
 
 

 

 

Long- and short-term nitrate uptake regulation in maize  

By 

Luke Reid Holtham 

 

 

Thesis submitted in fulfilment of the requirements for the degree of 

Doctorate of Philosophy in the Faculty of Sciences at 

The University of Adelaide 

 

 

 

Australian Centre for Plant Functional Genomics, Adelaide 

December 2014



 

 
 

 

 

 

 

 

 

 

I dedicate this thesis 

 in loving memory of my dearest Nan  

Audine Kay Holtham 

  



 

i 

 

Long- and short-term nitrate uptake regulation in maize1 

By 2 

Luke Holtham 3 

Supervised by: 4 

Associate Prof Sigrid Heuer 5 

Senior Research Scientist 6 

Australian Centre for Plant Functional Genomics 7 

The University of Adelaide 8 

Dr Trevor Garnett 9 

Research Scientist 10 

The Plant Accelerator 11 

The University of Adelaide 12 

Dr Darren Plett 13 

Research Scientist 14 

Australian Centre for Plant Functional Genomics 15 

The University of Adelaide 16 

Dr Mamoru Okamoto 17 

Research Scientist 18 

Australian Centre for Plant Functional Genomics 19 

The University of Adelaide 20 

Prof Mark Tester 21 

Centre for Desert Agriculture 22 

Division of Biological and Environmental Sciences and Engineering 23 

King Abdullah University of Science and Technology 24 

Kingdom of Saudi Arabia  25 



 

ii 

 

Thesis submitted in fulfilment of the requirements for the degree of  26 

Doctor of Philosophy 27 

School of Agriculture, Food and Wine 28 

Faculty of Science, 29 

The University of Adelaide  30 

Waite Research Institute, Glen Osmond, SA 5064 31 

Email: luke.holtham@adelaide.edu.au  32 

mailto:luke.holtham@acpfg.com.au


 

iii 

 

Declaration 33 

I certify that this work contains no material which has been accepted for the award of any 34 

other degree or diploma in my name, in any university or other tertiary institution and, to the 35 

best of my knowledge and belief, contains no material previously published or written by 36 

another person, except where due reference has been made in the text. In addition, I certify 37 

that no part of this work will, in the future, be used in a submission in my name, for any other 38 

degree or diploma in any university or other tertiary institution without the prior approval of 39 

the University of Adelaide and where applicable, any partner institution responsible for the 40 

joint-award of this degree.  41 

I give consent to this copy of my thesis, when deposited in the University Library, being made 42 

available for loan and photocopying, subject to the provisions of the Copyright Act 1986. 43 

I also give permission for the digital version of my thesis to be made available on the web, via 44 

the University’s digital research repository, the Library Search and also through web search 45 

engines, unless permission has been granted by the University to restrict access for a period of 46 

time. 47 

Luke Reid Holtham 48 

December, 2014  49 



 

iv 

 

Acknowledgements 50 

The successful completion of this dissertation was made possible by the invaluable 51 

contribution of a number of people. I would like to profess my deepest gratitude to my 52 

supervisors Dr Trevor Garnett, Dr Darren Plett and Dr Mamoru Okamoto for their support, 53 

guidance, mentorship, and persistent hard work in shaping my professional growth. Over the 54 

many years we worked together I believe in addition to a lasting professional relationship, a 55 

lasting friendship also formed. Through all the twists and turns you all made this experience 56 

one to remember and that will be treasured. Thank you all for the challenge, the distilled 57 

knowledge and the many laughs. 58 

Professor Mark Tester, our time spent engaged in stimulating and insightful discussion further 59 

cultivated my entrepreneurial and scientific spirit instilling confidence for my future career, I 60 

can’t thank you enough for the many wise words. My regards also goes to Associate Professor 61 

Sigrid Heuer whose advice and support was invaluable. Dr Ute Baumann, your continual 62 

effort to teach and mentor me was truly valued and grew my knowledge significantly, for this 63 

I thank you. John Toubia your continued technical support throughout my thesis was a 64 

significant factor in helping me to complete this dissertation, I graciously thank you for all 65 

your guidance. I would like to take this opportunity to thank all the members of nitrogen use 66 

efficiency team for the assistance, care and support they gave me throughout my time with the 67 

group. Especially I would like to thank Akiko Enju, Gabriele Fiene and Dr Vanessa Melino 68 

for their continual support and laughs. 69 

I gratefully thank the University of Adelaide, the Grains Research and Development 70 

Corporation (GRDC) and the Australian Centre for Plant Functional Genomics (ACPFG) for 71 

financially supporting me and my research throughout my candidature. 72 



 

v 

 

