Root Cell-Type Specific Expression of
Multiple Salinity Tolerance Genes to
Alter Plant Shoot Sodium Accumulation

By
Gordon Bertram Wellman

A thesis submitted for the degree of
Doctor of Philosophy

University of Adelaide
School of Agriculture, Food and Wine
and
Australian Centre for Plant Functional Genomics

THE UNIVERSITY
o ADELAIDE

February 2016




Table of Contents

ACKNOWIEAGMENLS ...ttt e e e e e aearaesneeae s vi
N 0L = To! PSSP vii
DBCIATATION ... bbb bbb iX
I ES 0 T [N =TSRSS X
LISt OF TaDIES ...t nes XV
List of Publications, Presentations and Conference POSLErS ..........ccocvvvrerenenesininiens XVi
ADDIBVIALIONS ...ttt bbb XVii
Chapter 1 - Review of the Literature and Research Aims..........ccccvvevieninnnieenenn 2
1.1, SOIl SAINISALION ...t bbb 2
1.1.1. Plant growth in saline soils: Stress and Tolerance............c.ccococnviniiinenenn. 3
1.1.2. NON-10N1C “OSMOLIC” SIIESS ..eeiuvrrreeeiiiireeiiitiereeeiireeeessrreeesesnbeeeessrreeeesasneeas 5
I R (o] o o1 1 1SR PSRN 6
1.2. Controlling Na* transport to improve salinity tolerance ...........cc.cccceeveeeevieneane, 14
1.2.1. Control of cell-type specific expression of tranSgenes ..........cc.cvvvveveeenen. 14
1.2.2. Cell-type specific expression of multiple genes .........cccccceveveveciecienenn, 17
1.3. Project aims and research qUESTIONS.........c.ooveieiirierinisieieeee et 17
1.4, TRESIS OULHINE ...ttt ne e reenne e 18
Chapter 2 - General Methods and Materials .............ccccooveviieiiiiese e, 20
20 I 1o T L1 T 4 o] o OSSR SUPRSRPR 20
2.2. General Molecular Methods.........c.ooeiiiiiiie e 20
2.2.1. In silico DNA manipulation: sequence analysis, vector and primer design
............................................................................................................................. 20
2.2.2. Amplification of DNA by polymerase chain reaction (PCR).................... 20
2.2.3. Restriction enzyme digest of plasmid DNA ... 23
2.2.4. Separation of DNA fragments using agarose gel electrophoresis ............. 23
2.2.5. DNA extraction and purification following PCR or restriction enzyme
AIGESTE. ettt bbbttt 24
2.2.6. Ligation of restriction enzyme digestion products ..........c.cccceeveveeveiiennn, 26
2.2.7. Cloning of DNA into pCR8/GW-TOPO TA Gateway® entry vectors......27
2.2.8. Recombination of entry and destination vectors to produce expression
vectors for plant transformation............cooveiiiiienec e 28
2.2.9. Preparation of chemically competent E. coli for cloning ...........c..cccc..... 29
2.2.10. Glycerol stocks for long term storage of bacterial cultures. .................... 30
2.2.11. Transformation of E. coli via heat-shock method..............c.ccoovviviinnnnen. 30
2.2.12. Overnight growth of E. coli and A. tumefaciens cultures......................... 31
2.2.13. DNA sequencing of plasmids and PCR products.............cccceevevvevieiienen, 31
2.2.14. Preparation of chemically competent A. tumefaciens AGL-1 ................. 33
2.2.15. Transformation of A. tumefaciens via freeze-thaw protocol.................... 33
2.2.16. Growth of small A. tumefaciens CUItUIES ..........cccoevvriervere s 34
2.2.17. Isolation of plasmid DNA from E. coli — Standard protocol.................... 34
2.2.18. Isolation of plasmid DNA from E. coli — High purity DNA protocol......35
2.2.19. Genomic DNA extraction protocol - Freeze dry protocol ....................... 35
2.2.20. DNA extraction protocol — Edwards extraction protocol ........................ 36
2.2.21. Extraction of RNA from Root and Leaf TiSSUE.........ccovveviereeiinnieniennns 37
2.2.22. Synthesis of cDNA from RNA extracted from root and leaf tissue. ....... 37



