The role of homeodomain-leucine zipper class |
transcription factors in the drought response of

wheat

John Creighton Harris

Thesis presented to fulfil the requirements for the degree of Doctor of Philosophy

Discipline of Plant Biology
School of agriculture, food, and wine
Faculty of sciences
University of Adelaide, Waite Campus

Glen Osmond, SA 5064, Australia

January 2014



Contents

List Of fIQUres and TADIES..........cviiiee e %
N 0L = To! ST PRRROPRRN vii
Statement of QUENOTSNIP ..o IX
ACKNOWIEBAGMENES ...ttt et e s sbe e teereesbeebeeneenrees X
Frequently used abBreVIations ..o xi
Chapter One - General INtrOQUCTION. .........coviiiiiiiii e 1
IO T (oo [ T £ o o USRS 2
1.2 Improving drought tolerance iN WHEAL..............cooveiiiiieie e 2
1.2.1 Breeding for drought tolerance by phenotyping ...........ccccoevveviiieiieve s 2
1.2.2 Drought tolerant ideOtYPE .....c..ecviiie it 2
1.2.3 Drought related quantitative trait I0Ci...........ccccvivieiieiiiieseccs e 3
1.3 Plant molecular response t0 drought...........ccoiveiiic i 3
1.3.2 DIOUQNE FESPONSE .....veeiieeiiiteete ettt ettt et e esraeaeenaeste e tesneesaeeneeenes 3
1.3.3 Transcription factors as candidates for improvement of drought tolerance .................. 4
1.4 Transcription factors involved in the drought reSPONSE.........c.cccveveiieveeie e 4
1.4.1 Transcription factor networks in the plant drought response ..........ccccocceevveveiicieennene. 4
1.4.2 Utilisation of transcription factors for improved drought tolerance..............c.cccccvennene. 5
1.4.3 Candidate transcription faCtOrS ..........ccoiiieiiiie i 6
1.4.4 Homeodomain-leucine zipper class | transcription factors...........ccccocvverininiiiciennenn 6
Chapter TWO — LITEIatUre FEVIEBW ........cueiuieieieiteite sttt bbb 8
AULhOr CONLIIDULION STALEMENTS.....c.ei et see e nreas 9
Chapter Three - Materials and Methods ..o 25
3.1 Plant material, growth, treatment, sampling, selection of transgenic lines, and
experimental design and aNAIYSIS .......cc.ooiiiiiiiiic e 26
3.1.1 Pre-SOWING gerMINATION .......oviieieitiiti ittt sttt 26
3.1.2 ABA treatment of wheat cultivar RAC875 in a hydroponics system...........cccceevenene. 26
3.1.3 Cold treatment of wheat cultivar RACBT75 ..o 26
3.1.4 Exposure of pot grown wheat cultivar RAC875 to prolonged water deficit ............... 27
3.1.5 Stem developmental series of wheat cultivar RAC875 ..........cccoovveveiiienieene e 27
3.1.6 Phenotyping of wheat constitutively expressing TaHDZIpl-4 ............ccccvviiniinnnenn. 27
3.1.7 Barley constitutively expressing HD-Zip | genes under the 2x35S promoter............. 28
3.1.7.1 Histological investigation of secondary cell wall formation in anthers................ 28
3.1.8 Conditions of the targeted water potential experiment and experimental design........ 29
3.1.9 Cyclic drought experiment conditions and deSign..........cccevevieervevesiiesieese e 30



