 70% ethanol and tip the tube to dislodge the pellet from the 

bottom of the tube. 

10. Centrifuge the plate for 15min at 4k rpm and discard the supernatant. 

11. Re-suspend the pellet in 400 l of Milli-Q water containing RNase (40µg.ml
-1

) and 

incubate 30 minutes at 37°C (incubation is optional). Leave the DNA to dissolve 

overnight at 4
o
C and aspirate.  

12. Spin the plate for 15min at 4k rpm. Supernatant can be used for downstream applications. 

3.2.5.4 REDextract-N-Amp Plant PCR kit 

3.2.5.4.1 DNA extraction 

DNA extraction using the SIGMA REDextract-N-Amp Plant PCR Kit is very fast, requires 

very little tissue, and can be used with the SIGMA RED Taq for PCR detection of transgene 

presence. DNA extraction is performed as follows: 

1. Cut 3-4 mm of a tip from a young expanding leaf and place it in a 0.2ml microtube on 

ice. 

2. Add 40µl of extraction buffer and extract gDNA at 65
o
C for 15mins in a PCR machine 

followed by brief cooling at 12
o
C. 

3. Add 40µl of dilution buffer and mix briefly. 

4. Solution can now be used for PCR applications or stored at 4
o
C for up to 1 month, though 

quality will decrease. 

3.2.5.4.2 REDtaq PCR 

A reaction using REDtaq is performed as follows: 

1. Make a master mix consisting of the following amounts for reach reaction, 

 REDTaq master mix  = 5.0µl 

 Trehalose  (1M)  = 2.5µl 

 Forward primer (10µM) = 0.5µl 

 Reverse primer (10µM) = 0.5µl 
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2. Add 2µl of REDextract gDNA extraction or 2µl of a 1:20 phenol/chloroform gDNA 

extraction. 

The following PCR cycle was used with the REDTaq PCR system: 

94oC 2min 
 

   94 oC 15sec 
 55 oC 15sec 35 cycles 

72 oC 45sec 
 

   72 oC 1min 
 12 oC hold 

 
3.2.6 Northern blotting 

3.2.6.1 Denaturing gel preparation and electrophoresis 

200ml of a 1.3% agarose gel containing formaldehyde was made as follows: 

1. To a 250ml Schott bottle add, 

Agarose    =     2.6g 

RNase free H2O  = 172.0ml 

10 x MOPS/EDTA
*
  =   20.0ml 

*
0.5 M MOPS, 0.01 M EDTA, pH 7.0 Autoclaved 

2. Microwave the solution to boiling to dissolve the agarose and leave at 60
o
C. 

3. To the slightly cooled gel add,  

Formaldehyde   =     6.0ml 

4. Pour the gel and allow it to set, submerge the gel in enough 1xMOPS/EDTA running 

buffer to cover and prerun at 35V until RNA is ready to load. 

5. Load the denatured RNA and run at 20V for 30mins then 60V for 2.5hrs 

3.2.6.2 RNA sample preparation 

1. In a 1.5ml microtube make up 8µl of RNA in H2O, for wheat use 16µg of total RNA (can 

also treat 4µl of RNA ladder + 4µl of H2O in the same way). 

2. Add 23.45µl of denature buffer/loading dye (10xMOPS 10.93%, formaldehyde(37%) 

19.13%, formamide 54.64%, ethidum bromide 0.73%, loading dye 14.57%). 

3. Denature the RNA at 65
o
C for 15min and then immediately plunge onto wet ice. 

4. Briefly spin the tubes and return to ice, proceed with gel loading.  

5. Run gel at 30V overnight and the following morning proceed with RNA transfer. 
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3.2.6.3 RNA transfer 

1. Soak the gel in 20xSSC (NaCl 17.53% w/v, Na citrate 8.82% w/v, pH7.0 HCl) for 20 

minutes.  

2. Trim the gel to remove loading wells and raised edges and cut the top left corner to 

indicate the position of the first well. Measure the gel and cut nitrocellulose membrane to 

the same size also cutting the top left corner. Label the membrane in pencil. Cut two 

pieces of Whatman paper to size and a stack of paper towels. 

3. Place sponges (1cm depth) in a lunch box with a clear, removable, clippable lid and add 

20xSSC to less than saturation. Tilt the box and tip off excess SSC so that it does not 

emerge when you apply pressure to the final assembly. Place a piece of Whatman paper 

to cover the sponge, add a little 20xSSC, and remove bubbles by rolling a glass test tube 

gently over the filter paper. 

4. Place the agarose gel upside down in the centre of the filter paper without trapping 

bubbles. Cut four strips of Parafilm to frame the gel and lay them down on the filter 

paper. 

5. Briefly wet the membrane in 20xSSC and take care to place it precisely over the gel, 

matching the cut corners and avoiding bubbles. Pour a little 20xSSC over the membrane 

and remove bubbles as before. 

6. Soak the 2 pieces of cut Whatmann in 20xSSC and layer them over the gel, avoiding and 

then removing bubbles. 

7. Stack the paper towels on top so that they reach the rim of the box and a slight pressure is 

applied when you finish by clipping the lid into place. Leave overnight to transfer. 

8. Remove layers in reverse order and rinse the membrane in 4xSSC then dry on Whatman 

paper. Cross link the RNA under short wave UV for 7min and store the membrane in a 

sealed plastic bag at -20
o
C or proceed with hybridisation. 

3.2.6.4 Hybridisation 

1. Prepare 20ml of pre-hybridisation solution for each membrane (50xDenhardts Reagent 

3ml, 20xSSPE (NaCl 0.174%w/v, NaH2PO4.H2O 02.76% w/v, EDTA Na4 0.74% w/v, 

pH7.4 NaOH) 5ml, 10%SD 1ml, carrier DNA (10mg.ml
-1

) 2ml, formamide 9ml). 

2. Soak the membranes in 5xSSC for 1min and lay onto a tray. Using forceps roll the 

membrane into a cylinder and place into a hybridisation tube. Add the pre-hybridisation 

solution and screw on the cap. Unroll the membrane by rolling the tube trying to get it 

flat and bubble free. Pre-hybridise overnight at 42
o
C in a rotational oven. 

3. Prepare 20ml of hybridisation solution for each membrane (50xDenhardts Reagent 2ml, 

20xSSPE 5ml, 10% SDS 1ml, carrier DNA (10mg.ml
-1

) 1ml, formamide 9ml, dextran 

sulphate (25%) 2ml). Tip off the pre-hybridisation solution and replace with hybridisation 

solution, return bottle to oven. 

4. Add 3µl of probe DNA (specific coding sequences excised from Ubi:TaHDZipI 

constructs), 3µl of 9mer random primer mix (0.1µg.ml
-1

) and 1.5µl water to a 1.5ml 

screw cap microtube. Denature the DNA by boiling for 5min and then chill immediately 

on ice water for 5min. 

5. Add 12.5µl of oligo buffer (dATP, dTTP, and dGTP 60µM each, Tris-HCl pH7.6 

150mM, MgCl2 30mM, BSA 300µg.ml
-1

) mix, and spin down to collect. 
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6. Add 1µl of Klenow (2units.µl
-1

) and 4µl [α-
32

P]dCTP, mix well and incubate at 37
o
C for 

30-60min. 

7. To begin preparing a sephadex G-100 mini column plug a glass Pasteur pipette with glass 

wool and place it upright in a rack. Starting at the bottom, fill the column with sephadex 

G-100 (25% w/v) using another glass pipette. Fill the column so that the settled beads are 

level with the neck of the pipette and add 1xTE several times to rinse through without 

leaving the beads dry. While there is still 1xTE above the beads seal the column with 

Parafilm to stop the flow. 

8. Place 3 1.5ml microtubes in a rack beneath the G-100 column and place the detector of a 

Geiger counter in close proximity to the base of the column. Remove the Parafilm from 

the column allowing the 1xTE to drain to the top of the beads. 

9. Add the radio-labelled DNA probe to the column and add a constant supply of 1xTE 

while collecting the probe. Collect the effluent in the first microtube until the drops reach 

a radioactivity of 100cps, then between drops move the rack to collect the effluent in the 

second tube. The counts should increase to more than 1000cps and then decline to 500cps 

when you move the column over tube three to run dry. Dispose of the column and the 

first and third microtubes. 

10. Add 500µl of carrier DNA (5mg.ml
-1

) to the probe and place tube in boiling water for 

5min then cool on ice for 5min. Add 500µl of the probe to the hybridisation bottle by 

pipetting into the solution and not directly onto the membrane. Leave the membrane 

hybridising overnight at 42
o
C. 

11. The following day, rinse the membrane 3x with 2xSSC then wash the membrane at 65
o
C 

as follows: 

 Wash 20min in 2xSSC, 0.1%SDS 

 Wash 20min in 0.5xSSC, 0.1%SDS 

 Wash 20min in 0.2xSSC, 0.1%SDS 

12. Measure the radioactivity with the Geiger counter, you may detect your probe in a 

specific spot otherwise a washed membrane should give very little background. A further 

wash at similar or higher stringency may be required otherwise blot dry the membrane 

then proceed to seal in a plastic bag. Proceed with autoradiography. 

3.2.6.5 Autoradiography 

1. In a darkroom tape the bag containing the membrane to a film cassette with the RNA 

facing up according to the cut corner. Put an X-ray film over the membrane and bend a 

corner to match the membrane then close the cassette. 

2. Place the cassette at -80
o
C and expose for 5 days. 

3. Develop the film in the darkroom using an automatic film developer (AGFA CP1000). 

3.3 Transient expression assays 

To test TdHDZipI-3 and TdHDZipI-4 promoter deletion constructs and HDZ1, HDZ2, HDZ3, 

and HDZmut synthetic promoter activation, Triticum monococcum cells were transformed 

with plasmid constructs by gold particle bombardment. The T. monococcum liquid cell 

suspension culture, used as the target tissue in the transient assays, was maintained through 
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weekly sub-culturing in ½MS (Austratec Pty Ltd., Mooroolbark, Victoria, Australia) liquid 

media supplemented with centrophenoxine 2mg.l
-1

 and Arg 0.1g.l
-1

 and grown in the dark at 

25
o
C. The day before bombardment 6ml of a 5% (v/v) cell suspension was filtered onto  filter 

papers (Whatman, 55mm, grade 2) using a vacuum unit and left overnight on MS growth 

medium containing sucrose at 60g.L
-1

. The filters were transferred to an osmotic MS growth 

medium (supplemented with sucrose at 150g.L
-1

) 3hrs before bombardment. If a treatment 

was to be applied after transformation, cells were left for approximately 5hrs until treatment. 

During treatment, filters were transferred to 3 dry filter papers and 1.8ml of liquid treatment 

media or just media was applied. GUS staining was performed 24hrs after treatment and 

0.7ml of GUS staining buffer (50mM NaPO4, 0.2% Triton X (10%), 2mM KFerrocyanide, 

2mM KFerricyanide, X-Gluc 1mg.ml
-1

, 20% MeOH) was applied. The stained cells were left 

at 37
o
C overnight and then moved to 4

o
C until GUS foci were counted by eye using a 

dissection microscope. 

Plasmid preparation was performed as above (Plasmid preparation). Gold coating was 

performed as follows: 

1. Co-precipitate, wash and dry 5µg of total plasmid combinations in EtOH and NaAcetate 

as per standard methods. 

2. Resuspend DNA in 20µl of H2O, centrifuge 5mins at maximum speed. 

3. Pipette and vortex 50µl of gold suspension solution, Au at 30mg.ml
-1

 in 50% glycerol, to 

resuspend. 

4. While vortexing add 10µl of DNA preparation and leave for 30secs. 

5. Add 10µl of precipitation solution (proprietary) while vortexing and mix for 30secs. 

6. Leave preparation at room temp for 20mins, centrifuge at 6k rpm for 1min. 

7. Remove supernatant, add 100µl of EtOH 100% and carefully wash/agitate the gold pellet. 

8. Centrifuge at 6k rpm for 1min, remove supernatant, add 50µl of EtOH 100%. 

9. Prior to shooting resuspend gold by vigorously running tube along metal wire grid. 

Bombardment was performed with the Bio-Rad Biolistic PDS-1000/He particle delivery 

system (Bio-Rad, Hercules, CA, USA) as per the manufacturer’s instructions. 

3.4 In silico analyses 

3.4.1 Sequence identification, polypeptide alignment, and phylogenetic analysis 

TBLASTN searches, using γ-clade HD-Zip I translated protein sequences from various 

species, were performed to identify full length genomic sequences of homologues from 

multiple genome database servers accessed from: arabidopsis.org, brachypodium.org, 

rice.plantbiology.msu.edu, phytozome.net, maizegdb.org. Secondary TBLASTN searches 
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were also performed using the Genbank non-redundant nucleotide and EST databases at 

NCBI to confirm correct annotation of the genomic sequences. Alignments were performed 

using MAFFT version 6 and the L-INS-i or E-INS-i algorithms for full length or carboxy 

terminal sequences, respectively. Phylogenetic reconstruction was performed with the 

Neighbour Joining algorithm and the boot strap method with 1000 replications in the MEGA5 

program. Tree images were exported to PowerPoint for further processing.  

3.4.2 Prediction of post-translational modification sites 

Carboxy terminal regions were manually extracted by identification of the final heptad 

composing the leucine zipper. Images of the MAFFT alignment (see above) were generated 

firstly using Geneious, colouring residues by the default polarity range, and then importing 

saved image files into PowerPoint for further processing. Prediction of SUMOylation and 

phosphorylation sites were performed using the standalone SUMOsp 2.0 and online 

Netphos2.0 accessed at sumosp.biocuckoo.org/online.php and cbs.dtu.dk/services/NetPhos/, 

respectively. SUMOsp 2.0 threshold was set to high and the Netphos2.0 cut-off was 0.9. 

3.5 Statistical analysis 

For straight forward pair-wise comparisons Microsoft excel was used to perform t-tests 

(α=0.05). 

Combined analyses of variance were performed using the R program (Team, 2011). The 

linear models used for the three phenotyping experiments: TaHDZipI-4 over-expression in 

wheat (5.2.2.2), targeted water potential (5.2.4), and cyclic drought (5.2.4) were: 

Response~Genotype+Pot, 

Response~Line+Pot+Trtmnt+Line:Pot+Trtmnt:Pot+Line:Trtmnt+Line:Pot:Trtmnt, and 

Response~Row+Line+Trtmnt+Line:Trtmnt+Line:Row+Trtmnt:Row+Row:Line:Trtmnt, 

respectively. 

Where significant differences were found post-hoc tests were performed using t-tests for pair-

wise comparisons and Bonferroni adjustment (α=0.05). 
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Chapter Four - Isolation of drought inducible wheat HD-Zip I TFs, gene 

regulation, and their role in transcription 

  



48 

 

 4.1 Introduction 

As discussed in chapter one, traditional breeding methods currently encounter difficulties 

when selecting for increased yield under water deficit and that more efficient targeted 

breeding will be possible by understanding the molecular mechanisms of the drought response 

in wheat. At the molecular level the plant response to abiotic stress is very complex with 

cross-talk between paths and multiple points of redundancy and feed-back. Dissecting this 

response by the many existing facets is still a long way off. HD-Zip I TFs pose as good 

candidates for study to further understand the plant molecular response to drought as it is 

shown in the literature that transcript expression of several members is upregulated under 

conditions of water deficit (as reviewed in Harris et al., 2011). They are also a small family 

by comparison with other TF families and very little is known of the role that HD-Zip I TFs 

fulfil. This chapter presents our attempts to isolate from wheat drought inducible HD-Zip I 

TFs of the γ-clade and our investigations into their expression characteristics and functions as 

TFs. 

4.1.1 Genomic structure of HD-Zip I genes 

Studies analysing the entire genomic compliments of HD-Zip I TF genes in the two dicots 

Arabidopsis and poplar and the two monocots rice and maize have found 17, 21, 14, and 17 

members, respectively, though accounts do vary (Ariel et al., 2007; Agalou et al., 2008; 

Mukherjee et al., 2009; Zhao et al., 2011; Hu et al., 2012). Under phylogenetic scrutiny the 

HD-Zip I proteins group into distinct clades and reveal some monocot and dicot specific 

groups. Phylogenetic analysis is further supported by gene structure and the observed 

conservation of exon intron patterning strengthens these deduced relationships (Ariel et al., 

2007; Zhao et al., 2011). The whole genome studies cited above have also shown that many 

HD-Zip I genes are paralogous gene pairs arising after genome wide, segmental, and tandem 

duplications and also after transposition events.  

