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Abstract

Epichloé festucae is an agronomically important seed-transmitted endophytic fungus
that grows symbiotically within the intercellular spaces of temperate grass species. This
fungus has previously been shown to undergo hyphal intercalary growth during host
leaf colonization, a highly unusual mechanism of division and extension in non-apical
compartments in vegetative hyphae, as an adaptation to colonise rapidly elongating host
cells in the developing leaf. However the exact mechanism that triggers intercalary
growth was not known. In this study I aimed to test the hypothesis that intercalary
growth is stimulated by mechanical stretch imposed by attachment of hyphae to
elongating host cells, and that this stress is sensed by mechano-sensors located on

hyphal membranes.

To test this hypothesis a novel technique was designed and optimised to stretch fungal
hyphae under in vitro conditions. Investigation of un-stretched hyphae showed that de
novo compartmentalization occurs in sub-apical compartments of E. festucae hyphae
according to a compartment length-dependent hierarchy. Subjecting these sub-apical
compartments to mechanical stretching showed that hyphal compartment lengths can be
increased while maintaining viability, provided that the stretch is within tolerable limits.
It further showed that the stretched compartments undergo de novo
compartmentalization (nuclear division and septation) similar to un-stretched hyphae

but at a significantly higher rate, fulfilling the basic requirements for intercalary growth.

E. festucae WscA and MidA, which are orthologues of a yeast cell wall stress and a
stretch-activated calcium channel protein respectively, were functionally characterized

in order to test the possible involvement of these mechano-sensors in intercalary



growth. Their roles in general hyphal apical growth, cell wall construction and integrity
maintenance during growth in culture were confirmed. The limited ability of AmidA
mutants to colonise developing leaves indicated a possible role in intercalary growth,
while AwscA mutants showed wild-type levels of host colonization. In future, the
AmidA and AwscA mutants will be subjected to mechanical stretch in vitro to further

understand their roles in mechano-sensing and intercalary growth.

Given the possible involvement of the stretch-activated calcium channel MidA in
intercalary growth, a successful technique was developed to study calcium signalling
and distribution in E. festucae using the genetically-encoded calcium sensor GCaMPS5.
Investigations revealed the presence of MidA-driven Ca?* pulses confined to the hyphal
tips with unique signatures of temporal and spatial dynamics generated by influx of
Ca®". The presence of active sub-apical Ca?" uptake systems were confirmed,
manifested as occasional Ca’>" pulses in sub-apical compartments that seemed to
increase in frequency with mechanical perturbation, indicating a potential crucial role in

mechanical stress-driven intercalary growth.

In conclusion a prospective model for intercalary growth in the leaf expansion zone is
proposed. Mechanical stretching of hyphae results in increased compartment lengths,
accompanied by compartmentalization in sub-apical compartments that allows hyphae
to extend along their length. Membrane distortion due to stretching activates MidA,
triggering a calcium signalling cascade to stimulate cell wall synthesis and other cellular

Processes.



Acknowledgements

I’'m incredibly grateful to my supervisors Dr Christine Voisey (AgResearch Ltd) and
Prof Rosie Bradshaw (Massey University) for the remarkable supervision provided
throughout my studies. Despite the very busy working schedules, both had time to
discuss matters at any time and the prompt attention given to issues greatly helped me to
conduct my studies smoothly. The immense academic knowledge and training I
received, I believe has shaped me to become an independent researcher. I also
appreciate them for being so patient and having faith in me despite the delays and
encouraging me during the writing period. I thank Prof Bradshaw for making me part of
her lab team, guiding and training me throughout and supporting me with all the
activities at Massey University. I’'m so grateful to Dr Voisey for assisting me in every
possible way not just in my academic work, but also in settling down and living in New
Zealand. Thank you for finding funds and encouraging me to participate in international

conferences and getting me an opportunity to present in a prestigious forum.

I acknowledge Prof Nick Read (University of Manchester, UK) and Prof Neil Gow for
the discussions, advice and support extended. Also I’'m grateful to Prof Nick Read for
kindly providing the vector pAM13-9-GCaMP5 (harbours the genetically-encoded
calcium sensor GCaMPS5) and Dr Alberto Muioz for training me on calcium imaging. [
acknowledge Prof. Kelly Craven's laboratory (Samuel Roberts Noble Foundation,
Oklahoma, USA) for providing the plasmid pYH2A for nuclear tagging. I thank Dr
Duane Harland for the support given by sugesting the fibre stretcher to stretch fungal
hyphae and working through various mechanisms. I also thank Steve Gebbie

(AgResearch engineering workshop, Lincoln) for making me the stretching cassettes.