2.3. Arabidopsis thaliana experiments.........ccocvoeiierinie e s 38

2.3.1. Arabidopsis growth in controlled environment chambers.............c........... 38
2.3.2. Surface sterilisation of Arabidopsis SEedS ..........covrviiirieieieneneieeie 39
2.3.3. Plant growth on MS medium in vertical petri diShes..........ccccccevvviveivenns 39
2.3.4. Arabidopsis growth 0N SOIl...........cceiiiiiieiii e 39
2.3.5. Hybridisation of Arabidopsis lINES ........cccccvvveiieriiieieee e 41
2.3.6. Transformation of Arabidopsis with binary Vectors............ccccccccviinnnine 41
2.3.7. Selection of Arabidopsis transformants on selective media..........c........... 42
2.3.8. Arabidopsis growth in mini-Nydroponics ..........c.ccocevviieieieneneneneseiene 44
2.4. Hordeum vulgare (barley) eXperiments .......c.cccevveeieeiesie s 46
2.4.1. Barley growth in glasshouse CONditions. ..........ccccceeereereniiniiene e 46
2.4.2. Germination and growth of barley cv. Golden Promise ............ccccccevvvenene 46
2.4.3. Mini-hydroponics for salt Stress treatments............coovvvveieieiene s 47
2.4.4. Supported Hydroponics for Barley growth and salinity screening............. 51
2.5. Determination of tissue Na*, K™ and CI- concentration ............cccccceeeeerercennnne. 56
2.5.1. Arabidopsis tiISSUE IgESL........ccveiierieiieie e 56
2.5.2. Barley tiSSUE AIgEST .......oveieiiiieiicsieeee et 57
2.5.3. Flame Photometry to measure Na* and K ...........c.ccoevviivieiecccicece 57
2.5.4. Chloride analysis to measure tissue [Cl] ..o 58
2.6. Epifluorescence stereo and confocal microscopy for imaging plant tissues....... 59
2.7. Data MAaNAGEMENT.......c.eiiiiiiiiieie ettt nne s 60

Chapter 3 - Development and characterisation of transgenic barley lines with co-
ordinated root cell-type specific expression of salinity tolerance genes, HYHVP1 and

[ 1 o 1 15 OSSPSR 62

3L INEFOTUCTION ...t nb b nre s 62
3.1.1. Increasing salinity tolerance in barley ...........ccccoiiiiiiie 62
3.1.2. Use of native barley genes to improve salinity tolerance in barley ........... 62
3.1.3. Previous development of tissue-type specific barley lines expressing
salinity tolerance genes HYHVP1 and HVHKTL;5.....ccoooiiiiiiiciceeece e 63
3.1.4. Combining multiple salinity tolerance genes to improve salinity tolerance
.............................................................................................................................. 66
3.1.5. RESEAICH @IMS ..o 68

3.2. Methods and MaterialS...........coueiereieieieiieeeeee e 68
3.2.1. Putative cell-type SpecifiC PromOters. .........cocviireiiiinieiee e 68
3.2.2. Genomic sequences and expression profile databases.............ccccceeevevneenee. 68
3.2.3. Plant MAterial .......ccveviiieiiee e 69
3.2.4. DNA extraction and genotyping ........cccceveveeiieieeieiie e 70
3.2.5. Total root and leaf RNA extraction and reverse transcriptase-PCR.......... 73
3.2.6. Screening promoter tissue specificity under salt stress in mini-hydroponics
)£ (5] 1 PP P PR 73
3.2.7. Histochemical staining of transgenic S-glucuronidase (uidA) expressing
Darley SERALINGS. ..o 74
3.2.8. Growth of barley plants in SOil..........cccccovviiiiiie i 75
3.2.9. Hybridisation of T barley transgenic liNes ..........c.ccoovveviiiieiiie 75
3.2.10. Bromocresol Purple rhizosphere acidification assay ...........cccccceeeverinnnne 76
3.2.11. Barley growth in mini-hydroponiCs...........cccooiriiininiiieie e 77
3.2.12. Barley growth in supported hydroponics..........ccccceviiievieiiieiie e, 77
3.2.13. Statistical aNalYSIS.........coiiiiiiiieiiiee e 77