4.1.2 Transcriptional regulation of HD-Zip I γ-clade genes and responsible cis-

elements 

Of the abiotic stress responsive HD-Zip I genes, the most widely studied are members of the 

HD-Zip I γ-clade and reports have shown that these genes are regulated by water deficit, 

ABA, PEG, NaCl and cold treatments in monocots and dicots (Lee & Chun, 1998; Ariel et 

al., 2010; Zhao et al., 2011; Hu et al., 2012; Zhang, S et al., 2012). Abiotic stress 

transcription factor networks are generally regulated by two pathways involving ABA or 

ABA independent signalling. These two pathways do not act independently of each other and 

often there is mutual cross talk that influences downstream transcription of gene networks 
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(1.4.1 Transcription factor networks in the plant drought response). Transcription of genes 

downstream of the ABA signalling pathway is known to be regulated via the ABA 

Responsive Element (ABRE) cis-element. This ABRE is found in the promoter of many ABA 

activated promoters and is trans regulated by bZIP (basic leucine zipper) TFs. The ABA 

independent pathway is considered to act through DREs (Drought Responsive Elements) 

which are trans activated by DREB TFs (Drought Responsive Element Binding). Elements 

regulating stress inducible promoter activity of HD-Zip I γ-clade genes have only been 

reported for the sunflower HaHB4, a gene whose function is considered different from other 

γ-clade members. Nonetheless, it was found that of four putative ABRE like cis-elements, 

identified by in silico analysis, one was responsible for ABA dependent activation and a 

second for ABA independent activation that became apparent after NaCl treatment 

(Manavella et al., 2008). In addition, two independent yet redundant elements were 

discovered that are responsible for expression in the vasculature and a W-box, typically 

regulated by WRKY TFs, is responsible for induction by ACC treatment (1-

aminocyclopropane-1-carboxylic-acid, an intermediate of the ethylene biosynthesis pathway) 

(Manavella et al., 2008). 

4.1.3 The HD-Zip I cis/trans regulon  

HD-Zip I TFs are proteins that derive their name from the DNA binding homeodomain and 

the leucine zipper (LZ) motif that is responsible for dimerisation of two HD-Zip homo- or 

heteromers. These two motifs are highly conserved within the family but outside of these two 

modules little conservation is observed in the amino and carboxy terminus. Dimerisation is a 

prerequisite to DNA binding and through the LZ two HDs are brought within close proximity 

to interact with the HD-Zip I cis-element. This cis-element sequence was initially determined 

by in vitro reiterations of protein binding to randomised oligonucleotides and PCR 

amplification which returned sequences of a 9bp pseudopalindrome with variations at the 

central nucleotide, CAATNATTG (Sessa et al., 1993). Preference for the nucleotide at the 

central position is sometimes selective (reviewed in Harris et al., 2011) and must be tested 

experimentally in each new case. However, only one actual case of an HD-Zip I TF regulating 

gene expression through interaction with this cis-element has been reported (Ariel et al., 

2010). This leaves the nature of the cis-element and the conservation of the regulon within the 

HD-Zip I family somewhat ambiguous. Further opposing the proposed conservation of this 

cis-element, the Arabidopsis δ-clade HD-Zip I TF AtHB21 has been shown to activate the 

COX5b-1 promoter requiring two repeats of ATCATT in the cis-element 

ATCATTGTATCATT (Comelli et al., 2012). This cis-element was also required for 

activation of the COX5b-1 by ESE1, an AP2/ERF member of subgroup B-3, and though no 
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protein-protein interaction was detected in Y2H assays both interacted with a bZIP TF that 

also binds the promoter downstream (Comelli et al., 2012). The presented cis-element does 

bear resemblance to the assumed HD-Zip I binding cis-element CAATNATTG at two 

different points around the ATCATT repeats, ATCATTGTATCATT (similarities 

underlined). AtHB7 and AtHB12 have also recently been shown to bind the promoter regions 

of the genes PYL5 and PYL8, PP2C protein phosphatase genes, and SnRK2 genes of the ABA 

signalling pathway (Valdés et al., 2012). However, this promoter interaction was determined 

by chromatin immunoprecipitation that looked selectively for enrichment of genes involved in 

ABA regulation, but results were supported by further analysis of transgenic plants. The 

putative 9bp pseudo-palindromic HD-Zip I cis-element was found only in the 1kb upstream 

promoter region of two of the 11 genes identified, which were enriched after ABA treatment. 

Searches were performed for alternative motifs based on the general HD consensus cis-

elements but no specific regions required for TF interaction were reported to be explored by 

in vivo assays. 

4.1.4 Aims of the work 

The analysis of wheat γ-clade HD-Zip I TFs presented in this chapter was performed in order 

to:  

 confirm their relationship with the drought inducible HD-Zip I γ-clade  

 assess gene regulation by abiotic stresses and ABA 

 determine varietal differences in gene regulation under water deficit 

 identify specific abiotic stress regulated cis-elements in promoter regions 

 confirm their ability to activate transcription from the putative cis-element 

4.2 Results 

4.2.1 Isolation of drought inducible wheat HD-Zip I TFs 

In order to assess the role of drought inducible HD-Zip I TFs in wheat, attempts were made 

(by Sergiy Lopato and Natasha Bazanova prior to the commencement of candidature) to 

isolate homologues of the drought inducible γ-clade HD-Zip I TFs (AtHB7 and AtHB12 from 

Arabidopsis and OsHOX6, OsHOX22, and OsHOX24 from rice) using the Y1H system. The 

cDNA library was generated from flag leaves and developing spikes that were subjected to 

drought and heat stress. The bait sequence used for isolation was based on the cis-element 

present in the literature, CAATNATTG repeated four times in tandem with all four possible 

central nucleotides. This bait sequence had been used previously to isolate clones of 

TaHDZipI-1 and TaHDZipI-2 but did not yield clones of the desired γ-clade homologues 

(Lopato et al., 2006). Nested PCR was therefore used to isolate γ-clade sequences from the 
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wheat heat and drought stress cDNA library using primers derived from an expressed 

sequence tag contig. A clone of the wheat homologue of OsHOX6 was discovered and named 

TaHDZipI-3. As HD-Zip TFs are known to heterodimerise within each class, TaHDZipI-3 

was then used in the Y2H system to isolate dimerisation partners from the wheat cDNA 

library. Through this approach coding sequences for TaHDZipI-4 and TaHDZipI-5 were 

isolated (putative paralogues that are homologous with the OsHOX22 and OsHOX24 

paralogues). A T. durum BAC library (Cenci et al., 2003) was screened using probes designed 

to the coding sequences of TaHDZipI-3, TaHDZipI-4 and TaHDZipI-5. This yielded clones of 

T. durum homologues designated TdHDZipI-3, TdHDZipI-4a, TdHDZipI-4b, TdHDZipI-5a 

and TdHDZipI-5b. These BAC clones were used for direct sequencing, which yielded full 

length sequences of genes including 5’ upstream promoter regions and 3’ terminator regions. 

Comparison of the cDNA and genomic sequences enabled identification of intron and exon 

spanning regions in the gDNA sequence. 

4.2.2 Protein conservation and gene structure 

Phylogenetic analysis of protein sequences was performed as the first step towards assessing 

the relationship of TaHDZipI-3, TaHDZipI-4, and TaHDZipI-5 within the HD-Zip I family. 

The complement of Arabidopsis HD-Zip I protein sequences was included as the dicot 

representative and monocot sequences were obtained from previous cited works or our own 

interrogation of genome sequence databases. Our analysis confirms that of others and shows 

that the HD-Zip I γ-clade holds true across monocots and dicots (Figure 4.1a). However, the 

relationship of TaHDZipI-3 with TaHDZipI-4 and TaHDZipI-5 appears distant and the 

evolutionary distance is comparable with that of the Arabidopsis γ-clade. This confirms that 

the monocot γ-clade has diversified and is composed of two different sub-clades that we 

propose naming γ1-monocot, and γ2-monocot, the remaining dicot sequences will be 

considered as γ-dicot. 

While studies have shown that the γ-clade holds true across monocot and dicot genomes they 

have also identified that gene duplication has contributed to the creation of paralogous gene 

pairs (Ariel et al., 2007; Agalou et al., 2008; Mukherjee et al., 2009; Zhao et al., 2011; Hu et 

al., 2012). In the dicots analysed, PtrHOX14 and PtrHOX52 are shown to be paralogous gene 

pairs of Poplar on chromosomes 2 and 14, respectively, and PtrHOX2 and PtrHOX20 on 

chromosomes 1 and 3, respectively, and the Arabidopsis gene pairs AtHB7 and AtHB12 are 

found on duplicated regions of chromosomes 2 and 3, respectively (Henriksson et al., 2005; 

Hu et al., 2012). OsHOX22 and OsHOX24 were shown to appear on duplicated regions of 

chromosomes 4 and 2 in rice, respectively, and ZmHDZ12 and ZmHDZ9 of maize are located 
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on duplicated regions of chromosome 2 and 7, respectively (Agalou et al., 2008; Zhao et al., 

2011). However, no genetic evidence is presented that indicates the γ1-monocot group 

members OsHOX6 or ZmHDZ9 and ZmHDZ12 are duplicates of the γ2-monocot subclade 

gene pairs OsHOX22/OsHOX24 and ZmHDZ6/ ZmHDZ24, respectively. The phylogenetic 

analysis performed here also suggests that TaHDZipI-4 and TaHDZipI-5 are a paralogous 

gene pair that has arisen through a duplication event in wheat. TaHDZipI-3 may have arisen 

from a duplication event that occurred much earlier in monocots that has not yet been 

identified. However, intron/exon structures are known to be conserved within HD-Zip I clades 

and would further support a common origin. To investigate this, the genomic sequences of 

putative γ-clade HD-Zip I sequences of other monocots and dicots were analysed. Confirming 

this conservation of gene structure, a single intron is found in γ-clade coding sequences in the 

nucleotide region encoding for the amino acid region between the 5
th

 and 6
th

 leucine of the LZ 

domain, which is conserved across all analysed genomes (Figure 4.1b, Appendix Table A1). 

These results confirm that the isolated wheat HD-Zip I sequences are members of the HD-Zip 

I γ-clade and indicate a common ancestor. 

4.2.3 Abiotic stress responses of TaHDZipI-3, TaHDZipI-4 and TaHDZipI-5 

transcript levels 

Expression of the HD-Zip I γ-clade transcripts is known to be induced by abiotic stresses and 

ABA which suggests a transcriptional role in the plant drought response. To confirm that the 

expression of the three isolated wheat γ-clade TaHD-Zip I genes is responsive to abiotic stress 

and ABA, the drought tolerant wheat cultivar RAC875 was subjected to ABA, cold, and 

water deficit treatments and expression analysis was performed by QPCR. Figure 4.2a and 

Table 4.1 shows that TaHDZipI-4 and TaHDZipI-5 are strongly induced 4hrs after addition of 

200µM ABA whereas TaHDZipI-3 expression declines. Exposure to 4
o
C for 48hrs led to 

induction of TaHDZipI-4 and TaHDZipI-5 which displayed diurnal patterns, expression 

peaking during the evening (Figure 4.2b, Table 4.2). Samples were taken one hour after light 

period and one hour before dark period cycles commenced and so expression shows good 

correlation with the known diurnal patterns of ABA accumulation (Fujita et al., 2011). When 

making comparisons of relative levels in the ABA and cold experiments TaHDZipI-5 is much 

more strongly induced by cold treatment than TaHDZipI-4. By contrast, TaHDZipI-3 showed 

a decrease in transcript levels during cold conditions which recovered during the return to 

18
o
C. Pot grown RAC875 subjected to a prolonged water deficit showed increasing levels of 

expression of all three genes as soil water potential decreased from day 8 to day 25 (Figure 

4.2c, Table 4.3). The dramatic reduction of expression seen at day 31 in response to 

rewatering, also confirms a water deficit response in expression.  
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Figure 4.1: Sequence conservation amongst HD-Zip I proteins 

a) Unrooted radial phylogenetic tree displaying the relationship of HD-Zip I protein 

sequences from Arabidopsis and selected monocot genomes. Based on this analysis two 

subclades within the monocots are proposed and named γ1-monocot and γ2-monocot. Entire 

protein sequences were aligned using MAFFT, algorithm L-INS-i and phylogenetic 

reconstruction was performed with the Neighbour Joining algorithm and 1000 boot strap 

replications in the MEGA5 program. Bootstrap support values are indicated at the nodes and 

an estimated 5 residue substitutions per 1000 are represented by the scale bar. Continued. 

 

 

a) 

b) 
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Figure 4.1 continued. 

Two letter gene prefixes identify species of origin: At, Arabidopsis thaliana; Bd, 

Brachypodium distachyon; Os, Oryza sativum; Sb, Sorghum bicolor; Ta, Triticum aestivum; 

Td, Triticum durum; Zm, Zea mays. b) Diagram of the genomic structure of γ-clade HD-Zip 

TF coding sequences showing the position of the conserved intron based on supporting data 

found in Appendix Table A1. Intron and exon regions are represented by a line and boxes 

respectively. Encoding sequences are represented by white, dark grey and pale grey boxes 

which encode the N and C terminus, homeodomain, and interrupted leucine zipper, 

respectively.  
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Figure 4.2: Expression of TaHD-Zip I transcription factors in RAC875 

a) Response to 200µM ABA or dimethyl sulfoxide (DMSO). b) Response to cold treatment, 

temperature is plotted on secondary vertical axis. c) Response to increasing water deficit, 

water potential is plotted on secondary vertical axis. White, pale grey, and dark grey bars 

represent TaHDZipI-3, TaHDZipI-4, and TaHDZipI-5 expression, respectively. Error bars 

represent standard deviation of biological triplicates. See Tables 4.1, 4.2, and 4.3 for fold-

induction. 

  

a) 

b) 

c) 
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Table 4.1: Fold induction in expression of wheat γ-clade HD-Zip I TFs in RAC875 

treated with ABA 

Fold induction of expression of the absolute values displayed in Figure 4.2a. Values are 

relative to corresponding time points of DMSO treated control plants.  

Hours TaHDZipI-3 TaHDZipI-4 TaHDZipI-5 

 
0.67 0.68 0.74 

1 1.60 17.16 6.11 

2 1.76 84.37 16.47 

4 4.29 354.51 99.93 

Table 4.2: Fold induction in expression of wheat γ-clade HD-Zip I TFs in RAC875 

exposed to 4
o
C 

Fold induction of expression of the absolute values displayed in Figure 4.2b. Values are 

relative to time 0, plants at growth temperatures of 18
o
C pre exposure to 4

o
C. 

Hours TaHDZipI-3 TaHDZipI-4 TaHDZipI-5 

0 1.00 1.00 1.00 

1 0.89 1.00 1.38 

2 1.25 1.58 2.10 

4 0.72 0.88 1.44 

8 0.68 1.79 1.95 

12 0.51 6.65 6.64 

24 0.19 4.30 3.83 

36 0.29 16.68 5.40 

48 0.42 3.33 2.40 

60 0.40 0.73 0.48 

72 0.63 0.88 1.09 

84 0.50 0.13 0.18 

96 0.61 0.61 0.85 

Table 4.3: Fold induction in expression of wheat γ-clade HD-Zip I TFs in RAC875 

enduring prolonged water deficit 

Fold induction of expression displayed in Figure 4.2c. Values are relative to day 0 well 

watered plants before water was withheld. 

Days TaHDZipI-3 TaHDZipI-4 TaHDZipI-5 

0 1.00 1.00 1.00 

15 0.61 3.13 1.93 

17 0.82 2.53 1.88 

23 1.76 34.52 8.34 

25 1.74 37.36 8.78 

30 3.83 66.69 16.48 

31 0.53 1.29 0.67 

35 1.82 2.51 1.38 
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4.2.4 Varietal differences exist in the expression characters of wheat γ-clade HD-

Zip I TFs under cyclic drought 

The three wheat cultivars Excalibur, Kukri, and RAC875 are suited to the South Australian 

Mediterranean climate and differ in their yield responses under drought (Izanloo et al., 2008; 

Fleury et al., 2010). However, all three show distinct phenotypes and with regards to yield, 

RAC875 and Excalibur are considered the drought tolerant of the three cultivars and Kukri 

the sensitive one (Izanloo et al., 2008). Field trials commenced during 2001/2002 and 

2006/2007 have also confirmed the superior yield performance of RAC875 under harsh 

environmental conditions (Fleury et al., 2010).During early stages of growth Kukri and 

Excalibur produce more tillers than RAC875 and under extreme water deficit, i.e. a gradual 

reduction in added water over ten days commenced at flag leaf emergence, display higher 

rates of tiller abortion and reduced grain size. Kukri also displayed less grain per spike under 

severe water deficit. These three major differences were considered to be the biggest 

contributors of yield reduction under water deficit in the three cultivars (Izanloo et al., 2008). 

RAC875 is also reported to produce high amounts of wax on the abaxial surfaces of the 

flagleaf under well-watered conditions and increased waxiness in response to water deficit on 

the abaxial and adaxial surfaces. Excalibur shows moderate wax depositions while Kukri only 

displayed slight production of wax on the flagleaf towards the end of the drought duration. As 

a response to water deficit leaf rolling was observed at early stages of stress in Excalibur and 

at very late stages in RAC875 while Kukri displayed an intermediate response. RAC875 and 

Kukri showed increased but comparable levels of ABA under water deficit in stem xylem sap 

and spikelet tissue, whereas Excalibur had approximately half the ABA levels seen in the 

other two cultivars (Izanloo et al., 2008).  Many other responses to water deficit were 

monitored and Table 4.4 summarises the relative response of each cultivar (Izanloo et al., 

2008). Regarding these three cultivars as potential sources of variation to observe differences 

in plant molecular drought responses, expression of the wheat γ-clade HD-Zip I TF genes was 

analysed from a secondary experiment designed to mimic the cyclic drought imposed by 

Izanloo et al., (2008). Figure 4.3a shows that the transcriptional responses of TaHDZipI-3, 

TaHDZipI-4, and TaHDZipI-5 under cyclic drought conditions are different in the three wheat 

cultivars. 