I’m grateful to Dr Richard Johnson for accepting me into the team initially and advising
me on my research work. Also I’'m grateful to PFI team leader Dr Linda Johnson for
being so supportive and providing me with opportunities. I thank Mike Christenson for
sharing his expert knowledge, working along with me to help me understand the
endophyte fungi. My warm gratitude goes to Jaspreet Sing for being a great friend, my
lab companion and assisting me in so many ways. I’'m grateful to Dr Tash forester for
teaching me all the techniques, sharing experiences and always willing to help me to
conduct experiments. I also thank Dr Milan Gagic and Dr Stuart Card for advice,
sharing experiences and the discussions we had. Thank you also to Anouck de Bonth,
Wayne Simpson, Debbie Hudson and Kelly Dunstan for teaching me techniques and for
lab support. I acknowledge Dr John Koolard for providing statistical support, and
AgResearch support staff for the administrative help I received. I acknowledge the team
members of Prof Rosie Bradshaw’s lab members for discussing my results while
sharing their experiences and the staff at the Institute of Fundamental Sciences and the
Graduate Research School at Massey University for all the support. Further, I'm
grateful to all the present and past Heads along with the staff at the Department of Plant

Sciences, University of Colombo, for giving me study leave and supporting my studies.

I’m so grateful to my wife, Thriratni Ariyawansa, for shouldering the family
responsibilities and commitments for nearly 5 years while I was away in New Zealand.
Thank you for handling a huge workload on your own with the kids and giving me the
freedom to conduct my studies. Without her immense support, encouragement and
understanding this endeavour wouldn’t have been possible at all. To my kids, Lithum
and Ranuga Ariyawansa, thank you so much for being so patient until I finished the
thesis to go to school, play and to do so many other postponed activities together. I am

incredibly thankful to my parents for giving me everything and supporting me through



all my endeavours. I greatly appreciate my sister and her family and the parent-in-laws
for their huge support extended to my wife. Finally, I am grateful to the Marsden fund,
New Zealand, for funding my studies and the research project along with AgResaerch

Ltd for providing me this opportunity.



Table of Contents

5 N0 ] 1 7 T i
ACKNOWIEdZEMENLS ...uvinneiiiniiiiiiieiiiiiiieiiieiiieiiestetsessstossscsascsssscsnscnses iii
Table Of CONTENES ...vviiiiniiiiineiiiiieiiiiineieienetiosssrtosssstosssssossssscosssscssnssssnne vi
LiSt Of FiBUIeS c.vvinuiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietiitiietteiatcsescensscsnscnnnsoncs Xiv
List 0f tables ..cviiiiiiiieiiiiiiiiinnneitiieiiieneetceeesseenasssecesssssnssssccssssnnssssscsnnns XX
List of MOVIEe CLIPS t.vviiniiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietiietitieteeatctnscsnssonnccnns XX
ADDIevIAtionNS ..ooceeeeiiiiiiiienneetiieiiieennsetecessssnnsssscccssssnsssssscossssnssssscssssses XXi
1. INtroduction ......cciiiiiiiineeiiiieiiennneetecesssennsssscesssssnssssscossssnnsssscsssssnee 1

1.1 EPIChIO& fESTUCAE ... oo ittt e et e e e e e e e e et e e e e 2

| O N B 1 1 1 0 S T ) o O 3
1.1.2° Host colonization .............oiuiiuiiiiii e 4
1.2 Apical hyphal growth ... s 6
1.2.1 Mechanism of hyphal eXtension ...............cooveiiiiiiiiiiiiiiieie e, 7
1.3 Intercalary hyphal growth ........ ..o 9
1.3.1 E. festucae host colonization through hyphal intercalary growth ......... 9

1.3.2 Evidence to support hyphal intercalary growth in developing leaves ..... 10

1.3.3 Evidence of intercalary growth in other fungal species ..................... 13
1.3.4 Cellular processes associated with intercalary growth ...................... 15
1.3.4.1 Cell wall synthesis .........ccovviiiiiiii e, 15

0 B w0 Yo 4 (013 17
1.3.4.3 Role of the Spitzenkorper away from hyphal apex ..................... 18

1.3.5 Signalling mechanisms that may have a role in intercalary growth ....... 19
1.4 Sensing and signalling mechanical stress in E. festucae hyphae .................. 20