3.1.10 PhenotypiC MEASUIEMENTS........ccueiieeieieesieeiesieesteeeesaesteeeeseesreeaesneesseeneesseesraenseenes 30

3.1.11 Generation of transgenic Bobwhite and assessment of T, transgenic lines for copy

NUMDET @NA EXPIESSION .....vvevieie et eie ettt ettt s e s te et e sseesraeseessesraeteaneenreas 30
3.2 MOIECUIAr MELNOAS ... 31
3.2.1 Total RNA XEFACLION. .....ccviiteiieiiitii ettt 31
3.2.2 CDINA GENEIALION ...ttt b bbbt 31
B.2.3 QPCR oo 32
3.2.4 Cloning and plasmid preparation ..............cceoereeeienenisiesieeeeseese e 32
BL2A L PCR e 36
3.2.4.2 Gel ElECIrOPNOIESIS ......oivieiicie ittt 38
3.2.4.3 Product pUrTICALION .......ccviiieiicie e 38
3.2.4.4 Ligation/ReCOMBDINALION ......ovitiiiiiiiiiiiiieieie et 38
3.2.4.5 Bacterial transformation ...........ccociiiiiiiieieiesc e 38
3.2.4.6 P1asmid Preparation ........ccoeoeoeiiniiesieiene ettt 39
3.2.4.7 Plasmid QIgESTION .......eiuieiiiieteite sttt bbbt 39
3.2.5 GENOMIC DNA EXEFACLIONS. .....ecvitieeieiiisieieiieie sttt 39
3.2.5.1 Processing leaf Material ..o 39
3.2.5.2 Phenol/chloroform gDNA eXtraCtion............cccooeriririiinieiese e, 40
3.2.5.3 Freeze dry gDNA eXIraCliON .........coviiiieieieiiesie e 40
3.2.5.4 REDextract-N-Amp Plant PCR Kit............cocoiiiiiiieiecce e 41
3.2.6 NOIThErn BIOTHING........ciiiieiie e 42
3.2.6.1 Denaturing gel preparation and electrophoresis ..........ccccovevveveciece i 42
3.2.6.2 RNA sample Preparation ..........cccoveeiieiieeiiee e esee et see e sne e sea s 42
3.2.6.3 RNA FANSTEI ... 43
3.2.6.4 HYDMIAISALION ..ottt ree s 43
3.2.6.5 AUtOradiograpiy .......cooiiiiieie e 44

3.3 TranSIENT EXPreSSION BSSAYS ....cuveuverveterrirrerteaseaseetestestestesbesbesseeseeseetesbesbesbesbesbesseeseaneensennes 44
34 TN SIHCO ANAIYSES ...ttt 45
3.4.1 Sequence identification, polypeptide alignment, and phylogenetic analysis............... 45
3.4.2 Prediction of post-translational modification SitesS ...........cccccvrvevvereiiienieene e 46
3.5 StatiStiCal ANAIYSIS......cvieiiiee e 46



Chapter Four - Isolation of drought inducible wheat HD-Zip | TFs, gene regulation, and their

o] o I (g 1sTox ] o] (oo TS SR 47
o A 1 oo [0 Tod o] TSSO P TPV PSPPI 48
4.1.1 Genomic structure of HD-ZIP | gBNES ......ocvveiiiieiiee e 48
4.1.2 Transcriptional regulation of HD-Zip I y-clade genes and responsible cis-elements..48
4.1.3 The HD-Zip | CIS/Trans regUION .........ccocuiiiieiieiieiisesse e 49
4.1.4 AIMS OF the WOTK ..o e s 50
O (=T ] | PSPPSR 50
4.2.1 Isolation of drought inducible wheat HD-Zip I TFS........cooiiiiiieieiiceeeecee 50
4.2.2 Protein conservation and gene StIUCLUIE ..........ooeoiieiirinesieee e 51
4.2.3 Abiotic stress responses of TaHDZipl-3, TaHDZipl-4 and TaHDZipl-5 transcript
oY= L OSSPSR 52
4.2.4 Varietal differences exist in the expression characters of wheat y-clade HD-Zip | TFs
UNAer CYCHIC ArOUGNT ... e 57
4.2.5 Elements in the promoter regions of TdHDZipl-3 and TdHDZipl-4 that regulate gene
Y0 L VZ LA o] o PSSR 63
4.2.6 The function of wheat HD-Zip I y-clade proteins as transcription factors and
interaction with a putative CiS-ElEMENT...........ccovv i 67
4.2.7 Analysis of protein motifs in the carboxy terminal region of y-clade HD-Zip | TFs
involved in transcriptional aCtivation .............ccccooiiiiiie i 70
O S N o 1 AN 0110 ) SRS 70
4.2.7.2 Post-translational modifiCation ............cooviiriierriie e e 70
4.3 DISCUSSION ...ttt ettt bbbt s e st s e e bk e b e e be bt e b e e st e s et e b e et e s beebeabeereeneeneeneas 75
4.3.1 Isolation and expression of drought inducible y-clade HD-Zip TFs from T. aestivum.
.............................................................................................................................................. 75
4.3.2 Cis-regulation of the TAHDZIpI-4 PromOter..........ccccveiieiiiieiie e 77
4.3.3 Transcriptional activation by wheat HD-Zip I y-clade transcription factors and
possible post-translational regulation .............cocveiiiii e 77
4.3.4 TaHDZipl-3 as a negative regulator ...........ccccoveiieiiiiciicie e 80
Chapter Five — Understanding the role of TaHDZIpl-4..........ccoeoiiiiiiiiiiiee e 82
ST A [ o [V Tod £ o] 1RSSR OTRURURRRS 83
5.1.1 Spatial eXPressSion PAEEINS. ........civiiiieeiie it cie et nreesree s 83
5.1.2 Stem deVEIOPMENL........coiiiiei e 83
5.1.3 Lignin dePOSTTION ...cuveiiiiiiie ittt sttt sb bbb enreas 83
5.1.4 DIOUGNE TESPONSES. ... veueetieiieseesteesteastesteesbeaseesteesteaseesbeestesseesseesbeaseesseessesseesseesbesneasseas 85
5.1.5 AMS OF the WOTK ..o 85
5.2 RESUITS ...ttt bbbttt bbbt 87