TaHDZipI-3 expression is very weakly induced in all three wheat cultivars when compared 

with the drought inducible expression of TaHDZipI-4 and TaHDZipI-5, however, drought 

induction is clear (Figure 4.3a, Table 4.5). In RAC875 submitted to water deficit this increase 

ranges from 1.3 to 3.7 fold when compared with expression in well watered plants. This weak 

expression is maintained through the first wilting cycle but by comparison is much lower at 
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day 23, the second wilt point after rewatering. Kukri displays much higher TaHDZipI-3 basal 

expression under well-watered conditions than RAC875 and Excalibur. Also, a stronger 

drought response is shown for TaHDZipI-3 expression in Kukri than RAC875, and in contrast 

the strongest expression is seen at the wilting points, days 14 and 23. The induction seen in 

Kukri between well watered and water deficit treatments is within 1.6 and 8.3 fold increases. 

The third cultivar Excalibur has shown 2.2 to 4.4 fold induction of TaHDZipI-3 gene 

expression in response to water deficit, though again absolute levels are much lower than 

those seen in either RAC875 or Kukri. 

By comparison with TaHDZipI-3, expression of both TaHDZipI-4 and TaHDZipI-5 is 

dramatically up regulated in all three cultivars with TaHDZipI-5 being the strongest 

expressed. In RAC875 the rapid induction of both genes is followed by a decline throughout 

the first wilting cycle and is also low at the second wilt point. The drought responsive pattern 

of TaHDZipI-4 and TaHDZipI-5 expression in Kukri is markedly different to that of RAC875, 

where TaHDZipI-4 expression is maintained at a relatively consistent level of induction 

during the first wilting cycle and remains high at the final wilt point of the second cycle. Also, 

TaHDZipI-5 expression is much higher than TaHDZipI-4 and shows a steady increase during 

the first wilting point as water deficit increases, this high induction level is also maintained at 

day 23, the second wilt point after rewatering. Comparison of the absolute levels of the wheat 

HD-Zip I γ-clade genes in Excalibur shows that the genes are expressed at much lower levels 

than in Kukri or RAC875. TaHDZipI-3 is induced by the imposed conditions of cyclic 

drought as demonstrated by the >4-fold induction of transcript levels. In Excalibur, expression 

of TaHDZipI-4 and TaHDZipI-5 is induced and maintained at fairly similar levels throughout 

the first wilting cycle but by the wilt point of the second cycle, day 23, expression is relatively 

low as was seen in the response of RAC875 which contrasts with the response in Kukri. 
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Table 4.4: Summary of the relative differences seen in three South Australian wheat 

cultivars in response to water deficit 

The results summarise the work of Izanloo et al., (2008): WW, well watered control 

conditions; SWS, severe water stress conditions; MWS, mild water stress conditions. 

 

Water use, WW 
Excalibur = Kukri  > RAC875 

Water use during recovery 
Excalibur >> Kukri = RAC875 

% stomatal conductance recovery, 

24hr  

Excalibur > Kukri > RAC875 

% stomatal conductance recovery, 

48hr 

RAC875 >> Excalibur > Kukri 

Leaf temperature, recovery 
Excalibur < RAC875 = Kukri 

Days to anthesis, MWS 
Excalibur >> Kukri = RAC875 

Days to anthesis, SWS 
Excalibur > Kukri = RAC875 

Plant height, WW 
Kukri > RAC875 = Excalibur 

Plant height, SWS 
Excalibur = Kukri = RAC875 

Peduncle % reduction, SWS 
Kukri >> RAC875 > Excalibur 

Grain yield, WW 
Excalibur = Kukri = RAC875 

Grain yield reduction, SWS 
Kukri >> Excalibur > RAC875 

Grain yield reduction, MWS 
Excalibur > Kukri > RAC875 

Grain per spike, MWS 
Excalibur = Kukri = RAC875 

Grain per spike, SWS 
Kukri << Excalibur = RAC875 

Grain size, WW 
Excalibur = Kukri < RAC875 

Grain size, SWS 
Kukri < Excalibur < RAC875 
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Table 4.4: continued 

Harvest index, WW 
Excalibur = kukri = RAC875 

Harvest index, SWS 
Kukri < Excalibur < RAC875 

Harvest index, MWS 
Excalibur < Kukri = RAC875 

Root mass, WW 
Excalibur = Kukri = RAC875 

Root mass, SWS 
Excalibur > kukri = RAC875 

Osmotic adjustment, SWS 
Excalibur > RAC875 > Kukri 

% decrease chlorophyll content after 

anthesis, SWS 

Kukri >> Excalibur = RAC875 

Stem water soluble carbohydrate, 

WW 

Excalibur < Kukri < RAC875 

% increase stem water soluble 

carbohydrate, SWS 

Excalibur 

(no incr.) 

 Kukri >> RAC875 

ABA content, WW 
Excalibur = Kukri = RAC875 

Increase in ABA content, SWS 
Excalibur < Kukri = RAC875 
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 Figure 4.3: Expression of wheat γ-clade HD-Zip I TFs, LEA, and dehydrin genes in the 

flagleaf of three wheat cultivars under cyclic drought 

a) Expression of wheat γ-clade HD-Zip I genes, the LEA gene taCOR410, and dehydrin gene 

TaWZY2 by QPCR analysis in RAC875, Kukri, and Excalibur subjected to cyclic drought 

conditions. b) Schematic of the cyclic drought conditions used. Rewatering occurred when 

plants showed wilting as an indication of drought stress. Flagleaf material was harvested at 

the times indicated in days. Error bars represent standard deviation of biological triplicates. 

See Table 4.5 for fold-induction. 

  

a) 

b) 
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Table 4.5: Fold induction in expression of wheat γ-clade HD-Zip I TFs, LEA, and 

dehydrin genes in the flagleaf of three wheat cultivars under cyclic drought 

Fold induction of the absolute levels, represented in Figure 4.3, as water deficit relative to 

corresponding time points of control plants, well watered. 

 
Day 

TaHDZip 
I-3 

TaHDZip 
I-4 

TaHDZip 
I-5 TaWZY2 TaCOR410 

Kukri 5 2.30 45.17 14.19 66.12 4.80 

 
9 1.59 110.36 16.31 70.17 3.91 

 
14 2.33 59.11 21.43 100.96 8.37 

 
23 8.29 45.72 33.11 189.42 11.27 

 
25 0.47 0.50 0.71 2.54 0.40 

RAC875 5 3.71 77.72 19.89 589.51 8.94 

 
9 1.42 29.24 10.26 53.40 1.32 

 
14 3.47 45.37 25.57 31.55 3.04 

 
23 1.28 2.32 1.80 9.91 1.62 

 
25 1.11 1.05 1.25 0.92 0.60 

Excalibur 5 4.37 63.44 19.67 235.19 4.73 

 
9 2.21 31.85 11.82 102.31 2.20 

 
14 3.00 28.98 17.79 394.93 8.31 

 
23 4.39 14.80 9.05 127.84 8.22 

 
25 0.79 0.49 0.33 3.18 0.74 
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As an indication of the general drought response, the expression of a LEA (Late Embyrogenic 

Abundant) gene and a dehydrin gene were also investigated, TaCOR410 (Accession no. 

JN681186) and TaWZY2 (Accession no. EU395844), respectively (Figure 4.3a). This 

analysis suggests that the different responses shown by the γ-clade HD-Zip I TF genes are not 

solely accountable for observed cultivar differences but are part of the general, yet distinct, 

drought response of each cultivar. 

4.2.5 Elements in the promoter regions of TdHDZipI-3 and TdHDZipI-4 that 

regulate gene activation 

As discussed in chapter one and demonstrated above, the γ-clade HD-Zip I TFs are expressed 

under conditions of abiotic stress such as water deficit, cold, NaCl treatment, and also by 

ABA treatment. These exogenous and endogenous signals result in modulation of the 

transcriptome that enables plant adaptation. Downstream of signal perception there is 

substantial cross-talk that occurs and knowledge of these interactions will enable greater 

understanding of the molecular stress response. Increased knowledge in this area will put us 

in a better position to begin altering the plant stress response to our benefit. To help define the 

pathways that γ-clade HD-Zip I genes are part of investigation of the cis-elements that 

regulate promoter activation was undertaken. To investigate the cis acting regulatory elements 

that contribute to promoter activation of wheat γ-clade HD-Zip I genes under abiotic stress, 

promoter deletion transient assays were performed using promoter regions of T. durum 

homologues (previously isolated before the commencement of candidature as described in the 

introduction). 

A number of abiotic stress related treatments were applied to T. monococcum cells that had 

been transiently transformed with promoter:GUS constructs. The promoter regions used in 

these initial trials were 2000nt upstream of the transcription start site for TdHDZipI-3 and 

TdHDZipI-4. Of the initial treatments, ABA demonstrated the most consistent and clear 

activation of the TdHDZipI-4 promoter and was used for further investigation. The 

TdHDZipI-3 promoter appeared not to be activated by ABA at a level that could be assessed 

using this transient system. Other treatments were explored for TdHDZipI-3 promoter 

activation such as mannitol, cold, and ethephon that also resulted in no detectable promoter 

activation above basal levels (Figure 4.4). Activation of the TdHDZipI-3 promoter was not 

investigated further. The promoter of TdHDZipI-5 was isolated late in the PhD candidature 

and was not investigated. 

The rationale behind the promoter deletion constructs, of the available 3331bp region 

upstream of the transcription start site of TdHDZipI-4 was decided by an in silico analysis 
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using the PLACE database (www.dna.affrc.go.jp/PLACE/). Many putative Drought 

Responsive Elements (DREs) and ABA Responsive Elements (ABREs) were identified and 

found to be spatially clustered along the promoter. This made the design of consecutive 

promoter deletions easier as forward primers could be positioned between these putative 

regulatory islands. The deletion constructs tested were of 1600, 1250, 870, 460, 370, 220, and 

130nt and named 1600, Del1, Del2, Del3, Del4, Del5 and Del6, respectively (Figure 4.5a). 

ABA treatment resulted in activation of promoter deletions 1600, Del1, Del2, Del3, Del4, and 

Del5 but not Del6 suggesting that an ABA activated cis-element is located in a 90bp region 

between -220nt and -130 upstream of the transcription start site. The in silico analysis 

suggested that a putative ABA related regulatory element may exist at 210nt upstream of the 

transcription start site (Figure 4.5b; PLACE database assignment DPBFCOREDCDC3 and 

MYCCONSENSUSAT, proposed cis-elements are ACACNNG and CANNTG, respectively). 
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Figure 4.4: Initial trials to investigate activation of the TdHDZipI-3 and TdHDZipI-4 

promoters by various treatments 

Plasmids containing promoter regions of the TdHDZipI-3 and TdHDZipI-4 genes regulating 

expression of the uidA gene were used in attempts to determine treatments resulting in 

promoter activation. T. monococcum cells were bombarded with the deletion constructs and 

treated with, a) ABA, b) cold treatment of constant 4
o
C, c) ethephon, d) mannitol. Error bars 

represent the standard deviation of technical replicates (n=3-5). 

  

c) 

b)  

a) 

d) 
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Figure 4.5: Activation of the TdHDZipI-4 promoter (proTdHDZipI-4) deletions by ABA 

treatment in transient assays.  

T. monococcum cells were bombarded with a series of deletion constructs, a). Regions of the 

TdHDZipI-4 promoter regulating expression of the uidA gene were used to identify regions 

responsive to treatment with ABA. Constructs of this promoter deletion series range from 

1600 to 130nt and are named 1600 and Del 1 to Del 6, ABA treatments were applied 24hrs 

post-bombardment. Error bars represent standard deviation of technical replicates (n=4-5). b) 

Promoter fragment responsible for ABA activation and the putative ABA-responsive cis-

element, underlined, as determined by in silico analysis performed using the PLACE 

database. 

 

  

a) 

b) 
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4.2.6 The function of wheat HD-Zip I γ-clade proteins as transcription factors 

and interaction with a putative cis-element 

HD-Zip I proteins are reported to act as transcription factors that interact with variants of the 

CAATNATTG cis-element, though as discussed in the introduction evidence for a universal 

cis-element is not strong. To determine if TaHDZipI-3, TaHDZipI-4 and TaHDZipI-5 can 

activate transcription in vivo from a promoter with variants of the CAATNATTG cis-element 

(Figure 4.6), transient expression assays in T. monococcum cell cultures were performed. 

The two TFs,TaHDZipI-1 and TaHDZipI-2, that were previously isolated using four repeats 

of the cis-element to include each variation of the central nucleotide as bait in Y1H screens, 

strongly activated the HDZ1 artificial promoter and thus confirmed functionality of the 

system (Figure 4.7a). TaHDZipI-5 showed stronger, possibly selective, activation of the 

HDZ2 (A/T) and the HDZ3 (A/T, non-pseudopalindromic) synthetic promoters than HDZ1 

(G/C) (Figure 4.7b). The synthetic promoter bearing the HDZmut cis-element appeared to be 

weakly activated by TaHDZipI-5 (p=0.06) when compared with co-bombardment with GFP. 

However, this difference was not considered activation but to have arisen from variation in 

the basal levels at the limits of this assay and confirms the specificity of activation from the 

HDZ1 and HDZ2 cis-elements. Further experiments were performed without the HDZmut 

negative control but with GFP co-bombardment due to the size of the experiments. 

TaHDZipI-3 showed no activation of HDZ1 or HDZ2 whereas TaHDZipI-4 and TaHDZipI-5 

show moderate activation of HDZ1 and counts of GUS foci were several fold higher for 

HDZ2 (Figure 4.7c). 

That TaHDZipI-3 showed no discernible activation of the artificial promoter and no binding 

to the HDZ1 cis-element in Y1H assays (Figure 4.7c, yeast 1-hybrid performed prior to 

commencement of PhD by Natasha Bazanova) led us to test if it can inhibit transcriptional 

activation in the presence of TaHDZipI-2. Co-bombardment of TaHDZipI-3 with TaHDZipI-2 

at ratios of 0:1 and 1:3 resulted in a reduction of activation that was weakly significant 

(p=0.08) (Figure 4.7d). Due to the inability of TaHDZipI-3 to activate the HDZ1 and HDZ2 

synthetic promoters and that many TFs require post-translational modification, it was 

considered that ABA treatment may induce a necessary post-translational modification upon 

the wheat HD-Zip I γ-clade TFs. However, ABA had little effect on TaHDZipI-3 activation of 

HDZ1 or HDZ2 synthetic promoters but increased the activity of TaHDZipI-4 and TaHDZipI-

5 by approximately 2-fold (Figure 4.7e). 
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Figure 4.6: Schematic representation of the artificial promoter and HD-Zip I binding 

site variants 

Cis-element consists of tandem repeats of HD-Zip I cis-element binding sequence variants 

HDZ1, HDZ2, HDZ3, or HDZmut as depicted, central nucleotides and other variations are 

underlined. The TdCOR410 minimal promoter is the region 251nt upstream of the translation 

initiation start site of the stress inducible TdCOR410 gene (Accession no. JN681186) 

previously determined to have relatively low levels of basal activation bearing no ABA 

inducibility. GUS is the coding region of the β-Glucuronidase gene. 
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Figure 4.7: Wheat γ-clade HD-Zip I TFs show differential activation of synthetic 

promoters bearing variants of the HD-Zip I cis-element and responsiveness to ABA 

a) GUS foci counted in a synthetic promoter activation transient assay testing TaHDZipI-1 

and TaHDZipI-2. b) Activation of the HDZ1, HDZ2, HDZ3, and HDZmut synthetic promoter 

by TaHDZipI-5. c) Activation of HDZ1 and HDZ2 synthetic promoters by wheat γ-clade HD-

Zip I TFs. d) Activation of the HDZ1 artificial promoter by TaHDZipI-2 in the presence of 

different ratios of TaHDZipI-3. e) Activation of the HDZ2 synthetic promoter by wheat γ-

clade HD-Zip I TFs in the presence of ABA. 
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 4.2.7 Analysis of protein motifs in the carboxy terminal region of γ-clade HD-Zip 

I TFs involved in transcriptional activation 

4.2.6.1 AHA motifs 

The γ-clade AtHB12 was shown to be a transcriptional activator in Y1H and further analysis 

revealed that the region of the protein from 180 to 235aa was responsible for this activity (Lee 

et al., 2001). Observations were also made that the carboxy terminal region of AtHB12 is as 

acidic as the GAL4 activation domain, a feature that is typical of motifs involved in 

transcriptional activation. Analysis of the carboxy terminal region in monocot and dicot γ-

clade HD-Zip I TFs reveals the presence of conserved acidic regions and also suggests a 

prominence of tryptophan (W) and phenylalanine (F) amino acids (Figure 4.8). This feature is 

reminiscent of the AHA motifs of heat shock proteins known to be necessary for 

transcriptional activation. AHA motifs are typically recognised by the presence of W and F 

residues adjacent to large hydrophobic residues embedded within acidic regions (Doring et 

al., 2000; Kotak et al., 2004). 