3.3. RESUILS ANd DISCUSSION.....c.veieiiiieitieieeiiesiee ettt sae e bt sbe e sneenreas 77
3.3.1. Expression of reporter genes, mGFP6 and uidA, under the control of

putative tissue-type specific promoters, proC34 and proS147........ccccevvrvennenn. 77
3.3.2. Evaluating the salinity tolerance of lines expressing HYHVP1 or
HVHKTZ1;5 in supported hydroponiCs .........cccooeiiiiiiiinieieese e 84
3.3.3. Development of transgenic barley lines over-expressing HYHVP1 and
HVHKTZ1;5 in different root Cell-types. .......cooiiiiiiiiiiiccce e 97
3.3.4. Evaluating the salinity tolerance of lines over-expressing both HYHVP1
and HVHKTZ;5 in mini-NYdroponicCs ........coceiieiirieiienesie e 99
3.3.5. Evaluating the salinity tolerance of lines co-expressing HYHVP1 and
HVHKTZ1;5 in supported hydroponiCs ..........ccooeiiiinininieieiene e 106
3.3.6. Bioinformatics review of promoters used for driving cell-type specific
expression in barley (cv. Golden Promise) ..........ccuvevreeieneneneneneseseeeeees 113
3.4, GENETAl DISCUSSION......ciuiiiiiiitiite sttt sttt 125
3.4.1. SUMMAry OF FINAINGS ...ccvviiiiiiiieee e 125
3.2, FULUIE WOTK ..ttt 126
K B T O] 1 [o] (1] [0 ISR 128
Chapter 4 - Evaluating the effect of root cell-type over-expression of the Arabidopsis
vacuolar H*-pyrophosphatase, AtAVP1, on plant salinity tolerance...................... 130
Nt I 1] 0T [1 o4 A T o PSSP 130
4.1.1. Arabidopsis vacuolar H™-pyrophosphatase, AtAVP1, and its use for
improving plant salinity tOlerancCe ... 130
4.1.2. Root cortical cell-type over-expression of H*-PPases to improve plant N*
(0] 1= g o0 PSP STSR 131
4.1.3. AIMS OF thiS STUAY ......eeivieieiic e 134
4.2. Methods and MaterialS..........cceivieiieiiie e 135
4.2.1. Plant MAterial ..........cooieiiiiiiiieece e 135
4.2.2. Salinity screening of root specific AtAVP1 over-expressing Arabidopsis
plants in MiNi-NYArOPONICS .........ccviiiiieie e 136
4.2.3. Genotyping of plants for the presence of pPGOF-UASgaL4:AtAVP1
constructs and GAL4-VP16 enhanCer-trap..........cccocveveieeieeviesieseese e 136
4.2.4. Extraction of RNA, cDNA synthesis and transgene expression by RT-PCR
........................................................................................................................... 137
4.2.5. Statistical analySiS...........ccoiiiiiiiiii e 137
4.3. RESUILS aNd DISCUSSION.......eviiiiiiiiiieieeiieieie ettt bbb 139
4.3.1. Obtaining T4 transgenic lines and difficulties encountered during screening
of Arabidopsis growth in mini-hydroponics. .........ccccccvvveiieiicicseece e 139
4.3.2. Assessing the salinity tolerance of Arabidopsis enhancer trap line J1551
Over-expression of AtAVP1 in the root-cortex and -epidermis. .............cc.c.o..... 141
4.3.3. Assessing the salinity tolerance of Arabidopsis enhancer trap line J1422
over-expressing AtAVP1 specifically in the root-corteX..........ccevvevviiveinenenne. 147
4.4, GENEIal DISCUSSION. ...c.uieieiieeiieeiesieseesieeee e te e staesae e reesteaseesreesseeneenneeneeens 152
4.4.1. Summary of the fiNdiNGS........ccooviiieiii e 152
4.4.2. Comparison of these experiments to previous preliminary experiments.152
4.4.3. The role of AtAVP1 in root cortex of Arabidopsis..........ccccvvvveviiviieeninn, 153
A4 4, FUINEI WOTK ..ottt 154
A.4.5. CONCIUSION ...t e 155