Vi



1.5 Calcium transporters and maintenance of calcium homeostasis in fungi ........ 21

1.5.1 Calcium transporters in the vacuole, Golgi apparatus and endoplasmic

TEHICUIUM .ot 22

1.5.2 Calcium uptake systems in the plasma membrane ........................... 23
1.5.2.1 Structural characteristics of Midl and Cchl proteins .................. 26
1.5.2.2 Functions of the Midl and Cchl complex ..................ooeieennt. 27
1.5.2.3 Other proteins in the calcium/calcineurin pathway ..................... 29

1.6 Cell wall integrity MAP kinase pathway ..............coooiiiiiiiiiiiiiiiin . 30
1.6.1 Role of the cell wall integrity MAP kinase pathway ........................ 30
1.6.2 The CWI MAP kinase pathway is highly conserved ........................ 32
1.6.3 Structure of Wsc and Mid2 proteins ............ccooeviiieiiiiiiiniinnnnne... 33
1.6.4 Function of Wsc and Mid2 proteins ...........cccevviiiiniiiiiiineinneann... 34
1.7 Hypotheses, aims and ObJECtIVES .......ovvuiiiniiiiieiiie et ie e eieeeeeenaans 37
2. Materials and Methods ......cccceeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieiecinecenees 39
2.1 Biological material/ Strains ............cooueiiiiiiiiei i 40
2.2 Media Preparation ........o.eeeeueeneeeeete et et e e e et e et e e e 43
2.2.1 Luria Bertani (LB) medium ............cooiiiiiiiiii e 44
2.2.2 Potato Dextrose (PD) medium ..............ccoiiiiiiiiiiii 44
2.2.3  Regeneration medium (RG) ..., 44
224 Walr QAT ...ttt e 44
2.2.5 Antibiotic SEIECHION .. .ottt 44
2.3 Growth CONAILIONS .....uneiitti e e 45
2.3.1 Escherichia Coli .........ooiii i 45
2.3.2 EPIChIOB fEStUCAE. .. ... 45

Vi



2.3.3 Loliumperenne L. ..o 46

2.3.3.1 Surface sterilization of seeds ..........c.cooviiiiiiiiiiiiiii 46
2.3.3.2 Seedling inoculation and plant growth conditions ..................... 46

2.4 DNA iso0lation and StOTAZE ........ovuieriintiitet et 47
2.4.1 Plasmid DNA 1S0lation........cocvuiitiiiiiiii i, 47

2.4.2 Isolation of high molecular weight genomic DNA from E. festucae ...... 47

2.4.3 Rapid isolation of genomic DNA from E. festucae .......................... 48
244 DNA StOTZE .. nveinitit e 48
2.5 DNA manipulation ...........oouiiiiiiiiii e 48
2.5.1 DNA quantification .............oouiiiiiiitiiiii i 48
2.5.2 DNA CONCENIIATION ..euutttenttttet et 49
2.5.3 Agarose gel electrophoresis .........ovuiiiiiiiiiii e 49
2.5.4 DNA recovery from agarose gels ...........cooeeiiiiiiiiiiiiiiiiiiien, 50
2.5.5 DNA SEQUENCING . .uuvientttenttette ettt e e e e e e e e aee e eneens 50
2.5.6 Restriction endonuclease digestion ............ccoveviiiiiiiiiiiiieiiiiainennn, 51
2.5.7 PCR amplification ............ooiiiiiiiiiiiii i 51
2.5.7.1 Standard PCR ... i 51
2.5.7.2 High fidelity PCR ... ... o 52
2.5.8  LAGALION ..ottt 55
2.6 Transformation ............o.oiuiieit i 56
2.6.1 E. coli transformation ..............cooieiiiiiiiiiii i 56
2.6.2 E. festucae protoplast preparation ...............c..ceeevevueniiiiiiiniiiininann. 56
2.6.3 Transformation of E. festucae protoplasts ................cooeeviiiiiiini.. 57
2.7 Plasmid CONSIIUCTION .....uiuttittetiitt ettt e ee e 59
2.7.1 Overview of the Gateway cloning system ................cccoeviiiiinenn... 59

viii



2.7.2  Construction of E. festucae gene replacement vectors ...................... 60

2.7.2.1 OVEIVIEW .ttt e e 60
2.7.2.2 Construction of midA replacement Vectors ...............oeeveeriiennnnnn. 60
2.7.2.3 Construction of WSCA replacement vectors ............ccevvvveeininnnnn... 61