4.2.7.2 Post-translational modification 

TaHDZipI-3, TaHDZipI-4, and TaHDZipI-5 display different responses in their ability to 

activate transcription from the synthetic promoters. Also, TaHDZipI-4 and TaHDZipI-5 

displayed increased activation in response to ABA treatment. These observations suggest that 

TaHDZipI-3 acts as a repressor of transcriptional activation or that its activity is regulated by 

different ABA-independent post-translational mechanisms than TaHDZipI-4 and TaHDZipI-

5. An investigation of the diversity and conservation within the carboxy terminal region of the 

HD-Zip I TF family from many species has highlighted conserved motifs, potential sites for 

phosphorylation, and SUMOylation (Small Ubiquitin related Modifier) within the γ-clade 

(Arce et al., 2011). In particular, it was observed that potential SUMOylation sites are over 

represented in homologues of the γ-dicot and γ1-monocot sub-clades but are not predicted in 

the γ2-monocot homologues (Arce et al., 2011). Our own analysis of the carboxy terminal 

region using NetPhos2.0 and SUMOsp2.0 to predict potential phosphorylation sites at serine 

and threonine residues and sites of SUMOylation at lysine residues also identifies these 

regions (Figure 4.8). 
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Figure 4.8: MAFFT alignment of the C-terminal region of monocot γ-clade homologues showing predicted sites of post-translational regulation 

(continued over page).  

 

  



 

 

7
2
 

Figure 4.8 continued: MAFFT alignment of the C-terminal region of monocot γ-clade homologues showing predicted sites of post-translational 

regulation  

MAFFT (E-INS-i) alignment of carboxy terminal domains of γ-clade HD-Zip I TFs downstream of the LZ including the ultimate leucine residue of the last 

heptad of the LZ. Graphs above each alignment depict the degree of residue conservation at any given position, green, yellow, and red showing high, 

moderate, and low conservation, respectively. Amino acids are also colour coded based on polarity, high to low being coloured Red>Green>Blue>Mustard. 

Serine and threonine residues that are predicted sites of potential phosphorylation, with a cut-off value of 0.9, are highlighted with black circles. Predicted 

SUMOylation sites are denoted by lysine residues (blue boxes) highlighted by red outlines and represent potential type I (consensus) or II (non-consensus) 

SUMOylation sites. Potential phosphorylation and SUMOylation sites were predicted using Netphos 2.0 and SUMOsp 2.0, respectively.  AHA 

transcriptional activation motifs are composed of phenylalanine and tryptophan residues (mustard coloured boxes (non-polar) and black text, W and F) 

adjacent to large hydrophobic residues (mustard coloured boxes (non-polar)) embedded within acidic regions (serine and threonine (S and T in green boxes) 

and aspartic acid and glutamic acid (D and E in red boxes)). The cladogram to the left of the gene identifier labels indicates relatedness of the carboxy 

termini. Two letter gene prefixes identify species of origin: Bd, B. distachyon; Os, O. sativum; Sb, S. bicolor; Ta, T. aestivum; Td, T. durum; Zm, Z. mays. 

Figure is continued over page. 
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Figure 4.8 continued (continued over page). 



 

 

7
4
 

 

Figure 4.8 continued. 
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4.3 Discussion 

Drought inducible HD-Zip I TFs have been identified in Arabidopsis, maize, M. truncatula, 

poplar, rice, and sunflower from investigations of entire genomic complements or selection 

for stress inducible genes (Lee & Chun, 1998; Gago et al., 2002; Agalou et al., 2008; Ariel et 

al., 2010; Zhao et al., 2011; Hu et al., 2012). In particular, it is supported that the γ-clade is 

strongly regulated by abiotic stress such as water deficit, and NaCl and ABA treatments. Yet 

few reports have been made on the function or role of these TFs. The aims of the work 

presented here were to isolate drought inducible γ-clade HD-Zip I TF homologues from wheat 

and to make functional comparisons with other γ-clade HD-Zip I homologues. Our 

investigation suggests that the wheat γ-clade HD-Zip I TFs share sequence similarities with 

other known γ-clade genes, however, there are pronounced differences in their response to 

abiotic stress related stimuli and role in transcription. These distinctions make it plausible to 

divide the HD-Zip I γ-clade into sub-clades composed of γ1-monocot, γ2-monocot, and γ-dicot 

that hold the TaHDZipI-3 monocot homologues, TaHDZipI-4 and TaHDZipI-5 monocot 

homologues, and the remaining dicot members, respectively. 

4.3.1 Isolation and expression of drought inducible γ-clade HD-Zip TFs from T. 

aestivum. 

The identity of the wheat γ-clade HD-Zip I TFs is confirmed by their relationship to 

homologues of other species by phylogenetic analysis. In addition to amino acid sequence 

similarity (Figure 4.1a), the determined gene structures of the wheat γ-clade HD-Zip I TFs 

share the conserved exon / intron patterning of γ-clade homologues (Figure 4.1b). There is a 

conserved single intron which interrupts the last heptad of the LZ. However, the phylogenetic 

analysis of the wheat HD-Zip I γ-clade and observation of the conserved amino acid motifs 

shows that, TaHDZipI-4 and TaHDZipI-5 are more diversified in sequence from TaHDZipI-3 

within the γ-clade (Figure 4.1a and b). This diversification is conserved within the maize, rice, 

Sorghum, and Brachypodium genomes of the Poaceae lineage (Figure 4.1a).  

Expression of γ-clade HD-Zip I TFs is induced by ABA and water deficit conditions. NaCl 

treatment was also shown to activate the HaHB4 and MtHB1 promoters, whether this is a 

consequence of the osmotic shock component or elevated Na
+
 or Cl

-
 is untested (Manavella et 

al., 2008; Ariel et al., 2010). To investigate the abiotic stress responsiveness of wheat γ-clade 

HD-Zip I TF expression their profiles under water deficit, cold and ABA treatment were 

investigated. This has revealed differences in the responsiveness of expression within the 

wheat γ-clade and by comparison to other species. In response to ABA TaHDZipI-3 showed 
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only slight upregulation in leaves in contrast to other γ-clade HD-Zip I TFs, whereas 

TaHDZipI-4 and TaHD-ZipI-5 show the typical response and mRNA transcript expression is 

strongly expressed. The cold induction displayed by TaHDZipI-4 and TaHDZipI-5 contrasts 

with the lack of response to cold seen in HaHB4 and AtHB7 expression (Soderman et al., 

1996; Gago et al., 2002), whereas TaHDZipI-3 expression actually displayed a decrease 

throughout the cold treatment. In response to prolonged water deficit expression of all three 

wheat γ-clade HD-Zip I TFs increased. TaHDZipI-4 and TaHDZipI-5 displayed a very strong 

induction response and TaHDZipI-3 very mild induction by comparison. Similarly in rice, the 

TaHDZipI-3 homologue OsHOX6 was reported to show slight induction in a drought sensitive 

cultivar but showed no change in expression in the drought tolerant cultivar tested (Agalou et 

al., 2008). Conversely, the TaHDZipI-4 and TaHDZipI-5 homologues in maize, ZmHDZ6 and 

ZmHDZ12, showed only slight upregulation of expression in response to water deficit when 

compared with TaHDZipI-3 homologues ZmHDZ4 and ZmHDZ9 (Zhao et al., 2011). 

However, the water deficit treatment implied by Zhao et al. (2011) is one of rapid desiccation 

in air over 12 hours rather than a gradual increase in water deficit, which would be field 

relevant, as Agalou et al. (2009) and ourselves have used. 

Expression of the wheat γ-clade HD-Zip I TFs was observed under cyclic water deficit in 

three South Australian wheat cultivars that are considered to show differences in their growth 

habits and response to drought. The differences seen in the magnitude of water deficit induced 

gene expression showed that, not only are differences observed in their physiological 

responses but that they are occurring at the molecular level. TaHDZipI-3 expression was not 

as strongly induced as TaHDZipI-4 and TaHDZipI-5 in all three of the wheat cultivars 

Excalibur, Kukri, and RAC875 under cyclic drought by absolute levels and fold induction. 

Also, with the exception of RAC875 at day 5, TaHDZipI-5 is expressed at higher levels than 

TaHDZipI-4. Izanloo et al (2008) found that, of these three cultivars Excalibur showed the 

lowest levels of de novo ABA synthesis in response to water deficit (i.e. at one specific time 

point) and this observation supports the lower levels of TaHDZipI-4 and TaHDZipI-5 

expression seen here. However, further analysis has shown that the responses of the γ-clade 

HD-Zip I TFs particular to each cultivar are not specific to these genes but are also displayed 

by TaWZY2 and TaCOR410 gene induction. The protein products of the TaWZY2 and 

TaCOR410 genes belong to the dehydrin/LEA families of proteins. Such proteins are 

proposed to play a role in protection of cellular components under water deficit and therefore, 

induction of their expression is indicative of a general stress response. This suggests that, at 

the molecular level the transcriptional response of the wheat γ-clade HD-Zip I genes is 

downstream of stress perception and signalling and is a part of the general yet distinct drought 
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response displayed by each cultivar.  The contribution that the wheat HD-Zip I γ-clade is 

making cannot be conclusively attributed to the marked differences in physiological response 

displayed by the three cultivars. 

4.3.2 Cis-regulation of the TdHDZipI-4 promoter 

We have demonstrated that the 90bp promoter region found at -220 to -130nt from the 

transcription start site is necessary for ABA induction of the TdHDZipI-4 promoter. In silico 

analysis using the PLACE database suggests that there are ABI5 (bZIP) binding like and 

MYC (bHLH) binding like cis-elements located within the same ACACCTG sequence. To 

further investigate the role of this putative cis-element in ABA activation of the promoter, a 

deletion construct with the TdHDZipI-4 promoter region from -195 to -1 (Del5-1) could be 

tested for ABA activation and compared with activation of Del5 (220nt). PCR induced 

mutagenesis could also be used to produce a promoter with polymorphisms at the putative 

region to test for the specificity of this element. Alternatively, AtABI5 and monocot 

homologues of the bZIP TF such as HvABI5 or OsABI5 could be co-bombarded with Del5, 

Del5-1 and the mutated promoter to test for activation. The ABI5 group of bZIP TFs are 

considered a small distinct group, which is atypical of the bZIP type TF that bind known 

ABRE cis-elements with the ACGT core sequence, making this approach feasible. However, 

Myc type TFs are composed of proteins with the bHLH DNA binding motif and are a very 

large family in Arabidopsis making it difficult to predict a specific trans acting member. Y1H 

is a method that is typically used to isolate and identify proteins that bind a DNA region of 

interest and would be the proceeding approach to utilise once the cis regulatory region was 

confirmed. It is thought that sequences outside of the known core cis-element motifs for TF 

families are responsible for determining the specificity of DNA/protein interactions, hence a 

region larger than the 7nt suggested here would be used. 

4.3.3 Transcriptional activation by wheat HD-Zip I γ-clade transcription factors 

and possible post-translational regulation 

The HD-Zip I TFs are known to bind and activate the HD-Zip I cis-elements, variants of 

CAATNATTG, by in vitro and in vivo methods. However, attempts by others to confirm the 

binding properties of γ-clade homologues have presented difficulties. It was reported that 

AtHB7 and AtHB12 did not bind putative cis-elements when assessed using electrophoretic 

mobility shift assays (Johannesson et al., 2001). However, they could specifically activate a 

promoter with six repeats of the CAATTATTG cis-element in in vivo transient assays 

(Henriksson et al., 2005). The sunflower γ-clade HD-Zip I TF HaHB4 is able to bind the HD-

Zip I cis-element in vitro but is considered distinct from AtHB7 and AtHB12 and does not 
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show any predicted SUMOylation site (our results and Arce et al., 2011). A truncated 

MtHB1, missing the carboxy terminus, was also shown to bind both HD-Zip I cis-elements 

using in vitro methods (Ariel et al., 2010). The transient assays performed here and Y1H 

assays (prior to commencement of PhD candidature), confirmed the ability of TaHDZipI-4 

and TaHDZipI-5 to interact with the HD-Zip I cis-element variants, though too much lesser 

degrees than the interaction displayed by TaHDZipI-1 and TaHDZipI-2 of the ζ and α clades, 

respectively. In contrast, TaHDZipI-3 did not interact with the tested cis-elements (Figure 

4.7c). Also, as is shown in the literature, there is often a distinction in the preference of an 

HD-Zip I TF towards the central nucleotide. Here we have shown that TaHDZipI-4 and 

TaHDZipI-5 displayed stronger activation of the artificial promoter through the HDZ2 cis-

element, CAATAATTG. Shedding some light on the inconsistencies in DNA binding 

activities demonstrated by the γ1-clade HD-Zip I TFs, an in silico analysis of the carboxy 

terminal regions of entire genomic complements of HD-Zip I TFs has been reported. Arce et 

al. (2011) showed that γ-clade HD-Zip I TFs have an over-representation of predicted 

SUMOylation sites in the carboxy terminus than other HD-Zip I TF clades and our analysis 

also confirms this within the γ1-monocot subclade but not the γ2-monocot subclade (Figure 

4.8). The points raised here are suggestive of a role for SUMOylation as a mechanism of post-

translational regulation: 1) AtHB7 and AtHB12 bind the cis-element in planta where 

SUMOylation components would be found but not in vitro where they could be absent 

(proteins produced in heterologous systems), 2) HaHB4 binds in vitro but has a short carboxy 

terminus and does not possess a predicted SUMOylation site, 3) a truncated MtHB1 without 

the carboxy terminus bound the HD-Zip I cis-element in vitro and has a predicted 

SUMOylation site in the carboxy terminus, although results for the full length protein were 

not presented, 4) predicted SUMOylation sites are over-represented specifically within the γ1-

monocot subclade.  

The mechanism of SUMOylation post-translational regulation involves reversible conjugation 

of SUMO (Small Ubiquitin-like MOdifier) units to target proteins. Typically this occurs at 

lysine residues found within a conserved motif, ψKXE (ψ is any of the hydrophobic amino 

acids A, I, L, M, P, F, or V, K is lysine, X is any other residue, and E is glutamic acid), 

though it may occur at other regions that share little defined conservation, type I or type II 

sites respectively (Ren et al., 2009). This conjugation is known to occur under cellular stress 

conditions and can regulate TFs through modulation of protein stability, nuclear targeting, and 

protein interactions (Miura et al., 2007). When SUMOylated the MYC like TF ICE1 (Inducer 

of CBF/DREB1 Expression 1), known to regulate stress responsive genes, is activated or 

protected from ubiquitin directed degradation. SUMOylation occurred at the lysine residue at 
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position 393, when this lysine was substituted with arginine ubiquitination still occurred 

suggesting different residues are involved. Conserved ubiquitination sites in plants have not 

yet been defined and it is likely that many exist in one protein. Extending this to the wheat γ-

clade, TaHDZipI-3 has a predicted SUMOylation site as do other γ1-monocot homologues. 

TaHDZipI-5 does not show a predicted site nor do other members of the monocot specific γ2-

monocot subclade, with the exception of TaHD-ZipI-4. However, any post-translationally 

regulated DNA binding in TaHDZipI-3 homologues is likely not through protection from 

ubiquitin mediated degradation as in vitro studies on AtHB7 and AtHB12 still showed no 

protein-DNA interaction. If SUMOylation is involved in this regulation the loss of a predicted 

site from the HaHB4 protein, which binds DNA in vitro, suggests deconjugation may activate 

transcriptional activity of TaHDZipI-3. The substitution of the lysine from the MSMKDEF 

motif found in TaHDZipI-3 (Figure 4.8) may create a constitutively activated TF if 

SUMOylation is involved in this manner. However, TaHDZipI-3 has not activated the 

synthetic promoter in transient assays as was shown for AtHB7 and AtHB12, making 

comparisons of function between the dicot and members of the γ1-monocot group tentative. 

A further demonstration of possible post-translational regulation is presented by the near two-

fold increase in activation of the minimal promoter by TaHDZipI-4 and TaHDZipI-5 in the 

presence of ABA. A new model for ABA induced changes to the transcriptome has recently 

been formed after the ground breaking discovery that the pyrabactin molecule inhibits seed 

specific modes of ABA action (Chen, L et al., 2012). ABA binds to members of the 

PYR/PYL/RCAR (PYrabactin Resistant/PYrabactin resistant Like/ Regulatory Component of 

ABA Receptor) ligand receptor family which enables binding to members of the PP2C family 

of protein phosphatases. This sequestration of PP2C proteins inhibits their ability to 

dephosphorylate SnRK2 kinases which are then in turn able to activate downstream TFs, such 

as bZIP TFs, through their kinase activity (Fujita et al., 2011). This mechanism of 

derepression is a system typically seen in plant hormone signalling. Phosphorylation by the 

SnRK2 kinases happens at serine or threonine residues found within conserved motifs 

consisting of RXXS/T (where R is arginine, X is any amino acid, and S/T is either serine or 

threonine) (Fujita et al., 2011). Very few of these SnRK2 phosphorylation motifs are found in 

the carboxy terminus of the γ-clade proteins and they are not in conserved regions, though 

other phosphorylation sites were predicted with high probability by in silico analysis. This 

suggests that any site of phosphorylation may be found in other regions of the protein, that the 

site is fairly novel when compared to known SnRK2 phosphorylation sites, or another post-

translational mechanism is employed. Analysis of each Ser and Thr residue would be possible 

by substitution with Asp to constitutively confer the negative charge that is usually found on 
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the phosphorylated residue. Although it is sometimes found that many such residues require 

phosphorylation to activate DNA binding of a TF. An initial step could be taken to investigate 

the effect of the carboxy terminal region on activation in the presence of ABA by using 

chimeric proteins where TaHDZipI-1 or TaHDZipI-2 have their carboxy terminal domains 

replaced with those of TaHDZipI-4 and TaHDZipI-5. Transient assays testing the chimeric 

HDZip I proteins with ABA and the two synthetic promoters would give an indication as to 

the region responsible for the increased activation. 