Chapter 5 - Characterisation and development of Arabidopsis dual enhancer-trap

lines to express genes of interest in two specific cell-types.........cccoveveveecveceieenne. 158
5.1, INFOTUCTION ...t sttt enreenee s 158
5.1.1. Cell-type specific expression of multiple genes ..........cccoveviveveiieieennns 159
5.1.2. AIMS OF thiS STUAY ...c.veiiiiiieciiee e 160
5.2. Methods and MaterialS...........coeeiiiiiiiiiiieee e 160
5.2.1. PIANE MALEIIAL ..o 160
5.2.2. Arabidopsis growth and imaging .........cccccevvereiiieiieese e 161
5.2.3. Hybridisation and selection of dual enhancer-trap Arabidopsis lines .....162
5.2.4. Genotyping of plants for the presence of pPGOF-UASgaL4:AtHKT1;1
constructs and GAL4-VP16, HAP1-VP16 enhancer-traps ........ccccoceeerervrennnn 162
5.2.5. Salinity screening of parental and crossed lines in mini-hydroponics
)] (<] . T OO PP PPN 164
5.2.6. Statistical analySiS.........ccccvveiieiiiieiiee s 164
5.3, RESUILS ...ttt ettt re e e 165
5.3.1. Root cell-type expression patterns in selected enhancer trap lines.......... 165
5.3.2. Successful hybridisation and development of dual GAL4-VP16 and HAP1-
VP16 enhanCer-trap lNES .........coccviiieiieie et 174
5.3.3. Parental and dual enhancer-trap lines perform similarly under control and
SaliNity StreSS CONUITIONS ....cveiiiiieieee e sre e 179
5.4, DISCUSSION ...vevietieiieiesteste st sttt ee sttt sttt e e bbb be s e se e e e stesbenbesbenre e 185
Chapter 6 - Vector construction for cell-type specific expression of multiple GOls in
dual enhancer-trap Arabidopsis lINES..........ccccveiiiiiiiieie e 188
6.1, INTrOTUCTION ...ttt ettt esreenreenee s 188
6.1.1. AIM OF thiS STUAY.....ccviieiiecece e 188
6.2. Methods and MaterialS..........ccviueiieiiiiiiiee e 189
6.2.1. Preparation of binary vectors for cell-type specific expression of genes of
L =L PSP 189
6.2.2. HAP1-VP16 enhancer trap, pET-HAP1 and sequence information......... 192
6.2.3. Cloning and VECTOr CONSLIUCTION ........ccveveiieieiicrieresee e 192
6.2.4. Preparation of binary vectors for cell-type specific expression of genes of
interest and transformation into ArabidopsisS..........cocvviiiiniiieiiie e 193
6.3. RESUILS @Nd DISCUSSION......ceivieiieiieieiieiie sttt 195
6.3.1. Development of Gateway® enabled destination vectors for expression of
LU LS00 TP RTUPRSPPRTPIN 195
6.3.2. Development of GOI expression vectors for transformation into
FAN = oo (o] o 1Y USSR SRPRRROSPN 207
6.3.3. Transformation of pGOR-series expression vectors into Arabidopsis
enhancer trap lines proved UnsUCCeSSTUL..........ccoiveiiiiiiicc e 209
6.3.4. Possible reasons for the difficulties in Arabidopsis transformation and
7] [ ox 1 o] SOOI 210
6.4. Conclusions and FUtUre DIreCHIONS .......c.ccverieiieieere e 212
Chapter 7 - General Discussion and Future DIreCtions ..........ccccccevvverveveiveresnenns 214
7.1. Review of the aims and hypotheses ..........cccoviiiiieiie i, 214
7.2. Summary of the findings of this StUY ..........ccoceiiiiiini 216
7.2.1. H*-PPases in the outer root have little role in salinity tolerance ............ 216
7.2.2. Reducing Shoot Na* in barley by xylem retrieval by HYHTK1;5 may play
little role in the salt tolerance of barley ..., 217