2.7.3 E.festucae complementation vector construction to complement AmidA

and AWSCA ... 61

2.7.3.1 OVEIVIEW .etuttitie et e 61
2.7.3.2 Construction of midA complementation vector ....................o.euennn. 62
2.7.3.3 Construction of WSCA complementation vector ....................oeeueene. 62
2.7.4 E. festucae expression vector CONSIIUCION .........c.euvvueuineieinininnnn 63

2.7.4.1 Construction of the wscA:egfp expression vector with the native

00 80T < Pt 63

2.7.4.2 Construction of Ptef: wscA:egfp expression vector ........................ 64

2.8 Purification of E. festucae F11 transformants ..................cooovviiiiiniininnn. 65
2.9 Southern bIottiNg ......couiii e 65
2.10 Endophyte colonization in plants .............ccooiiiiiiiiiiiiiiiii e, 66
2.10.1 Endophyte detection in plants by tissue print immunoassay ............... 66
2.10.2 Endophyte detection in plants via aniline blue staining ..................... 67
2.11 Staining teChNIQUES ... ..ottt 68
2.11.1 Calcofluor White Staining ...........c.oouiiuiiiiiiniiiiiiiiit i eieaeanaes 68
2.11.2 FMA4-64 StAINING . ..ooveintit ettt e e 68
212 MICTOSCOPY v eneenteneetet et et et ettt ettt et e et et et e eaeas 68
2.12.1 Obtaining leaf and tiller tissue samples for microscopy ..................... 68
2.12.2 Light, DIC and florescence miCroSCOPY .....eeuuenreeneenneaneaneennenneanann. 69
2.12.3 Confocal laser scanning mMiCrOSCOPY ...uvvenrreenreeenreenieeanneenneenneennns 69



2.12.3.1 Calcium imaging using confocal laser scanning
10016310 1¢10) 0 ) A S 70
2.12.3.2 Visualising nuclear tagged hyphae using confocal laser
SCANNING MICTOCOPY -+ vventeentententeentanteaneaneeneeaneennns 70

2.12.3.3 Hyphal apical growth rate determination using confocal

1001 (6 (O 0] o) 71
2.13 Radial colony growth rate determination ................coevveiiiiiiiiiininn.. 71
2,14 SHALISTICS .ottt ettt et e e e 72
2.15 BIoinformatics .........oouiuiutit e 72

3. Characterisation of WscA of E. festucae and its role in intercalary growth ...74
3.1 Identification of the S. cerevisiae WscA gene orthologue in E. festucae ......... 75
3.2 Targeted deletion of the WsCA gene in E. festucae .......................o.ooeee. 78
3.3 Functional characterisation of the E. festucae wscA gene during growth in

CUITUTE « .ottt 82
3.3.1 Deletion of wsCA in E. festucae affects radial growth and morphology in
AXENIC CUTUTE ..o 82

3.3.2 Osmotic stabilization can rescue E. festucae AwscA phenotypes on the
PDA culture medium ............ooouiiiiiiiiii 87

3.3.3 E. festucae AwscA mutants are sensitive to cell wall perturbation agents 90
3.4 WscA localization in E. festucae hyphae .................cooooiiiiiiiiiiiiin, 92
3.5 Impact of wsCA deletion on colonization of plants by E. festucae ................ 96
3.5.1 Deletion of wscA does not influence E. festucae colonization of its host
(I o 1=T (=7 0 ) 96

3.5.2 Deletion of wsCA has no impact on the phenotype of the host ............ 101



3.0 DISCUSSION ..ottt 101

4. Characterisation of MidA of E. festucae and its role in intercalary growth..113
4.1 Identification of the S. cerevisiae midl orthologue in E. festucae ............... 114
4.2 Targeted deletion of the midA gene in E. festucae ............................ 118
4.3 Functional characterisation of the E. festucae midA gene during growth in

CULLUIE ... 122

4.3.1 Deletion of midA in E. festucae affects radial growth and morphology on

4.3.2 Osmotic stabilization can rescue E. festucae AmidA phenotypes on the
PDA culture medium ............ooiiiiiiii e 128
4.3.3 Influence of calcium supplementation on the phenotype of E. festucae
AMIAA TN CUTUTE L.ooeit e 130