4.3.4 TaHDZipI-3 as a negative regulator 

TaHDZipI-3 was co-bombarded with TaHDZipI-2 as it displayed strong activation of the 

HDZ1 synthetic promoter. Co-bombardment resulted in reduced transcriptional activation of 

the HDZ1 synthetic promoter that was seen with TaHDZipI-2 and GFP. This presents the 

possibility that TaHDZipI-3 is acting as a negative regulator of transcription and that a 

mechanism of post-translational modification, as discussed above, does not play a role in the 

regulation of TaHDZipI-3. This phenomenon is widely seen within TF families where 

particular members supress expression of downstream genes and can even act as repressors or 

activators depending on context, i.e. the presence of other protein partners and particular 

promoters (Feller et al., 2011; Mizoi et al., 2012). The HD-Zip II family is known to include 

members that act as transcriptional suppressors by virtue of their EAR-like (ERF-associated 

Amphiphilic Repression) motifs in the amino terminal domain. The γ-clade TFs are smaller in 

size than other HD-Zip I TFs and lack an acidic domain common to many HD-Zip I TFs in 

the amino terminal domain (Gago et al., 2002). However, it has been determined that the γ-

clade AtHB12 has an acidic carboxy terminal region that is necessary for transactivation. The 

carboxy termini of the wheat γ-clade TFs do have acidic regions that may constitute acidic 

activation domains and tryptophan/phenylalanine abundant regions reminiscent of AHA 

motifs, which consist of tryptophan and phenylalanine residues surrounded by hydrophobic 

residues embedded within acidic regions (Figure 4.8; Doring et al., 2000; Kotak et al., 2004). 

Also, TaHDZipI-3 does not possess a typical repression motif, such as domain I of the 

Aux/IAA proteins LXLXLX, that is associated with suppression of transcription found in 

many of the HD-Zip II TFs (Tiwari et al., 2004; Ciarbelli et al., 2008). The suppression of 

transcription shown by TaHDZipI-3 could be active suppression through interaction with 

transcriptional machinery or passive suppression through heterodimerisation with other HD-

Zip TFs, sequestration disabling their ability to bind DNA. However, in the Y1H system the 

chimeric TaHDZipI-3 with the Gal4 activation domain did not permit yeast growth on 

selection (performed by Natasha Bazanova prior to commencement of candidature) 

suggesting that there is no DNA binding. Yet, the conservation of the HD within this protein 
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suggests that DNA binding is still a requirement of function. In Y2H assays, TaHDZipI-3 was 

used as bait and enabled isolation of TaHDZipI-4 and TaHDZipI-5 through the 

heterodimerisation mechanism that is characteristic of this family. These results suggest that 

heterodimerisation was occurring, a prerequisite for DNA binding, and that the reduction of 

TaHDZipI-2 synthetic promoter activation in the presence of TaHDZipI-3 occurs through 

sequestration. Attempts were made to witness the effect of TaHDZipI-3 co-bombardment with 

TaHDZipI-4 and TaHDZipI-5 on activation of the HDZ1 synthetic promoter. The inherent 

variability of the system and the low levels of expression achieved, relative to the control 

gene TaHDZipI-2, made this assessment difficult. Repeating this assay with the HDZ2 

synthetic promoter which was more strongly activated may yield more meaningful results. 

Also, to investigate the role of the carboxy terminal domain of TaHDZipI-3 on transcriptional 

activation, chimeric proteins could be produced where regions of other TaHD-Zip I TFs 

downstream of the LZ are fused to the carboxy terminal of TaHDZipI-3. These proteins could 

be used in Y1H and transient assays to ascertain whether DNA binding and also trans-

activation can then occur for further work to begin on isolating the mechanism of suppression. 
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Chapter Five – Understanding the role of TaHDZipI-4 
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5.1 Introduction 

It was shown in Chapter 4 that the wheat γ-clade HD-Zip I TFs are drought inducible TFs. To 

investigate their role in the wheat drought response we made investigations that followed up 

on leads suggested by our observations and those proposed by other researchers.  

5.1.1 Spatial expression patterns 

Determining the tissue specific spatial expression patterns of a gene is used to give insight for 

the discovery and confirmation of the role it may play. Table 5.1 shows a summary of tissue 

specific expression patterns of γ-clade HD-Zip I TFs. 

5.1.2 Stem development 

γ-clade HD-Zip I TFs are proposed to regulate stem growth under water deficit conditions. It 

was shown in Arabidopsis that over-expression of AtHB7 and AtHB12 reduced stem length. 

This phenotype is thought to be related to a role in reducing stem elongation under water 

deficit. Further investigation showed that the reduced stem length observed in plants over-

expressing AtHB7 and AtHB12 correlates with decreased expression of GA-20 oxidase 1 and 

reduced levels of GA3 (Hjellstrom et al., 2003; Son et al., 2010). 

5.1.3 Lignin deposition 

Based on previous observations made by Nataliya Kovalchuk and Sergiy Lopato an 

investigation into the role of γ-clade HD-Zip I TFs in the regulation of lignin deposition in 

anthers was performed. Nataliya and Sergiy saw that T0 primary transgenic barley over-

expressing TaHDZipI-3 or TaHDZipI-4 produced less number of grain. It was proposed that 

this reduction in fertility may have been associated with reduced lignin content in the anthers, 

a phenomenon previously seen in plants over-expressing TaHDZipII-1 (Genbank accession 

number DQ353857.1, Lopato et al., unpublished). Study of the TaHDZipII-1 over-expression 

phenotype revealed reduced lignin deposition in anthers and vascular tissues compared with 

control plants (unpublished results). QPCR analysis revealed that the expression levels of 

many lignin biosynthesis genes were affected. The phenotype displayed by the plants over-

expressing TaHDZipII-1 was one of a shorter stature with erect, dark green, thinner leaves, 

also fewer shoots were produced and stems were shorter and thicker. It is well documented 

that lignin plays a crucial role in anther dehiscence and the release of pollen (Mitsuda et al., 

2007; Yang et al., 2007). During anther development lignin is deposited in the endothecium 

which generates an outwardly bending force during anther desiccation and results in the 

increased opening of the anther. In Arabidopsis TFs have been identified, such as 

MYB26/Male Sterile35 (Yang et al., 2007) and the NAC domain TFs NST1 and NST3   
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Table 5.1: Reports of tissue specific expression 

Species Gene name 
Vegetative tissues Reproductive 

tissues 
Reference 

Arabidopsis 

thaliana 
AtHB7 Root tips in two weak spots either 

side of the 

differentiation/elongation zone and 

in axillary buds  

Low levels Hjellstrom 

et al., 

2003 

 AtHB12 Young expanding tissues i.e. basal 

regions of young rosette leaves, 

developing petioles, leaf primordia, 

and lateral root primordia  

High expression 

in stem of 10 

day old 

seedlings 

Olsson et 

al, 2004 

Son et al., 

2010 

Oryza sativa Oshox6 High levels of ubiquitous 

expression 
High levels Agalou et 

al, 2008 

 Oshox22 Leaf lamina Panicles Agalou et 

al, 2008 

 Oshox24  Panicles Agalou et 

al, 2008 

Helianthus 

annuus 
HaHB4 in 

Arabidopsis 
All vegetative tissues, root central 

cylinder, growing lateral roots, 

vasculature of leaves 

Absent Dezar et 

al, 2005 

Nicotiana 

attenuata 
NaHD20 Weakly in rosette leaves, strongly 

in roots 
Strongly in 

floral tissues, 

highest in 

corolla 

Re´ et al, 

2011 

Medicago 

truncatula 
MtHB1 Lateral root primordia, root tips Not reported Ariel et 

al, 2010 

Poplar 

trichocarpa 
PtrHOX2 Stem internode 5 and 9 Male catkins Hu et al, 

2012 

 PtrHOX14 Stem internode 2 and tension wood Male catkins Hu et al, 

2012 

 PtrHOX52 Stem internode 3, young leaves, 

tension wood, bark 
Female catkins Hu et al, 

2012 
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(NAC Secondary wall Thickening promoting factor; Mitsuda et al., 2007), that effect male 

fertility and which are involved in regulation of anther lignin deposition. Arabidopsis with 

constitutive up-regulation of the HD-Zip IV TF UCL1 (UpCurved Leaf 1), was male sterile 

and had reduced expression of the positive regulators of anther dehiscence NST1, NST2 and 

MYB26 (Li et al., 2007). 

5.1.4 Drought responses 

γ-clade HD-Zip I TFs have been shown to affect drought tolerance when expression is 

modulated using a transgenic approach. When a sunflower γ-clade HD-Zip I TF, HaHB4, is 

expressed in Arabidopsis under its own promoter, plants display a delay in senescence in 

response to water stress compared with controls. This delay in senescence correlates with a 

suppression of ethylene related genes (Dezar et al., 2005; Manavella et al., 2006). Work using 

transgenic rice over-expressing OsHOX22 showed that seedlings were more susceptible to 

terminal drought stress and NaCl treatment, stronger responses to ABA, and had increased 

ABA content (Zhang, S et al., 2012). Supporting these observations, T-DNA insertion lines 

with reduced OsHOX22 expression showed reductions in ABA content, reduced ABA 

sensitivity, and increased resistance to terminal drought and NaCl stress. However, reduced 

stomatal density was also seen and may contribute to the aforementioned observations 

(Zhang, S et al., 2012).  

It is well documented that constitutive expression of drought inducible TFs can confer 

reduced growth phenotypes in transgenic plants and that the use of stress inducible promoters 

can alleviate this effect. Currently colleagues are using the stress inducible maize RAB17 (Zea 

mays Responsive to ABA and 17kd) promoter to obtain high-level expression of genes in 

wheat (Triticum aestivum) and barley (Hordeum vulgare) specifically under drought 

conditions (Morran et al., 2011). They have found however, that regulation of DREB TFs by 

the ZmRAB17 promoter in barley confers basal levels of expression that negatively impact on 

growth under optimal conditions. In wheat though, the maize promoter shows little basal 

activity and upon water deficit induction levels are comparable to expression levels provided 

by the constitutive Cauliflower Mosaic Virus 35S (CaMV35S) promoter. Here, the ZmRAB17 

promoter was used as a tool to investigate the effect of increased TaHDZipI-4 expression in 

wheat grown under water deficit.   

5.1.5 Aims of the work 

Previous work has shown that the γ-clade HD-Zip I TFs show high expression levels in root 

and floral tissues under well watered conditions, and are suggested to play a role in stem 
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development, lignin biosynthesis, and drought induced senescence. To investigate the role of 

γ-clade HD-Zip I TFs in wheat: 

 patterns of endogenous tissue specific expression were investigated  

 transgenic wheat and barley constitutively over-expressing HD-Zip I TFs were used to 

investigate stem development and lignin biosynthesis 

 transgenic wheat cv. Bobwhite, harbouring genomic integrations of the 

ZmRAB17:TaHDZipI-4 transgene, were grown under two different drought scenarios 

to investigate drought responses 
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5.2 Results 

5.2.1 Tissue specific regulation of wheat γ-clade HD-Zip I transcript expression 

The spatial expression pattern of wheat γ-clade HD-Zip I genes in different wheat tissues was 

investigated with the aim of making comparisons with other studies (Figure 5.1a). Each of the 

three wheat γ-clade HD-Zip I genes are differentially expressed in the tested tissues. The 

highest expression was seen in bract and pistil tissues for all three genes suggesting a role in 

these tissues during normal floral development (Figure 5.1a). Otherwise, the three genes 

demonstrated a relatively low level of basal expression in other tissues under well-watered 

conditions. 

5.2.2 The role of γ-clade HD-Zip I TFs in wheat stem development 

5.2.2.1 Internode elongation and expression of γ-clade HD-Zip I TFs 

To test whether γ-clade HD-Zip I TFs potentially play a role in stem development, expression 

was investigated in stem internodes over four different developmental stages: Stem 1 

(100mm); Stem 2 (300mm) awns emerging; Stem 3 (400mm) head emerging; Stem 4 

(500mm) anthesis, peduncle emerged. Internodes 1 to 4 and the peduncle are at different 

stages of elongation/maturation at each stem stage, enabling the observation of correlations 

between expression of the three γ-clade HD-Zip I genes and internode elongation and 

maturation. The stem developmental series revealed that the three wheat γ-clade HD-Zip I 

TFs are expressed differentially, both spatially and temporally, during normal stem 

development.  

The level of TaHDZipI-3 expression was associated with the maturity of any given internode. 

At Stem 1, Internodes 3 and 4 have reached their final length and express TaHDZipI-3 to high 

levels compared with Internodes 1, 2, and the Peduncle which are just beginning to elongate 

(Figure 5.1b). Likewise, Internode 2 reaches its final length by Stem 2 and TaHDZipI-3 

expression remains consistent through Stem 3, and Stem 4. The four time points of harvest 

were not enough to determine the final length of Internode 1 and the Peduncle however, 

Internode 1 shows increases in TaHDZipI-3 expression as length increases whereas 

expression in the Peduncle remains at much lower levels (Figure 5.1b). These results suggest 

that TaHDZipI-3 is required for maintaining unknown processes in mature internodes, 

whether this is suppression of internode elongation would require further investigation. 

Expression of TaHDZipI-4 showed a consistent pattern of expression in all five internodes, 

there was an increase from Stem 1 to reach maximal expression at Stem 3 followed by a 
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dramatic decrease at Stem 4 (Figure 5.1c). Expression of TaHDZipI-5 followed the same 

trend as TaHDZipI-4 with the exception that expression in Internode 4 at Stem 1 was already 

higher than that of Stem 2. These results show that expression of TaHDZipI-4 and TaHDZipI-

5 in wheat internodes was not associated with an immediate cessation of internode elongation. 

This is supported by the peak in expression of TaHDZipI-4 and TaHDZipI-5 at Stem 3 in all 

internodes at different stages of elongation (Figure 5.1c). This peak is not correlated with 

stem elongation as it is seen in both Internode 1 and 2 which have reached their maximal 

length by Stem 1 and are no longer elongating. Also, the peduncle is likely still elongating 

after anthesis at Stem 4 yet shows the same decreases in expression as the other internodes.  
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Figure 5.1: Expression of TaHDZipI-3, TaHDZipI-4 and TaHDZipI-5 in selected tissues 

of wheat 

 a) Spatial expression patterns in different tissues of Chinese Spring. b) Spatial expression 

pattern in developing stem of RAC875 by internode. c) Spatial expression pattern in 

developing stem of RAC875 by stem. Internode length is plotted against the secondary 

vertical axis. Stem stages are as follows: Stem 1 (100mm); Stem 2 (300mm) awns emerging; 

Stem 3 (400mm) head emerging; Stem 4 (500mm) anthesis, peduncle emerged. Caryo, 

Caryopsis 3-5 days after pollination; Coleo, Coleoptile; Emb.Germ, Embryo in germinating 

seed; Embryo, Embryo 22 days after pollination; Endo, Endosperm 22 days after pollination; 

Imm.Infl, Immature inflorescence; Int, Internode; SeedRoot, Seedling root. Error bars 

represent the standard deviation of three biological replicates (a) and three technical replicates 

(b and c). 
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5.2.2.2 Analysis of wheat constitutively over-expressing TaHDZipI-4 

To further investigate the role of γ-clade HD-Zip I TFs in wheat stem development, transgenic 

Wheat plants transformed with TaHDZipI-4 under the regulation of the Z. mays ubiquitin 

promoter were grown and observed. Analysis of the total stem length, internode length of the 

main tiller and two secondary tillers, and internode width of tiller 1 at anthesis shows that 

over-expression of TaHDZipI-4 in Wheat did not affect stem width or length (Figure 5.2). Of 

the many other physiological parameters that were measured (Table 5.2), the only consistent 

effect seen in both Tx1 and Tx2 was a weakly significant delay in time to anthesis of the 

second stem when compared with wild-type plants (57.4 and 54.2 days for Tx1 and WT1 

respectively; p<0.08. 55.8 and 53.2 days for Tx2 and WT2, respectively; p<0.07).  

5.2.3 The effect of γ-clade HD-Zip I TFs on lignin biosynthesis 

Observations made previously by Sergiy Lopato and Nataliya Kovalchuk that T0 primary 

transgenic barley over-expressing TaHDZipI-3 and TaHDZipI-4 produced fewer grain, and 

reports by others that HD-Zip TFs are involved in the regulation of lignin biosynthesis and 

deposition, lead to investigation of any role that TaHDZipI-3 and TaHDZipI-4 play in lignin 

biosynthesis and deposition in barley. 

To observe the effect of TaHDZipI-4 on expression of lignin biosynthesis genes, transgenic 

barley plants with constitutive expression of TaHDZipI-4 were grown (Figure 5.3) and 

analysed. Expression of the lignin biosynthesis genes Hv4CL1 and HvOMT1 (4-coumarate-

CoA ligase1 and Caffeic acid O-methyltransferase, respectively) in leaf tissue was 

investigated by QPCR. Ectopic over-expression of TaHDZipI-4 did not correlate with 

expression of the barley enzymatic lignin biosynthesis genes HvCL1 and HvOMT1 as seen by 

observation of line 3 T1 plants (Figure 5.4). The anthers of T1 transgenic plants were also 

harvested for histological observation of lignin deposition. As shown in Figure 5.5, over-

expression of TaHDZipI-3 and TaHDZipI-4 did not reduce lignin content noticeably in the 

xylem or endothecium of transgenic anthers when compared with those of wild-type.  
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Figure 5.2: Characterisation of stem growth in transgenic wheat over-expressing TaHDZipI-4 under control of the ZmUbi promoter. 

a) Tiller1 stem length and internode length. b) Tiller1 internode width. c) Tiller2 stem and internode length. d) Tiller3 stem and internode length. Total stem 

length is plotted against the secondary Y axis. Tx1 and Null1 are T2 descendants of the same independent transgenic event, Tx1 harbours a genomic 

integration of the ZmUbi1:TaHDZipI-4 chimeric transgene while Null1 has lost this locus through segregation, whereas Tx2 and Null2 are descendants of a 

second independent transformation event. Error bars are plotted as the standard deviation of 5 biological replicates. 