7.2.3. Thorough characterisation of putative cell-type specific promoters is vital

prior to their use t0 drive GOIS.......ccvviieiiee e 218
7.2.4. Pyramiding of transgenes by hybridisation is feasible, if challenging —
AAVICE TOr TULUIE STUTIES. .....oviiviiieiieee s 218
7.2.5. The use of Arabidopsis enhancer-trap lines for cell-type specific over
expression of multiple GOIs provides exciting avenues for research. .............. 219
7.3. Future work and research direCtIONS .........cccveveiirieniiesee e 220
7.3.1. Further studies using resources developed during this project. ............... 221
7.3.2. New methods for cell-type specific over-expression of salinity tolerance
0 1=] 0 PSP UUPP PP 222
7.3.3. New avenues of research for examining ion transport through plants.....223
7.4, FINAI TEIMAIKS ..ottt bbb 224
APPENTIX 12 PIIMEIS ...ttt ettt ste e sreenne e 226
APPENTIX 11 VECLOIS MAPS. ....c.eiiiitiiiieiieiet ettt 228
Appendix I11: Supplementary hydroponics data.............ccccevevveieiieiecie e, 238
Supplementary Arabidopsis hydroponics data.............cceceeiereneninenesceeeeeen 238
Arabidopsis hydroponics experiment #1 - tabulated data...............cccoevervrennnen, 238
Arabidopsis hydroponics experiment #2 - tabulated data..............cccccoeeeinenes, 242
Supplementary Barley Hydroponics data............ccocoveririiiniieninene e 246
Barley supported hydroponics experiment #1 tabulated data............cc.cccccevvenee. 246
Barley mini-hydroponics experiment #2 tabulated data............cccoccevevevviienenn 248
Barley supported hydroponics experiment #2 tabulated data.................c..c....... 250
Appendix IV: Media, Solutions and EQUIPMENT............cviriiieiiieiesc e 252
Appendix 1V: Sequencing Reaction Clean-up..........cccoevereniieneniniesieeee, 252
Appendix IV: Plant DNA EXtraction SOIULIONS ..........ccceeivieiienecieieece e, 252
Appendix IV: Alkaline Lysis extraction of Plasmid DNA from E. Coli........... 253
Appendix IV: Arabidopsis Basal Nutrient Solution ..............cccceeeeieiieiecienen, 254
Appendix IV: Barley hydroponics growth solutions ............cccceoeveniiiineieen, 256
Appendix IV: Antibiotics and selective agents...........ccceeevvevieevecieseece e, 258
AppPendix IV: Loading DYES........ccoiiiiiiiiieie et 260
Appendix IV: Bromocresol purple pH indicator gel ..........ccccooveveeieiieiiiiennn, 260
Appendix IV: 50 x Tris base, acetic acid and EDTA (TAE) Buffer Stock ....... 261
Appendix IV: 0.5 M Ethylenediamine tetra acetic acid (EDTA) Stock Solution
........................................................................................................................... 261
APPENTIX IV MEAIA ...t 261
Appendix IV: GUS Staining BUffer...........ocooiiiiiiiieeee, 263
Appendix IV: Chloride analysis SOIULIONS ............ccccvveiieii i 264
Appendix IV: Milli-Q Ultra-Pure HaO ..o, 264
Appendix IV: Electromagnet for extraction of ball-bearings.............c.ccccoc.... 265
APPendixX V: ProMOLEr SEQUENCES .......c.viieriieieitesie sttt sttt 266
Appendix VI: Supplementary micrographs .........ccoooeieieiienenie e 269
Appendix VII: Investigation of polar localisation of Na* transporters; AtHKT1;1 and
A ] © ST PP PRSPPI 282
RETEIBNCES ...t ettt b et sb et et be et nne s 286



Acknowledgments

Firstly, I would like to thank my supervisors, Dr. Andrew Jacobs and Dr. Stuart Roy, and
my advisors, Dr. Matthew Gilliham and Prof. Mark Tester. Your guidance, ideas and
support has made my candidature enjoyable, stimulating and character building. It was

an honour to work with you all.

| here acknowledge the University of Adelaide (UofA), the Australian Centre for Plant
Functional Genomics Pty. Ltd. (ACPFG), the Australian Government Department of
Education and Training and the International Workshop on Plant Membrane Biology
(IWPMB) for their financial support during my studies and for assisting conference

travel.

| extend my sincere thanks to Dr. Mahima Krishnan, Dr. Gehan Safwat EI-Hussieny, Dr.
Inge Mgller and Dr. Sam Henderson who started sections of this work and provided me

with plant material for use and analysis.