434 E. festucae AmidA mutants are sensitive to cell wall perturbation

4.4 Deletion of midA in E. festucae restricts hyphal entry into the host intercalary

GIOWEh ZONE ..o 138
4.4.1 AmMIdA host cOlONIZAtioN .........ccovvuiiiiiiii e, 138
4.4.2 Deletion of midA has no impact on the phenotype of the host ............ 144

4.5 Calcium distribution in E. festucae hyphae and the role of MidA in calcium

4.5.1 Calcium pulses in apical compartments of E. festucae during growth in

AXENIC CUILTUTE .ottt e e e e 146

4.5.2 Deletion of midA in E. festucae effects dynamics of Ca*>" pulses ........ 151

xi



453 Ca® pulses occur in intercalary compartments in E.festucae WT and

AMIAARYPRAC ... 156

4.5.4 Ca* pulses in E. festucae are due to influx of exogenous Ca>" ......... 158
4.5.5 Intensely-labelled calcium foci visible at hyphal tips ..................... 160

4.6 DISCUSSION ...ttt ettt e ettt ettt 162

5. Intercalary growth in E. festucae hyphae ........cccocvviiiiiiiiiiiiiiiiiiniinnne. 176

5.1 Evidence of intercalary growth in sub-apical compartments of E. festucae

5.1.1 Nuclear division and septation occurs in sub-apical compartments of
E. festucae hyphae ...........ooiiiiiiii 177

5.1.2  Sub-apical compartment division occurs according to a compartment
length-dependent hierarchy ... 181
5.2 Nuclear shape differs in different plant regions ...................coeiviiin... 185
5.3 Can mechanical stretching trigger intercalary growth in E. festucae hyphae?.188

5.3.1 Optimization of a technique to mechanically stretch fungal hyphae under

INVITrO CONdItioNS ... ..ovivinitieit et 189

TN 0 0 0 I s T ¢ 15 189
5.3.1.2 Selection of a suitable membrane ...................coco 190
5.3.1.3 Selection of a suitable nutrient medium .................cooiii 190
5.3.1.4 Stretching hyphae ... 192
5.3.2  Stretching E. festucae hyphae inVitro ..................ocociiiiiiiin 197

5.3.3 Applied mechanical stretch can increase the length of hyphal

COMPATTINEIIES . . .o et ette e ettt ettt e et e et e e et e et e e e e e eaeeennaaas 198

xii



5.4 Mechanical stretching applied in intervals can increase overall length of hyphae
while maintaining viability ..............oooiiiiiiiiii 203

5.5 E. festucae hyphae increase the rate of compartmentalization as a response to

sub-apical compartment elongation caused by mechanical stretching ......... 213

5.6 A possible role for calcium in sensing mechanical stress in E. festucae? ......216
5.6.1 Mechanical disturbance of E. festucae in vitro induces Ca** pulses ...... 216
5.7 DISCUSSION . ..euetettte et e 218

. Summery, conclusions and future Work .......c.ccceveiiiiiiiiiiiiiiiiiiiiiiinnnn 232

6.1 Stimulation of intercalary growth in E. festucae through mechanical stress ...233

6.2 Putative sensors of mechanical stress in E. festucae .........coovvvevvvvvennnnnnn. 236
6.3 General CONCIUSION ... .ttt e e, 242
B 23 ) ) 1 L1 244
e APPENAICES .uviiiinniiiiinniiiiinriiiinsietestissssstosessssssssssosssssosssssssssnsssssns 260
8.1 Appendix 1: Buffers used in this study .............ccooiiiiiiiiiiiiiiii 260

8.2 Appendix 2: PCR and restriction enzyme reaction mixtures and conditions .. 262
8.3 Appendix 3: Plasmid VECTOr MaPS .....vvuviiniiiiitii i eie e eieeaans 263

8.4 Appendix 4: MidA and WSsCA protein SEqUENCESs .........couveereeereenneennnnn. 272

xiii



List of figures

Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 1.4:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Growth zones and hyphal distribution of E. festucae in L. perenne.........6

A diagrammatic representation of intercalary growth in E. featucae hyphae
in the host (L. perenne) elongation zone. ..............coevviviiiieinnennnnnnn. 13
Diagram showing the involvement of fungal calcium transporters in
maintenance of calcium homeostasis and calcium signalling. .............. 25