5.2.1 Tissue specific regulation of wheat y-clade HD-Zip | transcript expression............... 87

5.2.2 The role of y-clade HD-Zip | TFs in wheat stem development............cccocceveiininnen. 87
5.2.2.1 Internode elongation and expression of y-clade HD-Zip | TFS ......ccccccvvvevivenenne. 87
5.2.2.2 Analysis of wheat constitutively over-expressing TaHDZipl-4.........ccccceovevenene. 90

5.2.3 The effect of y-clade HD-Zip | TFs on lignin biosynthesis...........cccooevveieiiieiecinennen, 90

5.2.4 Yield response of wheat expressing TaHDZipl-4 under regulation of the ZmRAB17

[S10] 14101 =T S TP UPPPPR 98

TR I B [T o1 5] o] USSP PRRP 104

5.3.1 Spatial expression patterns of y-clade HD-ZIp I TFS ......cccccveviiieiiiie e, 104

5.3.2 The role of y-clade HD-Zip | TFS in the Stem ........ccovvivieiieee e, 105

5.3.3 Investigation of the y-clade HD-Zip | TFs and their role in lignin deposition in anthers

............................................................................................................................................ 106
5.3.4 Utilising wheat y-clade HD-Zip | TFs in transgenic approaches to improve wheat
yield under water limited CONAITIONS ........c.cccveiiiiiiiiicie e 107

Chapter Six — General diSCUSSION..........ciieiieie e et se et ee s sre e areenne e 108
6.1 GENEIAl QISCUSSION ....ovveieieite ettt sttt bbb ne e e e 109
6.2 Using TFs to improve the crop drought reSPONSE.........cccvviieieerieiiese e, 109
6.3 The TF network in the plant molecular response to drought...........cccocooeiiiniiiiicienn, 110
6.3.1 Regulation of TF expression and fUNCLION............c.ccoiviiiiiiieiec e, 110
6.3.2 Defining cis elements and the promoters of target genes .........cccocevevereneniiieieennen, 111
6.3.3 TFs as negative regulators of tranSCription ...........cocoovreiieiiieiesc e, 111
6.3.4 Protein-protein interactions influence the specificity of DNA binding by TFs and
increase the complexity of transcriptional regulation..............ccoceiiieieniinc 112
6.4 Tailoring the molecular drought response NEtWOIK ...........c.cooiiiiiiiiieiese e, 113

6.4.1 Cultivar SpecifiCc drought reSPONSES .......ccceiveriiriierieiereeiee e 113
6.5 Progress in the use of biotechnology in Wheat ..., 114
G TG T o] o] [11S] o] o RS SS 114
N o] 1=] T | TSRS P T TR UROPRPRPTN 116
(=] 1] 0TSSR 119



List of figures and tables
Table 3.1: Primer pairs used in QPCR @analysiS .......ccccuviiiiiieeiiicieieee e, 32

Figure 3.1: Depiction of destination vectors and examples of final plasmid products for
TaHDZipl-3 and TaHDZipl-4 promoter deletion constructs and variant HD-Zip | cis-
element synthetic promoters, continued OVer Page.......ccccecveeeircieeeeecieee e 34

Table 3.2: Primers and DNA template used in PCR for generation of promoter deletions and

V701 g =l a Lol o] T g Yo X =T o ole] o 1y 4 ¥ Lot £ 37
Figure 4.1: Sequence conservation amongst HD-Zip | proteins.......ccccceevvvviiinnn, 53
Figure 4.2: Expression of TaHD-Zip | transcription factors in RAC875.........ccccveeeeecvveeeennen. 55

Table 4.1: Fold induction in expression of wheat y-clade HD-Zip | TFs in RAC875 treated
VT o 1 = TR 56

Table 4.2: Fold induction in expression of wheat y-clade HD-Zip | TFs in RAC875 exposed to