To all my many colleagues and friends, almost too many to mention, that | have made at
the UofA, the ACPFG and the Waite agriculture postgraduate student society (AgPOGS)
| give my warmest thanks for all your work and friendship.

| would like to give special mention to the Salt Group at the ACPFG as | knew it; Dr.
Aurelie Everard, Dr. Rhiannon Schilling, Dr. Monique Shearer, Dr. Damien Lightfoot,
Dr. Sandra Schmoeckel, Dr. Li Bo, Ms. Jessica Bovill, Dr. Nawar Shamaya, Dr.
Wenmian Huang, Dr. Aris Hairmansis and Ms. Melissa Pickering. Honorary ‘Salties’;
Mr. Shane Waters, Dr. Yagnesh Nagarajan, Mr. Jayachandra Rongala and Dr. Laura

Blake. We survived and remain the best of friends.

| would like to thank family; firstly my parents, Guy and Deirdre and my ‘little’ brother
Robert for always being there and putting up with me throughout my studies over the
years. Special mention to my grandfather Albert Wellman for his words of inspiration to

complete my studies, ‘When is the graduation?’ and ‘Do you have a real job yet?’

| would also like to thank Samantha Thorpe for her support throughout my PhD. I'm
sorry for the toll this work took on us and that we could not make it work in the end.

Vi



Abstract

Increasing soil salinity of agricultural land is of growing concern world-wide as excessive
soil salinity has a detrimental effect on growth and yield of many plant species of
agricultural importance. The accumulation of sodium ions (Na*) from saline soils into the
shoots of crop plants contributes to the negative effect salinity has on plant growth in
cereals. In recent years, many molecular targets involved in Na* transport in plants have
been identified in a number of species. Genetic modification (GM) utilising these genes
may enable manipulation of Na* transport with an aim of reducing Na* accumulation in
the shoot. Constitutive and/or tissue-specific over-expression (OX) of such genes in
transgenic plants can prove beneficial in reducing Na* shoot accumulation and improve
plant salinity tolerance in some cases. However, further reductions could be made by fine
tuning Na* transport through the plant by co-expressing multiple salinity tolerance
associated genes of interest (GOI) in specific root-cell types. To date, this has proved
difficult.

Previously generated barley (Hordeum vulgare c.v Golden Promise) lines with putative
cell-type specific OX of salinity tolerance associated GOls, High Affinity K*-Transporter
1;5 (HVHKT1;5) and vacuolar H*-pyrophosphatase 1 (HvHVP1), were screened in saline
hydroponics to assess for improvements in salinity tolerance. Lines with the simultaneous
root-cell-type specific OX of both HYHKT1;5 and HvVHVP1 were developed through
hybridisation and assessed for improved salinity tolerance. Although no significant
improvements were identified in both the single- or dual-GOI transgenic lines, this
approach could be used for other transgenic lines with cell-type specific OX of other

GOls combinations.

The role of vacuolar H-pyrophosphatase 1 (AtAVP1) was re-examined when over-
expressed in the root-epidermal and —cortical cell types in the model plant species
Arabidopsis thaliana. OX of AtAVP1 in these cell-types was thought to improve Na*
sequestration and there-by improve salinity tolerance. However, saline hydroponics
assays of lines with root-epidermal and/or —cortical OX of AtAVP1 failed to identify
improvements in plant salt tolerance or Na* uptake, suggesting that AtAVP1 contributes

little to Na* sequestration in these cell-types.

Finally, a system that would allow the cell-type specific over-expression of different

GOls in different root cell-types was developed. Such a system would allow the trialling

Vil



different gene combinations to identify combinations that would allow more targeted
manipulation of Na* transport throughout a plant and alter salinity tolerance. This work
was carried out in the model plant species, Arabidopsis thaliana, and cell-type expression
was enabled through the use of dual GAL4 and HAP1 enhancer-trap systems and trans-
activation constructs. Lines and constructs were developed to allow the cell-type specific
OX of selected GOIs, however testing of dual salinity tolerance GOI lines was not

achievable during the timeframe of this project.
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