  

a) 

d) c) 

b) 
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Table 5.2: Phenotyping of transgenic wheat harbouring genomic integrations of the ZmUbi:TaHDZipI-4 chimeric transgene gene under well-

watered conditions 

Transgenic wheat harbouring genomic integrations of the TaHDZipI-4 gene under regulation of the ZmUbi promoter were grown under well-watered 

conditions and measures of growth parameters were documented. Data is presented as the mean of 4-5 plants for each line followed by the standard deviation 

in brackets. Null lines are derived from the same T0 parent as transgenic lines but segregation has occurred removing the transgene locus from the genome. 

Wild type plants are of the same genetic background as transgenics but are independent from the tissue culture process. Abbreviations: Anth, anthesis; DPS, 

days post-sowing; Flag, flagleaf; Int, internode; Ped, peduncle; Chl.Cont, chlorophyll content; Spk, spike; Spklt, spikelet. 

Genotype 

Tiller1 

Anth(DPS) 

Tiller2 

Anth(DPS) 

Tiller3 

Anth(DPS) 

Total Leaves 

Per Plant
 

Total Tillers 

Per Plant
 

Tiller1Total 

Leaves  

Tiller1 6th Leaf 

Length(mm) 

Tiller1 6th Leaf 

Width(mm) 

Tiller1 6th Leaf 

Thickness(mm) 

Tx1 52.5(1.29) 56.5(2.38) 57.75(2.5) 33(5.35) 7.75(0.5) 7.25(0.5) 342(24.45) 11.25(0.5) 0.87(0.04) 

Null1 51.4(0.55) 55.2(0.45) 56.4(1.14) 31(5.52) 7(1) 7(0) 363.2(29.18) 11.8(0.84) 0.87(0.09) 

WT1 52(1) 54.2(1.64) 56.2(1.3) 37.8(6.83) 8.6(1.82) 7.2(0.45) 366.2(19.29) 12.4(0.55) 0.9(0.09) 

Tx2 53.25(2.06) 56.25(2.06) 58.5(2.89) 37.25(7.41) 7.75(2.22) 7.75(0.5) 323.75(36.26) 10.5(1.73) 0.86(0.12) 

Null2 52.8(2.49) 56.8(4.09) 58.2(3.96) 29.2(7.09) 6.6(1.34) 7.2(0.45) 350.8(22.73) 11(0.71) 0.85(0.12) 

WT2 52.2(1.1) 53.2(1.64) 55.8(1.3) 36.8(6.91) 8.2(2.05) 7(0) 354.8(37.68) 11.6(1.14) 0.95(0.1) 

          

Genotype 

Tiller1 7th Leaf 

Length(mm) 

Tiller1 7th Leaf 

Width(mm) 

Tiller1 7th Leaf 

Thickness(mm) 

Tiller1 6th Leaf 

Chl.Cont(SPAD) 

Tiller1 7th Leaf 

Chl.Cont(SPAD) 

Tiller1 

Length(mm) 

Tiller1 Int1 

Length(mm) 

Tiller1 Int2 

Length(mm) 

Tiller1 Int3 

Length(mm) 

Tx1 274(17.2) 14.5(1.29) 0.84(0.1) 45.78(2.5) 35.21(20.4) 615.75(42.21) 52.75(16.15) 86.5(11.9) 129.75(16.7) 

Null1 301(22.8) 15.4(1.14) 0.97(0.11) 47.04(1.45) 47.62(1.45) 551.2(44.21) 43.2(4.76) 77.8(7.66) 117.6(8.53) 

WT1 295.8(21.16) 15(1) 0.88(0.09) 48.14(1.58) 45.84(0.94) 585.6(29.14) 44.6(7.23) 85.2(6.3) 121.6(9.96) 

Tx2 320.25(31.53) 12.75(2.22) 0.79(0.08) 42.35(1.63) 43.13(2.74) 538.75(8.26) 46.25(0.5) 74.75(3.86) 103.75(7.37) 

Null2 298.6(18.89) 14(0.71) 0.85(0.09) 44.46(1.14) 46.38(1.16) 579(16.7) 48.6(9.24) 81.2(11.78) 117.8(7.26) 

WT2 288.75(16.38) 15(1.41) 0.91(0.06) 48.2(2.46) 47.83(2.2) 572(56.09) 42(13.23) 79(9.03) 117.8(9.5) 
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Table 5.2 (continued) 

Genotype 

Tiller1 Length 

(mm) 

Tiller1 Int1 

Width(mm) 

Tiller1 Int2 

Width 

(mm) 

Tiller1 Int3 

Width(mm) 

Tiller1 Ped 

Width 

(mm) 

Tiller1 Total 

Spklts 

Tiller1 Spk 

Length(mm) 

Plant Dry 

Weight(g) 

Total Grain 

Weight Per 

Plant(g) 

Tx1 234.75(16.34) 3.49(0.12) 3.91(0.17) 3.91(0.23) 2.76(0.22) 18.5(1) 105(2.16) 14.78(2.1) 4.93(0.92) 

Null1 201.8(52.83) 3.33(0.16) 3.67(0.19) 3.92(0.25) 2.76(0.05) 18(0.71) 110.8(5.81) 14.84(2.93) 5.27(0.81) 

WT1 217.6(12.34) 3.49(0.2) 4.01(0.13) 3.92(0.21) 2.86(0.15) 19.2(0.84) 111.6(7.27) 19.59(3.21) 7.67(0.88) 

Tx2 205.75(3.77) 3.37(0.27) 3.99(0.17) 3.87(0.29) 2.65(0.35) 18.25(1.5) 96(8.25) 13.44(3.4) 4.43(1.77) 

Null2 224.8(27.12) 3.15(0.24) 3.54(0.21) 3.62(0.28) 2.57(0.19) 17.2(0.84) 100(10.68) 12.45(2.09) 4.03(1.41) 

WT2 221(26.82) 3.43(0.21) 3.86(0.18) 3.72(0.31) 2.53(0.24) 19.6(0.89) 105.8(8.35) 18.34(5.1) 6.91(2.48) 

          

Genotype 

Tiller2 

Number of 

Grains 

Tiller3 

Number of 

Grains 

Tiller2 

Number of 

Spklts 

Tiller2 

Length (mm) 

Tiller3 

Number of 

Spklts 

Tiller3 

Length (mm) 

Tiller2 Flag 

Length (mm) 

Tiller2 Flag 

Width (mm) 

Tiller2 Flag 

Thickness 

(mm) 

Tx1 20.25(11.15) 22(11.05) 21(1.41) 110.25(2.36) 20.5(1.29) 107.75(5.19) 214.5(35.72) 14(1.63) 0.67(0.09) 

Null1 26.6(8.56) 31.8(7.33) 19.8(0.84) 108.2(4.02) 20(1.22) 108.6(5.5) 260(32.26) 15.2(0.84) 0.71(0.1) 

WT1 38.8(8.87) 40.2(7.92) 20.4(0.55) 107.4(5.73) 20.2(0.84) 106(4.42) 276.4(2.88) 15(0.71) 0.75(0.05) 

Tx2 38.5(8.96) 40.5(6.56) 19.25(0.96) 99.25(3.77) 19.5(0.58) 99.25(4.03) 275.5(41.97) 15.25(0.96) 0.76(0.11) 

Null2 30.6(10.14) 29.8(9.01) 19.6(0.89) 103.6(7.27) 19.6(0.55) 102.8(5.72) 265.8(21.61) 14.2(0.45) 0.7(0.06) 

WT2 32.2(8.79) 37.4(5.37) 19.6(0.89) 106.8(9.98) 20.4(0.55) 108.4(3.78) 278.6(14.01) 15.6(0.55) 0.81(0.11) 
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Table 5.2 (continued) 

Genotype 

Tiller2 Flag 

Chl.Cont(SPAD) 

Tiller2 Stem 

Length(mm) 

Tiller2 Int1 

Length(mm) 

Tiller2 Int2 

Length(mm) 

Tiller2 Int3 

Length(mm)  

Tiller2 Ped 

Length(mm)  

Tiller3 Stem 

Length(mm) 

Tiller3 Int1 

Length(mm) 

Tiller3 Int2 

Length(mm) 

Tx1 46.13(4.19) 504.25(28.55) 60.25(20.69) 97(10.89) 114.5(18.91) 228.25(22.65) 502.75(13.43) 58(19.92) 92.5(5.69) 

Null1 46.58(2.09) 452.2(38.31) 42.8(16.28) 85.4(6.43) 108(9.82) 208.8(34.78) 413.8(22.06) 41.8(17.12) 76.4(12.92) 

WT1 47.6(2.61) 440(30.27) 28(5.87) 77.6(3.78) 113.2(10.66) 221.2(28.48) 483(35.01) 58.4(7.54) 88.8(5.45) 

Tx2 43.4(2.64) 408.25(24.31) 33.5(4.51) 69.75(3.5) 95(14.38) 210(14.94) 426.5(13.63) 55.75(2.75) 76.5(6.86) 

Null2 47.08(1.83) 469.6(34.85) 41.2(13.86) 88.8(5.4) 110.8(15.93) 228.8(20.29) 473(33.87) 61.6(6.58) 89.4(6.58) 

WT2 47.58(1.91) 426(16.85) 33.8(4.32) 75(6.52) 107.8(8.41) 209.4(14.89) 470.6(39.95) 57(10.34) 88.2(7.63) 

          

Genotype 

Tiller3 Int3 

Length(mm) 

Tiller3 Ped 

Length(mm) 

Tiller3 Flag 

Length(mm) 

Tiller3 Flag 

Width(mm) 

Tiller3 Flag 

Thickness (mm) 

Tiller3 Flag 

Chl.Cont(SPAD) 

  Tx1 123.25(20.32) 225(18.96) 207.5(31.3) 14(0) 0.65(0.08) 45.68(1.69) 

  Null1 96.8(14.31) 198.8(22.91) 250.8(35.24) 15.2(1.3) 0.73(0.07) 46.22(1.26) 

  WT1 111.8(12.74) 217.6(11.26) 233.4(13.11) 15.2(0.84) 0.66(0.02) 47.66(2.96) 

  Tx2 97.25(7.63) 187.75(20.76) 229.25(42.42) 13.75(1.71) 0.68(0.09) 43.45(1.14) 

  Null2 108.2(14.46) 210(15.28) 232.8(25.82) 13.8(1.3) 0.64(0.07) 45.52(1.19) 

  WT2 116.6(7.54) 207(27.37) 236.4(19.32) 14.2(0.45) 0.72(0.13) 46.44(2.15) 
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Figure 5.3: Analysis of barley cultivar Golden Promise transformed with 2x35S:HD-Zip 

I genes 

C, control plants transformed with empty vector; X-x, denotes independent transgenic event-

T1 subline.  
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Figure 5.4: QPCR of lignin biosynthesis genes in transgenic barley over-expressing γ-

clade TaHDZipI-4 

Expression of lignin biosynthesis genes in transgenic barley over-expressing TaHDZipI-4. X-

X, denotes T1 subline of independent transgenic event e.g. 2-5. Lines 3-3, 3-5, and 3-8 are 

null segregants and were used as negative controls, i.e. non transgenic offspring arising from 

a transgenic parent through chromosomal segregation.  Hv4CL1 and HvOMT1 (4-coumarate-

CoA ligase1 and Caffeic acid O-methyltransferase) expression is plotted on the primary left 

hand vertical axis, TaHDZipI-4 transgene (TxHDZipI-4) expression is plotted against the 

secondary right hand vertical axis. Error bars represent the standard deviation of technical 

triplicates. 
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 Figure 5.5: Transverse sections of anthers from transgenic barley under UV light 

Lignin auto fluoresces under UV light which can be used as an indication of lignin content. 

Pictures display general anther morphology. Close-ups show secondary thickening of xylem 

and endothecium, the inner wall of the anther, highlighted by white circles or arrows, 

respectively. X-X, denotes T1 subline of independent transgenic event. 
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5.2.4 Yield response of wheat expressing TaHDZipI-4 under regulation of the 

ZmRAB17 promoter 

It has been proposed that modulating expression of TFs to improve drought tolerance is a 

viable approach for exploration of the plant drought response. Assessment of the three HD-

Zip I γ-clade genes in wheat showed that TaHDZipI-3 was weakly induced under water deficit 

conditions whereas TaHDZipI-4 showed a much stronger transcriptional response. Due to 

these differences, TaHDZipI-4 was selected as the gene of interest to test further.  

Transgenic barley that had been grown for investigation of the role of γ-clade HD-Zip I TFs 

in lignin deposition showed a dramatic reduction in growth, and therefore were not used in 

drought experiments (Figure 5.3). 

In order to assess the effect of increased TaHDZipI-4 expression on wheat grown under water 

deficit, transgenic wheat was produced with genomic integrations of the RAB17:TaHDZipI-4 

chimeric gene combination. Two different drought scenarios were employed: firstly, 

conditions that imposed a consistent targeted level of water deficit at -300kPa and -600kPa; or 

secondly, a severe cyclic water deficit.  

Under the targeted water deficit scenario significant differences in yield and plant growth 

were seen between the three treatments (Figure 5.6 and Table 5.3). However, no significant 

differences were found between transgenic lines and wild type control plants within each 

treatment (Figure 5.6 and Table 5.3). 

The cyclic drought test also revealed significant differences between treatments (Figure 5.7 

and Table 5.4) but no differences of statistical significance were identified within treatments 

between transgenic and control plants (Figure 5.7 and Table 5.4). 
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Figure 5.6: Fresh weight (aerial portion) and grain yield of transgenic wheat under 

targeted water restriction 

Differences in (a) plant dry weight and (b) total grain weight of transgenic and control plants 

when grown under well-watered, -300kPa, and -600kPa water deficit conditions. Control 1 

and 2 are wild type wheat; lines 1, 2, and 3 represent T3 transgenic wheat plants of 3 

independent events harbouring the ZmRAB17:TaHDZipI-4 transgene. Each point represents 

the mean of 2 to 3 plants and error bars are standard deviation. 
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Table 5.3: Phenotyping of transgenic wheat grown under sustained well-watered, mild, and severe water restriction 

 Control 1 and 2 are wild type wheat, lines 1, 2, and 3 represent T3 transgenic wheat plants of 3 independent events. Data is presented as the mean of each 

line followed by the standard deviation in brackets. 

Treatment Line Plant Weight 
 (mg) 

Number 
of Spikes 

Number 
Grain on 
 the Main 
 Stem 

Number of 
 Total Grain 

Grain Weight of 
 the Main Stem 
(mg) 

Total Grain 
Weight (mg) 

Harvest 
Index 

One Grain 
Weight 
(mg) 

WW control1 7273.33(778.61) 3(0) 38.33(4.04) 96.33(23.8) 1252(159.14) 3028.67(714.22) 41.32(5.51) 31.65(3.48) 

WW control2 8920(787.15) 2.67(0.58) 52(1) 125(17.35) 1681.33(175.37) 4086.67(261.78) 45.89(1.41) 32.94(2.73) 

WW line1 6386.67(388.89) 2.67(0.58) 44(6.93) 91.67(4.16) 1335.33(125.79) 2759.33(142.77) 43.26(2.16) 30.19(2.99) 

WW line2 8733.33(5445.4) 3(1) 46(13.45) 125.33(79.39) 1378.33(464.79) 3819.67(2498.05) 42.77(2.36) 30.28(1.08) 

WW line3 5663.33(3135.96) 3(1) 43.67(1.53) 92.67(40.02) 1369.33(104.54) 2773.33(1019) 53.19(18.88) 30.66(2.7) 

-300kPa control1 2596.67(236.92) 1(0) 33.67(3.51) 33.67(3.51) 1121.33(136.35) 1121.33(136.35) 43.14(2.7) 33.27(0.77) 

-300kPa control2 2143.33(182.3) 1(0) 30(3.61) 30(3.61) 988.67(84.39) 988.67(84.39) 46.15(1.67) 33.06(1.66) 

-300kPa line1 2325(77.78) 1(0) 29.5(0.71) 29.5(0.71) 882(11.31) 882(11.31) 37.96(1.76) 29.91(1.1) 

-300kPa line2 3163.33(601.44) 1.67(0.58) 32.67(3.79) 39(5.29) 999.33(27.59) 1211.67(286.81) 38.09(1.66) 30.84(3.47) 

-300kPa line3 3193.33(843.17) 1.67(0.58) 33(5.2) 47.33(15.04) 947.33(100.01) 1368.67(393.35) 42.65(1.47) 29.17(1.23) 

-600kPa control1 1823.33(332.92) 1(0) 26(3.61) 26(3.61) 775.33(156.18) 775.33(156.18) 42.44(2.56) 29.67(2.55) 

-600kPa control2 1413.33(145.72) 1(0) 20.67(3.51) 20.67(3.51) 581(88.09) 581(88.09) 40.97(2.1) 28.17(0.74) 

-600kPa line1 1810(212.13) 1(0) 28(4.24) 28(4.24) 713.5(78.49) 713.5(78.49) 39.44(0.29) 25.56(1.07) 

-600kPa line2 1453.33(652.48) 1(0) 23(12.29) 23(12.29) 580.67(268.88) 580.67(268.88) 39.72(1.56) 26.44(3.35) 

-600kPa line3 1435(374.77) 1(0) 20.5(3.54) 20.5(3.54) 557.5(96.87) 557.5(96.87) 39.31(3.52) 27.19(0.04) 
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Table 5.3 continued. 