I would like to thank all my friends for their patience and support. This period of my life was 73 

extremely important for developing my knowledge and setting up my future career. Those 74 

closest to me understood my time constraints and were truly supportive.  75 

My heart goes out to all of my family for their unconditional love and support throughout this 76 

period of my life. Without them all I may not have successfully made it to the end of this 77 

journey. My beautiful mother Sonya Wyness was there for me the whole way, through all of 78 

the ups and downs. She consoled me at important times and enabled me to continually see the 79 

vision at the end, when sometimes it seemed to have faded. It is truly a tribute to her, through 80 

her support and encouragement over the years that I was able to reach this level of academic 81 

accomplishment. Similarly, the love, support and encouragement from my dearest 82 

grandmother Elaine Melhuish has been fundamental to my success over the years. She is a 83 

role model for hard work which continually gave me strength during tough times and fuelled 84 

my perseverance to reach the end of this goal. My beloved father David Holtham continually 85 

challenges me to think outside the square and take on life. His energy, optimism and wisdom 86 

were key motivators and essential to my success in this journey. Finally I thank my beautiful 87 

partner Danica Jeffrey for her patience and love over this tough period. She stuck by my side 88 

in times of angst and depression and continually raised my spirits. Without this love and 89 

companionship I may not have made it to the finish line. 90 

For anyone reading this, in order to reach your goals and be successful in life I believe you 91 

must have a long term vision. Once you have that vision; be tenacious, chase it, and don’t 92 

give up until you succeed. There is no such word as “can’t”. In my book, anything is possible. 93 

“Many of life's failures are people who did not realize how close they were to success when 

they gave up”  

- Thomas A. Edison -   



 

vi 

 

Table of Contents 94 

Declaration ................................................................................................................................ iii 95 

Acknowledgements ................................................................................................................... iv 96 

Table of Contents ...................................................................................................................... vi 97 

Abstract .................................................................................................................................... xii 98 

List of Abbreviations .............................................................................................................. xiv 99 

Chapter 1: Literature review ................................................................................................... 1 100 

1.1 The importance of cereals ................................................................................................. 2 101 

1.2 Meeting global demand ..................................................................................................... 2 102 

1.3 Nitrogen in agriculture ...................................................................................................... 3 103 

1.3.1 A brief history ............................................................................................................. 3 104 

1.3.2 Economics .................................................................................................................. 4 105 

1.3.3 Environmental impact ................................................................................................ 5 106 

1.4 Nitrogen use efficiency ..................................................................................................... 5 107 

1.4.1 Defining NUE ............................................................................................................. 5 108 

1.4.2 Agronomy ................................................................................................................... 6 109 

1.4.3 Improving plant NUE ................................................................................................. 6 110 

1.5 The plant nitrogen management system ............................................................................ 7 111 

1.5.1 N in soils ..................................................................................................................... 7 112 

1.5.2 Nitrate uptake ............................................................................................................. 7 113 

1.5.3 Assimilation and storage .......................................................................................... 10 114 

1.5.4 Transport within the plant ........................................................................................ 10 115 

1.5.5 Remobilisation .......................................................................................................... 11 116 

1.6 The controllers of nitrate uptake ..................................................................................... 12 117 

1.6.1 Transcriptional .......................................................................................................... 13 118 

1.6.2 Post Transcriptional .................................................................................................. 14 119 

1.6.3 Post translational ...................................................................................................... 15 120 



 

vii 

 

1.6.4 Signalling .................................................................................................................. 16 121 

1.7 Understanding the system ............................................................................................... 17 122 

1.8 The gaps for improving nitrate uptake efficiency ........................................................... 18 123 

1.8.1 Gap 1 – The uptake systems and signalling molecules ............................................ 18 124 

1.8.2 Gap 2 - Leveraging the PNR literature ..................................................................... 19 125 

1.8.3 Gap 3 - New leads for transcriptional control .......................................................... 19 126 

1.9 Aims and objectives ........................................................................................................ 20 127 

1.10 Literature Cited ............................................................................................................. 21 128 

Chapter 2: Adaptive responses to low nitrogen supply in maize ....................................... 34 129 

SUMMARY .......................................................................................................................... 37 130 

KEYWORDS ........................................................................................................................ 37 131 

INTRODUCTION ................................................................................................................. 38 132 

MATERIALS AND METHODS .......................................................................................... 40 133 

Plant Growth ...................................................................................................................... 40 134 

Preliminary Experiment ..................................................................................................... 41 135 

Flux measurement ............................................................................................................. 42 136 

Quantitative real time PCR ................................................................................................ 42 137 

Xylem sap sampling .......................................................................................................... 43 138 

Nitrate determination ......................................................................................................... 43 139 

Amino acid determination ................................................................................................. 44 140 

Statistical analyses ............................................................................................................. 44 141 

Correlation Analysis .......................................................................................................... 44 142 

RESULTS ............................................................................................................................. 45 143 