Diagram showing the main components and signal transduction of the Cell

Wall Integrity (CWI) MAP kinase pathway of S. cerevisiae. ............... 32
Multiple sequence alignment between Midl of S.cerevisiae and
orthologues of E. festucae, N. crassa and A. fumigatus. ..................... 77
PCR screening to identify E. festucae wscA gene replacement mutants....79
Southern blot analysis to confirm the WSCA replacement locus in putative
WSCA replacement mutants. .............ooevveiiiiiiiiiiiiiiiieieiaeeaenn. 81
Comparison of E. festucae WT and AwscA radial growth rates in culture on
the PDA mMedium. ......oouiiiiiii 83
Aberrant colony morphology in E. festucae AWSCA mutants. ............... 84
Cell wall aberrations in E. festucae AWSCA mutants. ......................... 86
Effect of sorbitol concentration on the growth rate, colony morphology and
hyphal morphology of E .festucae WT and AwWSCA mutants. ................ 89
Sorbitol mitigation of defects in radial growth rate and colony morphology
caused by Calcofluor White in E. festucae WT and AwSCA mutants. ...... 91
Subcellular localization of WscA fused to EGFP. ............................ 95

Figure 3.10: Perennial ryegrass leaf sheath showing sub-cellular localization of WscA-

EGFP in hyphae growing inplanta. .........................c, 96

Xiv



Figure 3.11: Comparison of hyphal colonization in L. perenne tillers infected with
E. festucae WT and wscA deletion mutants expressing EGFP. ............ 100

Figure 4.1: Multiple sequence alignment between Midl of S.cerevisiae and
orthologues of E. festucae, C. purpurea, N. crassa and G. zeae. ......... .117

Figure 4.2: PCR screening to identify E. festucae midA gene replacement mutants...119
Figure 4.3: Southern blot analysis to confirm midA replacement and absence of ectopic
integration in putative E. festucae midA replacement mutants. ............ 121

Figure 4.4: A comparison of the colony radial growth rate and colony morphology of
E. festucae AmidA with the wild-type. ..........cccoviiiiiiiiiiiiin. 124

Figure 4.5: Hyphal tip damage in E. festucae AmidA in culture. ........................ 125
Figure 4.6: Comparison of the hyphal morphology of E. festucae AmidA mutant with
the WT & complemented strain cultured on PDA. ......................... 127

Figure 4.7: Effect of sorbitol concentration on growth rate, colony morphology and
hyphal morphology of E. festucae WT and AmidA. ........................ 129

Figure 4.8: Analysis of E. festucae WT and AmidA radial growth rate and colony
morphology on PDA with elevated Ca?" or EGTA. ....................... 133

Figure 4.9: Analysis of hyphal morphology of E. festucae WT and AmidA on PDA
supplemented with different [Ca*]. ...........coooiiiiiiiiiiiiiiin 134

Figure 4.10: Analysis of radial growth rate and colony morphology of E. festucae WT
and AmidA on PDA in the presence of CW and CR. ...................... 137

Figure 4.11: Comparison of hyphal colonization in L. perenne tillers infected with WT
and midA deletion mutants expressing EGFP. ....................c.o 142

Figure 4.12: Comparison of hyphal colonization in the meristem and the developing

leaves by WT and AmidA expressing EGFP. ...................ooeeee. 143

XV



Figure 4.13: Transverse section from a pseudostem of a single tiller infected with
AmidA showing distribution of hyphae along the length of the leaves...143
Figure 4.14: The effect of AmidA colonisation on morphology of L. perenne host
PLANES. .t 144
Figure 4.15: Temporal Ca?" dynamics in E. festucae WT hyphal tips expressing calcium
sensor GCaMPS5. ..o 149
Figure 4.16: Analysis of spatial distribution of Ca*" at the E. festucae WT hyphal tip
expressing the GCaMP5 calcium Sensor. ...........cooevviiiiiiiinninnnnn 150
Figure 4.17: Temporal Ca*" dynamics in E. festucae AmidA hyphal tips expressing
calcium sensor GCaMP5. ... ..o, 153
Figure 4.18: Spatial distribution of Ca?’ at the hyphal tip of E.festucae AmidA
expressing the GCaMPS5 calcium sensor. ..........ooevviiiiiiiiiiiiniannnn, 154
Figure 4.19: Ca’>" pulses in E.festucae AmidA complemented strains expressing
calcium sensor GCaMP5. ... ... 155
Figure 4.20: Ca’>" pulses in an intercalary compartment and in a sub-apical region of
E. festucae hyphae. ............coiiiiiiiiii 157
Figure 4.21: Effect of elevated or depleted exogenous calcium on Ca’' pulses in
E. festucae WT hyphal tips expressing GCaMP5. .......................... 159
Figure 4.22: Fluorescent foci in E. festucae hyphal tips expressing the GCaMP5
CAlCTUM SEMSOT. ..o\ttt 161
Figure 5.1: Phase contrast and florescence images of CW-stained and nuclear-labelled
apical and sub-apical compartments of E. festucae WT hyphae. ......... 178
Figure 5.2: Positions of nuclei relative to cell walls and septa in sub-apical