Table 4.3: Fold induction in expression of wheat y-clade HD-Zip | TFs in RAC875 enduring
Prolonged Water defiCit.....cceeiiiiieiiiieie e e e e e e e e e e e e 56

Table 4.4: Summary of the relative differences seen in three South Australian wheat
cultivars in response to water defiCit.......ccoccueeiieciiie e 59

Figure 4.3: Expression of wheat y-clade HD-Zip | TFs, LEA, and dehydrin genes in the flagleaf
of three wheat cultivars under cyclic drought ........ccooeiiiiiiiii e 61

Table 4.5: Fold induction in expression of wheat y-clade HD-Zip | TFs, LEA, and dehydrin
genes in the flagleaf of three wheat cultivars under cyclic drought.........ccccoccvieeennnen.n. 62

Figure 4.4: Initial trials to investigate activation of the TdHDZipI-3 and TdHDZipl-4
promoters by various treatMeNts ......cc.eiiiecieii i e 65

Figure 4.5: Activation of the TdHDZipl-4 promoter (proTdHDZipl-4) deletions by ABA
Treatment iN TranSIENT @SSAYS. .oovuuriiiiriri ittt srrrre e e e s s e s sirraeeee e s s e ssannees 66

Figure 4.6: Schematic representation of the artificial promoter and HD-Zip | binding site
(VL A= 01 £ Y 68

Figure 4.7: Wheat y-clade HD-Zip | TFs show differential activation of synthetic promoters
bearing variants of the HD-Zip | cis-element and responsiveness to ABA ............c.......... 69

Figure 4.8: MAFFT alignment of the C-terminal region of monocot y-clade homologues
showing predicted sites of post-translational regulation (continued over page)............ 71

Table 5.1: Reports of tissue specific @XPression ........cccocceeeeeecieeeeciiee e e 84

Figure 5.1: Expression of TaHDZipl-3, TaHDZipl-4 and TaHDZipl-5 in selected tissues of

Figure 5.2: Characterisation of stem growth in transgenic wheat over-expressing TaHDZipl-
4 under control of the ZmUbBi PromOter. ........cccueeeeiiiiieeciiee et e 91

Table 5.2: Phenotyping of transgenic wheat harbouring genomic integrations of the
ZmUbi:TaHDZipl-4 chimeric transgene gene under well-watered conditions................. 92

Figure 5.3: Analysis of barley cultivar Golden Promise transformed with 2x35S:HD-Zip |



Figure 5.4: QPCR of lignin biosynthesis genes in transgenic barley over-expressing y-clade
TAHDZIPIA ..ottt see sttt st ettt s e s e srt e s ste et e e steesteesbeesaaeenteenseenbeenneeees 96

Figure 5.6: Fresh weight (aerial portion) and grain yield of transgenic wheat under targeted
AV g g =T) 1 o [ [0 o [PPSRt 99

Table 5.3: Phenotyping of transgenic wheat grown under sustained well-watered, mild, and
severe Water reStriCtion ..o 100

Figure 5.7: Vegetative growth and grain yield of transgenic wheat under simulated cyclic

(o o TU = o | USSR 102
Table 5.4: Phenotyping of transgenic wheat grown under cyclic drought .............c.......... 103
Table Al: Genomic structure of HD-Zip | y-clade transcription factor genes. .................... 117

Vi



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 | (HD-Zip I) y-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 y-clade TFs pose good candidates for studying a part
of the drought response mechanism. To this end three wheat y-clade HD-Zip | TFs were
isolated, TaHDZipl-3, TaHDZipl-4 and TaHDZipl-5, and studies of their function were
performed.

Studies were performed to confirm the relationship of the isolated y-clade TFs with
homologues. The three wheat y-clade HD-Zip | TFs show patterns of induction by abiotic
stresses and interaction with the putative HD-Zip | cis element that suggests differences exist
between dicot and monocot homologues.

Transgenic wheat and barley plants constitutively over-expressing wheat y-clade HD-Zip |
TFs have been produced. Investigations were made to analyse any role of HD Zip | TFs in
stem development and the regulation of lignin deposition in anther development. Wheat
constitutively over-expressing TaHDZipl-4 displayed no differences in stem length contrary
to other reported observations made on vy-clade HD-Zip | 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 TaHDZipl-3, TaHDZipl-
4, and ZmHDZipl 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 y-clade HD-Zip | 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 y-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 y-clade HD-Zip | TFs in the

plant drought response remains elusive.
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