Growth responses .............................................................................................................. 45 144 

Nitrate flux capacity .......................................................................................................... 46 145 

Nitrogen and Carbon ......................................................................................................... 47 146 

Nitrate ................................................................................................................................ 48 147 

Amino Acids ...................................................................................................................... 49 148 



 

viii 

 

NRT transcript levels ......................................................................................................... 50 149 

Correlations ....................................................................................................................... 51 150 

DISCUSSION ....................................................................................................................... 52 151 

N status and growth responses to steady state N limitation .............................................. 52 152 

Changes in nitrate uptake capacity in response to N supply and demand ......................... 53 153 

Dynamic transcriptional variation in response to steady state N limitation ...................... 55 154 

Root to shoot xylem movement of nitrate and its assimilates ........................................... 55 155 

Signalling molecules ......................................................................................................... 56 156 

Series of responses to reduction in N availability ............................................................. 57 157 

A dynamic nitrate uptake system ...................................................................................... 60 158 

ACKNOWLEDGEMENTS .................................................................................................. 60 159 

LITERATURE CITED ......................................................................................................... 61 160 

FIGURES .............................................................................................................................. 71 161 

SUPPORTING INFORMATION FIGURES ....................................................................... 78 162 

Chapter 3: Dynamics of N response depends on N status in maize plants: Comparison 163 

between nitrate induction and steady state .......................................................................... 89 164 

ABSTRACT .......................................................................................................................... 92 165 

KEYWORDS ........................................................................................................................ 93 166 

INTRODUCTION ................................................................................................................. 94 167 

MATERIALS AND METHODS .......................................................................................... 97 168 

Plant Growth ...................................................................................................................... 97 169 

Nitrate determination ......................................................................................................... 98 170 

Amino acid determination ................................................................................................. 99 171 

Quantitative real time PCR ................................................................................................ 99 172 

Statistical analyses ........................................................................................................... 100 173 

RESULTS ........................................................................................................................... 100 174 

Biomass ........................................................................................................................... 100 175 

Nitrate .............................................................................................................................. 101 176 

Amino Acids .................................................................................................................... 101 177 



 

ix 

 

Nitrate Reductase and Nitrite Reductase ......................................................................... 103 178 

NRT transcript levels ....................................................................................................... 103 179 

DISCUSSION ..................................................................................................................... 105 180 

Effect of nitrate starvation ............................................................................................... 105 181 

Effects of nitrate induction .............................................................................................. 106 182 

CONCLUSION ................................................................................................................... 108 183 

ACKNOWLEDGMENTS ................................................................................................... 109 184 

LITERATURE CITED ....................................................................................................... 110 185 

FIGURES ............................................................................................................................ 116 186 

SUPPLEMENTARY FIGURES ......................................................................................... 127 187 

Chapter 4: Discovery of putative cis NRT regulation motifs using phylogenomics and co-188 

expression clustering in maize ............................................................................................. 132 189 

ABSTRACT ........................................................................................................................ 135 190 

Background ...................................................................................................................... 135 191 

Results ............................................................................................................................. 135 192 

Conclusions ..................................................................................................................... 136 193 

KEYWORDS ...................................................................................................................... 136 194 

BACKGROUND ................................................................................................................. 137 195 

RESULTS ........................................................................................................................... 140 196 

Extension of the NRT2 phylogenetic tree ....................................................................... 140 197 

Phylogenomic promoter analysis .................................................................................... 141 198 

Co-expression promoter analysis .................................................................................... 141 199 

PLACE analysis ............................................................................................................... 143 200 

DISCUSSION ..................................................................................................................... 144 201 

Gene duplication in Foxtail Millet .................................................................................. 144 202 

MYB and E-box domains ................................................................................................ 144 203 

Rich binding elements within the Zmphy2 & Zmphy8 consensus regions ..................... 145 204 

Novel motifs .................................................................................................................... 147 205 

CONCLUSIONS ................................................................................................................. 147 206 



 

x 

 

METHODS ......................................................................................................................... 148 207 

Plant growth and harvesting ............................................................................................ 148 208 

Microarray ....................................................................................................................... 148 209 

Identification of Setaria italica NRT homologues........................................................... 149 210 

Multiple sequence alignment and tree building ............................................................... 150 211 

Phylogenomic promoter analysis .................................................................................... 150 212 

Co-expression promoter analysis .................................................................................... 150 213 

ACKNOWLEDGEMENTS ................................................................................................ 151 214 

LITERATURE CITED ....................................................................................................... 151 215 

FIGURES ............................................................................................................................ 160 216 

SUPPORTING INFORMATION ....................................................................................... 170 217 

Chapter 5: General discussion ............................................................................................. 178 218 

5.1 Advances in knowledge from this thesis ....................................................................... 180 219 