compartments of nuclear-tagged E. festucae hyphae. ...................... 179

XVi



Figure 5.3: Comparison of compartment lengths and longitudinal nuclear lengths along
WT E. festucae hyphae. ...........coooiiiiiiiiiiiiie e, 181
Figure 5.4: Fluorescence images of a nuclear-tagged E. festucae WT hyphal segment
showing compartmentalization in sub-apical compartments. ............... 183
Figure 5.5: Analysis of compartmentalization in sub-apical compartments of nuclear
tagged E. festucae hyphae. ............ccoooiiiiiiiiiii e, 184

Figure 5.6: E. festucae nuclear shape variation in different tissues of a developing
LAt 187

Figure 5.7: Calculation of E. festucae longitudinal nuclear lengths in different growth
zones of the developing leaf. ................ 188

Figure 5.8: Diagrammatic representation showing the arrangement of components used
to grow E. festucae hyphae on amino-coated silicon membranes. ........ 191

Figure 5.9: Selection of the best medium to grow hyphae on amino-coated silicon
0013001 0] 2 4 L] P 192

Figure 5.10: The apparatus used to stretch E. festucae hyphae under in vitro
CONAILIONS. ...ttt e 194

Figure 5.11: Fibre stretcher used to stretch fungal hyphae growing on a silicon
MEMDIANE. ...ttt e 196

Figure 5.12: Effects of excessive stretching on hyphal integrity. ........................ 198
Figure 5.13: Effect of mechanical stretching on compartment lengths in E. festucae
hyphae. ..o, 201

Figure 5.14: Effect of mechanical stretching on the integrity of plasma membranes in
nuclear tagged E. festucae hyphae. ................cooooiiiii, 203

Figure 5.15: Mitosis and septation in sub-apical compartments of un-stretched and

stretched hyphae. ... 208

XVii



Figure 5.16: Change in length of each sub-apical compartment (2™ to the 11™) in
stretched and un-stretched E. festucae hyphae. ............................ 212
Figure 5.17: Septation (new compartment formation) rate in sub-apical compartments
of stretched and un-stretched hyphae. ......................., 215
Figure 5.18: Diagrammatic representation showing the arrangement of components
used to grow E. festucae hyphae on amino-coated silicon membranes...217
Figure 5.19: A model showing compartment length-dependent nuclear division and
septation in sub-apical compartments of E. festucae hyphae. ............ 222
Figure 5.20: A sketch of the proposed model for mechanical stretch induced intercalary
growth in sub-apical compartments of E. festucae hyphae. .............. 227
Figure 5.21: A representative sketch comparing nuclear division and septation at 4 time
points between an un-stretched hypha and a stretched hypha. ............ 228
Figure 8.1: Donor vectors pDONR-SML and pDONR-SMR (Invitrogen™)

used to construct gene replacement VeCtors. ...........ooeviiiiiiiiininnn. 263

Figure 8.2: Replacement vectors for midA harbouring the 5' flank pSAM1 and 3'

flank PSAM 2 .« .o 264

Figure 8.3: Replacement vectors for WSCA harbouring the 5' flank pSAM3 and 3'

flank pSAMA .« oo 265
Figure 8.4: Vector plI99 used for complementation vector construction. ............. 266
Figure 8.5: Vector pSAMS for AmidA complementation. .................cccevnennnn.. 266
Figure 8.6: Vector pSAM6 for AWSCA complementation. .............c.cevevieiuennne. 267

Figure 8.7: Donor vector pDONR/Zeo (Invitrogen™) used for wscA:egfp expression

VECEOT CONSITUCTION. .ottt ettt ettt 267

XViii



Figure 8.8: Entry vector pSAM?7 harbouring WSCA with native promoter. ............ 268