Treatment Line Spikelets on 
Main Stem  

Grain Per 
Spikelet on 
Main Stem 

Number of 
Stems 

Main Spike 
Length (mm) 

Flagleaf Length 
Main Stem 
(mm) 

Plant Height 
(mm) 

Flagleaf 
Width (mm) 

WW control1 20.33(0.58) 1.89(0.23) 3(0) 104.67(4.51) 249.67(31.09) 675(58.2) 12.33(0.58) 

WW control2 20.33(0.58) 2.56(0.04) 2.67(0.58) 105.33(2.08) 268.67(14.01) 635.67(9.87) 13.33(0.58) 

WW line1 19.67(1.15) 2.24(0.32) 2.67(0.58) 103.67(5.51) 269.33(22.3) 619(36.1) 13.33(0.58) 

WW line2 20.33(2.08) 2.23(0.45) 3(1) 108.67(9.24) 241.33(52.56) 625(77.5) 13.33(0.58) 

WW line3 19(1) 2.3(0.04) 3(1) 88.33(5.86) 247.33(26.01) 579.67(36.67) 12.67(0.58) 

-300kPa control1 18(1) 1.87(0.16) 1.67(0.58) 100.33(4.51) 129(6.08) 556.67(8.74) 9.33(0.58) 

-300kPa control2 16.67(2.31) 1.81(0.17) 1(0) 92.33(2.89) 158.67(54.22) 530(43.31) 9.67(0.58) 

-300kPa line1 19(0) 1.55(0.04) 2(0) 98(2.83) 109(26.87) 543.5(2.12) 9.5(0.71) 

-300kPa line2 19.33(0.58) 1.69(0.14) 2(0) 104.33(9.71) 138.33(9.71) 534.67(25.74) 11(1) 

-300kPa line3 19(1.73) 1.74(0.23) 1.67(0.58) 87(2) 132.67(15.04) 496.67(22.85) 10.67(0.58) 

-600kPa control1 18(1.73) 1.45(0.21) 1(0) 98.33(10.6) 103.33(7.37) 497.33(19.22) 9.33(0.58) 

-600kPa control2 18(0) 1.15(0.2) 1(0) 86.67(0.58) 104.67(12.66) 471.33(33.62) 8(1) 

-600kPa line1 19(0) 1.47(0.22) 1(0) 105(7.07) 95.5(7.78) 482.5(2.12) 9.5(0.71) 

-600kPa line2 18(3.46) 1.21(0.5) 1(0) 94.33(21.22) 107.67(8.39) 434.33(78.68) 8.67(1.53) 

-600kPa line3 17.5(2.12) 1.17(0.06) 1(0) 71.5(2.12) 98(11.31) 436.5(27.58) 8(0) 
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Figure 5.7: Vegetative growth and grain yield of transgenic wheat under simulated 

cyclic drought 

Differences in (a) plant dry weight and (b) total grain weight of transgenic and control plants 

when grown under well-watered, moderate cyclic drought, and severe cyclic drought 

conditions as depicted in (c). Control is wild type wheat, lines 1, 2, and 3 represent T2 

transgenic wheat plants of 3 independent events harbouring the ZmRAB17:TaHDZipI-4 

transgene. Each point represents the mean of 1 to 7 plants and error bars are standard 

deviation. 

a) 

c) 

b) 
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Table 5.4: Phenotyping of transgenic wheat grown under cyclic drought 

Transgenic wheat carrying the ZmUbi:TaHDZipI-4 transgene were grown under 3 different watering regimes, well-watered (WW), watered once after 

anthesis (Drought1), and sustained drought from sowing (Drought2). Data is presented as the mean of each line followed by the standard deviation in 

brackets. Control is wild type wheat, lines 1, 2, and 3 represent T2 transgenic wheat plants of 3 independent events. *Line 3 consists of a single plant out of 8 

sown seeds due to poor germination and segregation of the transgene locus. 

Treatment Line Days to 
anthesis 

Plant weight (mg) Total seed weight 
/ plant (mg) 

Vegetative 
weight (g) 

Total 
number of 
seed 

Number of 
spikelets 

Number 
of spikes 

Seeds per 
spike 

One seed 
weight 
(mg) 

Harvest 
index 

WW Control 60.71(1.38) 9502.86(3059.16) 3678.57(1146.19) 5.82(2.06) 90.14(31.87) 82.43(27.26) 5(1.91) 18.79(5.06) 41.71(5.59) 38.81(4.05) 

WW Line 1 69.33(1.53) 8680(1132.48) 2806.67(715.84) 5.87(1.85) 75.67(16.86) 96.33(32.02) 5.67(2.08) 15.02(7.86) 37.33(8.08) 33.41(12.31) 

WW Line 2 60.5(3.89) 6915(2242.98) 2191.67(1277.72) 4.72(1.57) 72.33(63.67) 80.67(21.82) 5.67(1.37) 12.96(10.26) 36(10.66) 30.83(14.04) 

WW Line 3 61.2(6.61) 7476(1693.73) 3186(989.43) 4.29(1) 81.2(24.89) 80.8(21.46) 5.2(1.1) 15.99(5.3) 39.4(2.41) 42.46(6.59) 

Drought1 Control 59(1.07) 4401.25(789.76) 2061.25(478.16) 2.34(0.37) 60.5(11.07) 46.63(8.12) 2.63(0.52) 23.75(5.48) 34.13(4.02) 46.58(3.78) 

Drought1 Line 1 67(3.16) 4711.67(2592.94) 1150(392.22) 3.56(2.54) 32.67(13.28) 51.83(33.01) 2.83(1.72) 13.97(5.64) 36.67(9.48) 28.37(12.34) 

Drought1 Line 2 58(1.73) 2873.33(1005.3) 1193.33(332.62) 1.68(0.69) 31(7.94) 35.33(17.01) 2(1) 17.94(8.72) 38.33(0.58) 42.29(5.31) 

Drought1 Line 3
* 

56 3160 1610 1.55 45 36 2 22.5 36 50.95 

Drought2 Control 57.63(1.06) 3177.5(675.53) 1063.75(238.8) 2.11(0.45) 55.75(13.82) 36.13(10.3) 2(0.53) 28.69(6.25) 19.38(2) 33.45(1.76) 

Drought2 Line 1 64.5(6.36) 2540(296.98) 710(183.85) 1.83(0.48) 31.5(17.68) 34.5(2.12) 2(0) 15.75(8.84) 25(8.49) 28.57(10.58) 

Drought2 Line 2 58.86(1.46) 3014.29(612.94) 1077.14(234.14) 1.94(0.39) 44.57(10.5) 42(8.16) 2.43(0.53) 19.21(6.8) 24.43(4.31) 35.67(1.58) 

Drought2 Line 3 55.8(0.84) 4058(556.08) 1538(228.19) 2.52(0.34) 71.2(10.64) 54.4(1.34) 3(0) 23.73(3.55) 21.8(1.64) 37.87(1.22) 
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5.3 Discussion 

The mechanistic aspects of wheat γ-clade HD-Zip I TF function, with regard to their promoter 

regulation and downstream cis element interaction, were investigated and presented in chapter 

four. This chapter documents the efforts made to reveal the role of TaHDZipI-4 in planta. 

Specifically investigated were; tissue specific expression patterns, stem development, lignin 

biosynthesis, and drought responses.  

5.3.1 Spatial expression patterns of γ-clade HD-Zip I TFs 

Expression of wheat γ-clade HD-Zip I TFs under normal growing conditions revealed 

similarities with the expression of homologues from other species. The γ-clade HD-Zip I TFs 

of N. attenuata, poplar, rice and wheat have been shown to be highly expressed in 

reproductive organs; the corolla of N. attenuata, male and female catkins of poplar, panicles 

of rice, and the bract and pistil of wheat. In N. attenuata NaHD20 plays a role in the 

regulation of benzyl acetone production, a product of secondary metabolism, which is 

regulated by ABA and diurnal rhythms (Re´ et al, 2011). A role for homologues in the floral 

organs of other species has not been proposed. However, in the collection and histology of 

anthers from barley over-expressing γ-clade HD-Zip I TFs aberrant anther phenotypes were 

observed: misshapen locules and malformed pollen grains. During phenotyping of wheat 

over-expressing TaHDZipI-4, pollen viability was tested using acetocarmine staining and no 

differences were found in viability or structure (results not shown). The aberration of anther 

and pollen development was not investigated further, though the γ-clade HD-Zip I TFs are 

expressed in floral tissues in many species.  

Spatial expression patterns have been shown in Arabidopsis for γ-clade HD-Zip I TFs using 

pro:GUS constructs or HD-Zip I::uidA protein fusions (Olsson et al., 2004), however 

attempts to investigate spatial expression patterns in wheat using the GUS system were not 

successful. Bract, leaf, and grain tissues of putative T0 transgenics harbouring promoter:GUS 

genomic integrations and root and leaf tissues of putative T1 transgenics, treated with NaCl in 

a hydroponics system, were used in an attempt to identify GUS positive plants (results not 

shown). This resulted in no staining that could be distinguished from wild-type negative 

controls. It may be that expression was too low to detect using the GUS system in wheat. 

However, staining was identified in desiccated seedling coleoptiles. Given these difficulties 

and the weak expression of the TFs the use of a variant coding sequence for the 

Glucuronidase gene, which has been codon optimised for use in plants and also has improved 
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enzymatic activity, may prove to be a valuable option for future studies (Broothaerts et al., 

2005).  

5.3.2 The role of γ-clade HD-Zip I TFs in the stem 

When the γ-clade HD-Zip I TFs AtHB7 and AtHB12 are over-expressed in Arabidopsis, the 

resultant phenotype is one of generally reduced growth, but particularly reduced stem 

elongation. AtHB7 and AtHB12 are also highly expressed in the stem tissue of 10 day old 

seedlings. This suggests that γ-clade HD-Zip I TFs play a role in stem development in 

Arabidopsis. To determine whether wheat γ-clade HD-Zip I TFs are expressed during wheat 

stem development, expression was measured at different stem stages/internode lengths. It was 

observed that, a peak in expression occurs in all internodes as the head is emerging (stem 

stage 3). This suggests that a specific physiological response is occurring during this stage of 

rapid growth. This response does not appear to be required for suppression of internode 

elongation as it is seen in internodes at different stages of maturity/elongation at the same 

stem stage. Internode 4 and internode 3 have completed elongation well before stem stage 3 

and internode 1, and the peduncles continue elongation in spite of this peak. To further assess 

the hypothesis that γ-clade HD-Zip I TFs regulate stem elongation via suppression of the GA 

biosynthesis pathway, investigation of the expression of GA biosynthesis genes for 

correlation with γ-clade HD-Zip I TFs would be a first step. A negative correlation in 

expression would also corroborate the data of Son et al (2010) that showed GA20 oxidase1 

gene expression is down regulated in transgenic lines over-expressing AtHB12. There are few 

reports on molecular aspects of stem development in wheat making it difficult to postulate 

possible roles of wheat γ-clade HD-Zip I TFs in this tissue. However, reports on dynamic 

changes in stem fructans reveal that this pathway may be of interest for future study. Stem 

fructans are known to be remobilised during grain filling and this process is enhanced upon 

water deficit and ABA application. Zhang et al. (2008) show that fructan exohydrolase 

(FEH), responsible for hydrolysis of fructans which results in remobilisation, mRNA 

increases 6 days before anthesis under well watered conditions and Yang et al. (2004) also 

show that FEH activity is strongly positively correlated with ABA content in wheat stem 

tissues. These observations suggest a tentative correlation of FEH expression/activity with 

expression of TaHDZipI-4 and TaHDZipI-5 mRNA accumulation in the stem. As shown here, 

TaHDZipI-4 and TaHDZipI-5 expression in the stem peaks at stem stage 3, prior to anthesis, 

and both are induced by conditions of water deficit and ABA application. However, Zhang et 

al. (2008) show that FEH expression continues to increase post anthesis and we have not 

confirmed the induction of expression of TaHDZipI-4 and TaHDZipI-5 in the wheat stem 

upon water deficit, as is seen in Arabidopsis. Analysis of FEH expression in the stem tissue 
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series and water deficit and ABA series (Chapter three) would be a first step towards 

investigating any correlation. Also, work is currently underway at the ACPFG to generate 

RNA sequence data from tissues of three wheat cultivars which were grown under sustained 

targeted water deficit, similar to the conditions used in these experiments, which will reveal 

not only drought induction in the stem but also any cultivar differences. 

We have confirmed that wheat γ-clade HD-Zip I TFs are expressed differentially in wheat 

stem tissues during stem development and it is also observed that over-expression of AtHB7 

and AtHB12 in transgenic Arabidopsis results in reduced stem elongation. However, no 

significant reduction in length was observed in stems or internodes of transgenic wheat 

constitutively expressing TaHDZipI-4. In contrast, transgenic barley with constitutive over-

expression of γ-clade HD-Zip I genes from wheat resulted in a reduction in growth. When 

working with transgenic wheat and barley for phenotyping it is often the case that phenotypes 

are displayed much more strongly in barley, a phenomenon that may explain the difference in 

phenotypes the two species have displayed when over-expressing TaHDZipI-4. Given that we 

have shown that TaHDZipI-4 activated a synthetic promoter more strongly upon addition of 

ABA (Figure 4.7e), growing transgenic wheat constitutively expressing TaHDZipI-4 under 

conditions of water deficit may result in a stronger phenotype. Sustained targeted water deficit 

conditions, as used here, or partial root zone drying may prove interesting scenarios to 

examine this further. Both conditions would result in increased ABA content yet enable plant 

growth in the presence of water from seedling to harvest. 

5.3.3 Investigation of the γ-clade HD-Zip I TFs and their role in lignin deposition 

in anthers  

Reduced grain number per spikelet was previously observed in T0 transgenic barley plants 

over-expressing TaHDZipI-3 and TaHDZipI-4. Also, a previous investigation of the 

phenotype of barley over-expressing TaHDZipII-1 suggested that increased sterility may have 

been due to decreased lignin deposition in the anthers which prevented normal dehiscence and 

pollen release (unpublished observations, Lopato et al). To further investigate the reduced 

fertility observed in T0 transgenic barley over-expressing TaHDZipI-3, TaHDZipI-4, and 

ZmHDZip1 and any possible links with lignin deposition, the expression of lignin biosynthetic 

genes was investigated in TaHDZipI-4 over-expression lines. This investigation found no 

correlation of lignin biosynthesis gene transcription with transgene expression. Examination 

of the anthers was also conducted to observe secondary cell wall thickening in xylem and the 

presence of lignin in the endothecium. This analysis revealed that there was no observed 

reduction in autofluorescence under UV light, indicative of the presence of lignin, and 
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suggests that γ-clade HD-Zip I TFs do not play a role in negative regulation of lignin 

biosynthesis or deposition.  

5.3.4 Utilising wheat γ-clade HD-Zip I TFs in transgenic approaches to improve 

wheat yield under water limited conditions 

In order to assess the impact of TaHDZipI-4 on yield in wheat grown under water deficit, 

analysis was conducted of transgenic plants over-expressing TaHDZipI-4 under regulation of 

the drought/ABA inducible ZmRAB17 promoter. Two drought scenarios were investigated, 

comprising sustained water deficit and cyclic drought, which revealed no significant 

differences in the yield under drought between transgenic and wild type plants. It was 

suggested above that the phenotype displayed by transgenic wheat with constitutive 

expression of TaHDZipI-4 may be enhanced under conditions of water deficit than under 

well-watered conditions. Hence, given the results of ABA activation of TaHDZipI-4, it is 

probable that growth of lines with constitutive expression may still provide benefits under 

field conditions. Glasshouse based tests of stress tolerance conferred to transgenic plants 

constitutively expressing TaHDZipI-4 under water deficit would provide preliminary 

indications of this assessment which could be further investigated under field conditions. 

Recently, it has been shown that constitutive expression of the rice γ-clade HD-Zip I TF 

OsHOX22 conferred an increased susceptibility to terminal drought when over-expressed in 

transgenic rice (Zhang, S et al., 2012). T-DNA insertion lines with reduced OsHOX22 

expression displayed the opposite phenotype and were more tolerant of terminal drought. 