5.1.1 The HATS – a main contributor to total nitrate uptake .......................................... 180 220 

5.1.2 NRT levels fluctuate daily in response to N demand .............................................. 180 221 

5.1.3 NRT changes in response to decreasing nitrate availability ................................... 181 222 

5.1.4 Nitrate may be the key signalling molecule for the HATS .................................... 181 223 

5.1.5 The energy cost of nitrate uptake may be important .............................................. 182 224 

5.1.6 A new model ........................................................................................................... 183 225 

5.1.7 Understanding a complex system requires complex approaches ........................... 183 226 

5.1.8 NRT2.5 cis-trans regulatory motifs ......................................................................... 184 227 

5.2 Future directions ............................................................................................................ 185 228 

5.2.1 Completing the loop – Phloem sap measurements ................................................. 185 229 

5.2.2 Relating transcripts to functional protein ............................................................... 185 230 

5.2.3 Investigating the energy cost of nitrate uptake. ...................................................... 186 231 

5.2.4 Transcriptomics ...................................................................................................... 186 232 

5.2.5 The generation of cereal NRT mutants ................................................................... 187 233 

5.2.6 Extending the comparative study ........................................................................... 187 234 



 

xi 

 

5.2.7 Continuing the cis-trans regulation discovery ........................................................ 188 235 

5.3 Summary ....................................................................................................................... 189 236 

5.4 Literature cited .............................................................................................................. 190 237 



 
 
 
 
 
 
 

 
NOTE:  Statements of authorship appear in the print copy of the thesis held in 

the University of Adelaide Library. 
 

 
 
 
  
 



 

xii 

 

Abstract 238 

Cereal crops supply a major proportion of the world’s food and their production capacity is 239 

tightly linked to nitrogen (N) fertiliser use. With on average less than half of the applied N 240 

being captured by crops, there is scope and need to improve N uptake in cereals. With nitrate 241 

(NO3
-
) being the main form of N available to cereal crops there has been a significant global 242 

research effort to understand plant NO3
- 
uptake. Despite this, our understanding of how the 243 

NO3
- 
uptake system is regulated remains limited. 244 

To advance our understanding of the NO3
- 
uptake system and its regulation, three knowledge 245 

gaps were identified and explored in this thesis. Firstly, there is an identified need to better 246 

understand the NO3
- 
uptake system and the signalling molecules which modulate it. Secondly, 247 

with the literature containing alternative approaches to studying NO3
-
 uptake, there is a need 248 

to appreciate how these studies relate to better leverage the existing literature. And finally, 249 

with strong transcriptional control governing the NO3
-
 uptake system, new leads were sought 250 

for modulating transcription of NO3
- 
transporter genes. 251 

To explore these knowledge gaps, dwarf maize (Zea mays L. var. Gaspe Flint) was grown 252 

hydroponically with either sufficient or limiting NO3
- 

availability. During the vegetative 253 

growth period a subset of plants grown were moved from sufficient to limiting NO3
-
 254 

conditions and a range of physiological parameters were measured. The results showed: the 255 

high affinity NO3
- 

uptake system (HATS) appears to contribute a major proportion of total 256 

NO3
- 

uptake capacity and responds to N demand at external concentrations where it was 257 

previously thought to be saturated; NO3
- 
itself appears to play a key role in modulating the 258 

NO3
-
 uptake system, and; temporal variation of NRT transcripts are more variable than 259 

previously understood. The observed responses to reduction in NO3
- 

revealed a series of 260 

responses leading to a new model for the control of the NO3
- 
uptake system. Using the same 261 

growth system, plants were grown under steady state NO3
- 
conditions and a starvation and re-262 



 

xiii 

 

supply (primary nitrate response – PNR) response was explored in parallel. The information 263 

generated provided data to relate the PNR literature to longer term steady state studies. The 264 

ZmNRT2.5 gene was highlighted as an interesting candidate for revealing cis-trans regulatory 265 

elements associated with low N responses. To explore this, a combined phylogenomics and 266 

co-expressed gene promoter analysis was undertaken. A number of evolutionarily and 267 

functionally conserved regions were identified in the ZmNRT2.5 promoter with six regions 268 

showing no resemblance to known transcription factor binding sites. These sequences provide 269 

a new resource for the discovery of cis-trans regulatory mechanisms associated with the low 270 

N expression of ZmNRT2.5. 271 

The findings in this thesis have identified key time points for future transcriptome analysis, 272 

and revealed putative cis-elements as new leads for discovering novel cis-trans regulatory 273 

elements associated with the regulation of NO3
-
 uptake. Ultimately, further research may lead 274 

to the identification of key regulatory genes as candidates for the improvement of N uptake 275 

efficiency and overall N use efficiency in cereal crops.  276 
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