Also, it was shown in Chapter 2 that ABA activation of the TdHDZipI-4 promoter was 

dependent upon a region between -220 and -130nt upstream of the transcription start site. This 

region contains a putative binding site for ABI5 homologues which requires further 

validation. However, transgenic rice constitutively expressing OsABI5 showed increased 

sensitivity to drought, NaCl, and PEG treatments whereas transgenic lines with reduced 

OsABI5 expression displayed increased tolerance (Zou et al., 2008). It is possible that down-

regulation of an ABI5/γ-clade HD-Zip I pathway may result in improved drought tolerance 

through an undefined mechanism.  To investigate this, wheat lines with reduced expression, 

or a non-functional coding sequence of TaHDZipI-4 could be derived through isolation of 

mutants from a TILLING population (Targeted Induced Local Lesions IN Genomes), a T-

DNA insertion population, or RNA silenced lines. Given the complexity of the bread wheat 

genome, hexaploidy with multiple homeologues, and redundancy within HD-Zip I clades, the 

RNAi approach may prove most fruitful. 
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Chapter six – General discussion 
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6.1 General discussion 

Under conditions of water deficit crop plants adapt their growth and related processes to 

prioritise water retention and cellular protection over continued vegetative growth, ultimately 

having a negative impact upon final yield. These adaptive changes to environmental 

conditions are achieved by modulating the transcription of many thousands of genes, a 

process regulated by TFs. So it is considered that, as master regulators of gene expression, 

TFs make good candidates for study to increase our understanding of the molecular drought 

response mechanism and for their potential use in biotechnological applications.  

The TF network involved in the drought response is extensive and involves many families of 

TFs with redundancy, and feedback and cross talk mechanisms. Knowledge of the molecular 

responses to water deficit in crop plants may enable us to better prioritise mechanisms to 

target for manipulation to improve grain yield in response to drought. 

The HD-Zip I γ-clade TFs are known to be components of the molecular drought response 

network in many plant species, and though their role in the drought response is still unknown, 

their transcript expression is up-regulated in response to drought. For these reasons, an 

investigation of the wheat HD-Zip I γ-clade TFs was undertaken. The work presented in this 

thesis has described the attempts made to characterise protein function and the role of the 

wheat γ-clade HD-Zip I TFs in the wheat drought response. 

6.2 Using TFs to improve the crop drought response 

The typical logic behind employing a TF for investigations into improving drought tolerance 

in crops is that the gene is transcriptionally regulated by conditions of water deficit. The 

candidate TF is then over or under-expressed in transgenic plants and drought tolerance is 

evaluated by pot based assessments of terminal drought survival, in-vitro assays on 

osmoticum containing agar, or even rapid desiccation on filter paper. These approaches for 

testing candidate TFs hold little relevance to typical crop scenarios. The rapid onset of water 

deficit likely induces changes that are very different from field drought where crops have time 

to sense and acclimate to gradually reducing water levels. Also, a plant attempting to 

reproduce after recovering from terminal drought or desiccation in the field is likely exposed 

to unfavourable conditions that occur with changes in the season. However, while many 

reports have been made on the impact of modulating the expression of drought related TFs by 

pot based assays, there are to date, limited reports of field trials where the efficacy of these 

transgenic plants have been tested. The field trial approach needs to be adopted more widely 
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for evaluations of TF candidates and to understand the drought response in this environment 

compared with scenarios imposing an artificial water deficit. 

The artificial tests of drought tolerance in crop plants hold appeal due to their high 

throughput, control over growth conditions, and repeatability. These tests are suited to initial 

investigations of the molecular drought response and potentially identifying the role of a TF. 

Once an assessment is made of the potential benefit that a TF holds for improving drought 

tolerance, efforts should be shifted to confirm the observations and benefits in the field. 

Unfortunately, field trials of genetically modified plants are far more costly, time consuming, 

and heavily regulated in many countries making working conditions difficult. Due to these 

constraints it is important to prioritise candidates for field testing and in the future it may be 

of value to target specific drought response mechanisms rather than a master regulator of 

many mechanisms. Teasing apart the TF network involved in the molecular drought response 

and its manipulation may enable the isolation of downstream mechanisms for assessment. 

6.3 The TF network in the plant molecular response to drought 

While efforts to reveal the molecular basis of the drought response in Arabidopsis have 

proven fruitful, a concerted effort is required to define the molecular response to drought in 

crop species. Concentrating studies on TFs will help reveal the complex signalling and 

transcriptional network involved. To begin defining the role of TFs in the molecular drought 

response several key points of discovery need to be made such as: regulation at the level of 

transcription, post-transcription and post-translation; cis elements and the promoters of target 

genes; co-expression of interacting protein partners at the tissue level; and the role in 

activation or repression of downstream genes. Most of these characteristics remain undefined 

for the HD-Zip I family. 

6.3.1 Regulation of TF expression and function 

A TF that is assumed to play a role in the plant drought response is typically selected due to 

observation of the genes transcriptional regulation in response to water deficit. 

Expression of HD-Zip I γ-clade TFs is known to be up-regulated under water deficit and by 

ABA treatment in many species. It was shown here in wheat that gene expression of 

TaHDZipI-4 and TaHDZipI-5 was strongly induced under conditions of ABA treatment, cold, 

and water deficit, whereas, TaHDZipI-3 was only weakly induced by water deficit. This 

distinction within the wheat HD-Zip I γ-clade is also observed in the rice homologues and 
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suggests that a diversification in the stress responsive roles has occurred within the monocot 

γ-clade. 

It was also found that TaHDZipI-4 and TaHDZipI-5 are potentially activated by post-

translational modification. In transient assays we have shown that the addition of ABA 

increases the activation of a synthetic promoter by TaHDZipI-4 and TaHDZipI-5. This 

supports the idea that these TFs are involved in the regulation of stress responsive gene 

expression. Determining the mechanism of post-translational regulation would help define the 

place of TaHDZipI-4 and TaHDZipI-5 within the drought response network. 

6.3.2 Defining cis elements and the promoters of target genes 

In many cases TF target promoters and/or cis elements have not been identified and, while 

core cis element features are known, it is believed that regions outside of this core are 

required for specificity.  

The HD-Zip I family is considered to regulate target promoter activity through interaction 

with the pseudo-palindromic cis element CAATNATTG. Our results agree with reports that 

the wheat γ-clade is able to interact with this cis element, and as with other HD-Zip I TFs a 

preference was shown for a particular central nucleotide. In this case, TaHDZipI-4 and 

TaHDZipI-5 showed preference for the CAATAATTG variant. However, reports of putative 

HD-Zip I TF target genes have often found that the proposed HD-Zip I cis element was absent 

from upstream promoter regions. This may be due to a change in cis element specificity 

through functional heterodimerisation or post-translational modifications that occur in vivo 

and are not represented in in vitro systems. Further to this, there are only two reports that 

present in planta evidence showing HD-Zip I TFs interacting with endogenous promoter 

elements to regulate gene expression, one supporting the pseudo-palindrome cis element and 

one not: MtHB1 of the γ-clade regulates expression of MtLBD1 via a CAATAATTG cis 

element, and AtHB21 of the δ-clade binds to an ATCATTGTATCATT cis element to 

regulate COX5b-1. Conclusively identifying the cis elements of the HD-Zip I γ-clade regulon 

will require isolation and analysis of downstream target promoters. 

6.3.3 TFs as negative regulators of transcription 

Many TFs are known to be negative regulators of transcription and bear motifs related to their 

role in active suppression of the transcription initiation complex. Other TFs may be involved 

in activation of transcription but also suppression and is dependent upon the presence or 

absence of interacting proteins. This mechanism of suppression may occur through 
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participation in a larger protein complex that actively inhibits transcription or passively by 

competing with transcriptional activators for DNA or protein binding sites. 

We have used a transient expression assay to show that TaHDZipI-3 did not activate a 

synthetic promoter which was activated by TaHDZipI-4 and TaHDZipI-5. The presence of 

TaHDZipI-3 also inhibited promoter activation by TaHDZipI-2. We propose that inhibition 

may be occurring by either of two mechanisms: 1) TaHDZipI-3 is actively inhibiting 

transcription through interaction with the transcription complex after dimerisation and DNA 

binding or, 2) TaHDZipI-3 is unable to bind DNA and sequesters other HD-Zip I TFs through 

heterodimerisation and consequently inhibits their DNA binding. We postulate that inhibition 

is occurring via mechanism 2 as we have found in Y1H assays (performed prior to 

candidature) that, TaHDZipI-3 with the GAL4 activation domain fusion is unable to promote 

yeast growth through interaction with the HD-Zip I cis element. Also, in Y2H assays 

TaHDZipI-3 heterodimerises with TaHDZipI-4 and TaHDZipI-5 confirming a protein-protein 

interaction is occurring in the absence of the HD-Zip I cis element. Determining in vitro 

whether TaHDZipI-3 can bind the HD-Zip I cis element as a homo- or heterodimer would be 

a first step towards understanding this phenomenon.  

6.3.4 Protein-protein interactions influence the specificity of DNA binding by TFs 

and increase the complexity of transcriptional regulation 

It is apparent that TFs are part of a very large and complex network which is controlled by 

spatial, temporal, and conditional regulation of expression. Analysis of this network is further 

complicated by changes in transcriptional specificity which are conferred through interaction 

with different protein partners.  

Within the HD-Zip I TF family dimerisation must occur as a prerequisite for DNA binding to 

proceed. We have shown here that the γ-clade HD-Zip I TFs are able to interact in Y2H 

assays suggesting a role for heterodimerisation as a regulatory mechanism of their trans-

activation function. The entire HD-Zip I network is a comparatively small family of TFs and 

determining the interaction profile is certainly an attainable goal. The relevance of any 

established interactions would require confirmation under normal growth conditions and, in 

the case of the γ-clade, under abiotic stress. This would also bring to light the extent to which 

TaHDZipI-3 acts as a negative regulator within the HD-Zip I TF network. 
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6.4 Tailoring the molecular drought response network 

Understanding the TF network involved in the drought response could lead to our ability to 

select for or create plants with more efficient drought responses, responses tailored to 

different environments, or plants with traits for pre-stress adaptation. Understanding the 

molecular drought responses of cultivars that vary in their degree of tolerance or susceptibility 

and the attributing molecular and physiological mechanisms would also move us closer to 

achieving this. 

6.4.1 Cultivar specific drought responses 

We have made a preliminary investigation to understand differences in the molecular drought 

responses of three wheat cultivars derived from the same ancestors. Kukri, RAC875, and 

Drysdale are considered to have very distinct phenotypes and susceptibilities to water deficit. 

Our investigation revealed three distinct patterns of HD-Zip I γ-clade gene induction under 

cyclic drought and highlighted the complexity of the molecular drought response. Differences 

in the intensity of gene induction and also the duration of expression were evident in the three 

cultivars. 

There are a number of factors to consider in the light of an analysis of cultivar differences in 

their molecular drought responses. These need to be regarded in discrete phases of the typical 

crop life cycle: 1) determining prestress factors that contribute to stress tolerance and support 

the development of the theoretical ideotype, e.g. leaf thickness and waxiness, tiller number, 

and root structure; 2) de novo tissue specific response mechanisms and the timing during the 

season, i.e. high ABA levels in the inflorescence are known to reduce spikelet number and 

fertility whilst in the leaf they induce protective measures; 3) the effect of pre-response and de 

novo mechanisms on the total carbon economy with regards to final yield.  

It is likely that the cultivar differences observed here are due to: 

 stress status during the imposed water deficit, i.e. affected by pre-adaptation 

physiology and then adaptation  

 primary signalling involving ABA, i.e. strength and timing of the response 

In order to understand the differences seen in transcriptional responses of the HD-Zip I γ-

clade, identification of trans and cis acting elements that control their expression is necessary. 

Revealing where these elements are placed within the ABA/drought signalling pathway and 

the changes of ABA profiles of the three cultivars under drought would, in this regard, likely 

point to the primary differences in their drought responses. Investigation at the level of 
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primary ABA signalling and transcriptional response would also be of benefit to 

understanding the drought TF network as a whole. 

Identifying molecular features of pre-adaptation physiology that contribute to the differences 

in response will likely require whole systems biology approaches and intricate knowledge of 

hormone balances and signalling in wheat. Achieving this level of understanding will be a 

massive undertaking requiring inter-disciplinary collaborations and the improvement of wheat 

centric -omics resources which we are currently far from achieving.  

6.5 Progress in the use of biotechnology in wheat 

Increasing our understanding of the role of drought responsive TFs will further reveal the 

interactions of cis and trans elements through which gene expression is regulated in response 

to environmental changes. Current approaches to modulate expression of drought related TFs 

often use promoters whose relevance is not defined. There is often very little knowledge of 

the downstream targets of the TF or the effect that over- or under-expression will have on the 

molecular drought response in the light of redundancy and feedback within the network. Also, 

the effect of mis-expression contributed by ectopic promoters such as proCamV35S and 

proZmUbi may contribute to undesirable phenotypes.  

Here, growth reduction was observed in transgenic barley over-expressing γ-clade HD-Zip I 

TFs and so we used the ZmRAB17 promoter to modulate expression of TaHDZipI-4 and 

alleviate the potential for growth reduction in transgenic wheat. However, no differences were 

found in transgenic wheat tested under well-watered or drought conditions that were carrying 

the ZmUbi:TaHDZipI-4 or ZmRAB17:TaHDZipI-4 transgenes, respectively. Whether the 

ZmRAB17 promoter drives expression in a spatial and temporal manner that is relevant to 

TaHDZipI-4 function remains unknown. This question highlights a limitation of this 

approach, that there is inadequate understanding and availability of promoters for regulating 

drought inducible gene expression in crop plants. Improving our understanding in this area 

will enable more sophisticated systems and approaches to be developed. Our ability to 

manipulate pathways will become more refined and we may move further down the 

transcriptional cascade, rather than using an overarching master regulator, and increase or 

diminish the occurrence of particular TF promoter interactions. 

6.6 Conclusion 

There are many reports showing that the manipulation of TF genes has potential for 

improving drought tolerance in plants. However, the knowledge gained in this area needs to 
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be further applied in the field to crop species to provide evidence of the efficacy of this 

approach. The success of this approach in wheat relies on the extensive characterisation of TF 

regulation at the translational and post-translational level, downstream targets, the role in 

transcription, and interaction partners. A better understanding of the molecular drought 

response and pre-drought mechanisms will enable us to engineer more efficient drought 

response strategies for transgenic crop plants. 
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Table A1: Genomic structure of HD-Zip I γ-clade transcription factor genes.  

Table reporting the nucleotide (nt) position and size of introns and exons within the coding 

sequences of HD-Zip I γ-clade genes. 

Species Identifier 
Exon 1 
(nt) 

Intron 1 
(nt) 

Exon 2 
(nt) 

Arabidopsis 
thaliana 

Athb7 
1-360 
(360) 

361-580 
(220) 

581-997 
(417) 

A. thaliana Athb12 
1-354 
(354) 

355-540 
(186) 

541-894 
(354) 

Brachypodium 
distachyon 

Bradi4g35910 
1-354 
(354) 

355-460 
(106) 

461-838 
(378) 

B. distachyon Bradi3g50220 
1-363 
(363) 

364-436  
(73) 

437-751 
(315) 

B. distachyon Bradi5g17170 
1-423 
(423) 

424-530 
(107) 

531-836 
(306) 

Medicago 
truncatula 

MtHB1 
1-366 
(366) 

367-628 
(262) 

629-988 
(360) 

Nicotiana 
benthamiana 

Niben.v0.4.2.Scf17952:61301-
63100 

1-393 
(393) 

394-476  
(83) 

477-851 
(375) 

Oryza sativa Oshox6 
1-354 
(354) 

355-448  
(94) 

449-844 
(396) 

O. sativa Oshox22 
1-486 
(486) 

4887-603 
(117) 

604-948 
(345) 

O. sativa Oshox24 
1-461 
(461) 

462-548  
(87) 

549-873 
(325) 

Poplar 
trichocarpa 

PtrHox2 
1-312 
(312) 

313-428 
(116) 

429-707 
(279) 

P. trichocarpa PtrHox14 
1-357 
(357) 

358-452  
(95) 

453-812 
(360) 

P. trichocarpa PtrHox52 
1-357 
(357) 

358-473 
(116) 

474-833 
(360) 
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Table A1 continued. 

Sorghum 
bicolour 

Chr2:65694528..65695430 
1-363 
(363) 

364-534 
(171) 

535-903 
(369) 

S. bicolour Chr4:63271127..63272004 
1-423 
(423) 

424-548 
(125) 

549-878 
(330) 

S. bicolour Chr6:53127574..53128487 
1-462 
(462) 

463-563 
(101) 

564-914 
(351) 

Solanum 
lycopersicum 

Solyc01g096320 
1-393 
(393) 

394-483  
(90) 

484-810 
(327) 

Solanum 
tuberosum 

PGSC0003DMC400000519 
1-390 
(390) 

391-471  
(81) 

472-840 
(369) 

S. tuberosum PGSC0003DMC400032249 
1-333 
(333) 

334-430  
(97) 

431-742 
(312) 

Triticum 
durum 

TdHDZipI-3 
1-336 
(336) 

337-456 
(120) 

457-870 
(414) 

T. durum TdHDZipI-4a 
1-392 
(392) 

393-492 
(100) 

493-781 
(289) 

T. durum TdHDZipI-4b 
1-386 
(386) 

387-494 
(108) 

495-774 
(280) 

T. durum TdHDZipI-5a 
1-453 
(453) 

454-558 
(105) 

559-885 
(327) 

T. durum TdHDZipI-5b 
1-450 
(450) 

451-545  
(95) 

546-884 
(339) 

Zea mays GRMZM2G351330 
1-435 
(435) 

436-563 
(128) 

564-932 
(369) 

Z. mays GRMZM2G117164 
1-411 
(411) 

412-500  
(89) 

501-797 
(297) 

Z. mays GRMZM2G041462  
1-357 
(357) 

358-529 
(172) 

530-892 
(363) 

Z. mays GRMZM2G034113 
1-351 
(351) 

352-592 
(241) 

593-976 
(384) 
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