Figure 8.9: Destination vector pFPLGh wused for wscA:egfp expression vector

CONSITUCTION. .ttt ettt 268

Figure 8.10: Expression vector pSAMS8 with WSCA:egfp.......coev e ie e ... 269

Figure 8.11: Donor vector pDONR221 used for Ptef:wscA:egfp expression vector

CONSEIUCTION. ..ttt ettt ettt e e et et et e e eaaens 269
Figure 8.12: Entry vector pSAM7 harbouring WSCA...........ccviiiiiiiiiiininien. 270
Figure 8.13: Entry vector pPDONR-TEF harbouring tef2 promoter. ..................... 270
Figure 8.14: Entry vector pPDONR-EGFP harbouring egfp...................oooiinen. 271
Figure 8.15: Expression vector pSAM10 harbouring Ptef:wscA:egfp.................... 271

XiX



List of Tables

Table 2.1:

Table 2.2:

Table 2.3:

Table 5.1:

Table 5.2:

Table 5.3:

Organisms and Plasmids used in this study.................c.ocon. 41
Antibiotic concentrations used for transformant selection .................. 45
Primers used in this study ... 52
A representative table showing the division of sub-apical compartments with
time in a hypha from 2" to the 11" compartment growing on PDA. ...... 184
Compartment length and compartmentalization in sub-apical compartments

of un-stretched and stretched E. festucae hyphae. ............................ 210

Sample calculation of the number of new sub-apical compartments formed

per 100 um of hyphae within a period of 9 h. .....................oai 214

List of movie clips (in annexed CD)

1. E.festucae AmidA hyphal tip lysis

2. Calcium imaging in E. festucae

3. Calcium imaging in E. festucae AmidA

4. Calcium imaging in E. festucae AmidA complemented

5. Calcium imaging in sub-apical regions of E. festucae hyphae

6. Calcium imaging in E. festucae hyphae in EGTA

7. Calcium foci in E. festucae hyphal tips

8. Calcium pulses when disturbed

XX



Abbreviations

aa
Amp
ATP
BAPTA

BLAST

BS
CaM
Chlo®?
cm
CR
CwW
CWI
DIC
DIG
DNA
dNTP
E value

EGFP

Amino acid

Ampicillin resistant

Adenosine triphosphate
1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
Basic Local Alignment Search Tool
Base pair(s)

Blocking solution

Calmodulin

chloramphenicol resistant
Centimeter

Congo red

Calcofluor White

Cell wall integrity

Differential interference contrast
Digoxigenin

Deoxyribonucleic acid
Deoxynucleotide triphosphates
Expect value

Enhanced Green Fluorescent Protein

XXi



EGTA

ER

fmole

FRET

GECI
Gen®
GS

GTP

HACS
Hyg
Kb
Kan®
L.S
LACS
LB

LBA

M

m/s
MAPK
MAPKK

MAPKKK

Ethylene glycol-bis(2aminoethylether)-N,N,N’,N'-tetraacetic acid
Endoplasmic reticulum
Femtomole

Forster resonance energy transfer
Gram

Genetically encoded calcium indicator
Geniticin resistant

1,3-B-glucan synthase complex
Guanosine triphosphate

Hour(s)

High affinity calcium system
Hygromycin resistant

Kilobase(s)

Kanamycin resistant

Longitudinal section

Low-affinity calcium system
Luria-Bertani

Luria-Bertani agar

Molar

Meters per second

Mitogen-activated protein kinases
Mitogen-activated protein kinase kinase

Mitogen-activated protein kinase kinase kinase

XXii



mg

min

mM

NCBI

NCM

ng

nM

nm

°C

ORF

PCR

PDA

PDB

PEG

PKC

rcf

RE

RG

RT

SAM

Milligram

Minutes

Millimeter

Millimole

National Center for Biotechnology Information
Nitrocellulose membrane
Nanograms

Nanomole

Nanometers

Degrees Celsius

Open reading frame
Polymerase chain reaction
Potato dextrose agar
Potato dextrose broth
Polyethylene glycol
Protein kinase C

Relative centrifugal force
Restriction enzyme
Regeneration
Revolutions per minute
Room temperature
Seconds

Shoot apical meristem

XXiii



SD Standard deviation

SDS Sodium dodecyl sulphate

SNARE N-ethylmaleimide-sensitive factor attachment protein receptors
Sorb Sorbitol

T.S Transverse section

TAE Tris-acetate-EDTA

tBLASTn Translated nucleotide database search using a protein query
TEF Translation elongation factor

U Unit

USA United States of America

v/iv Volume/volume ratio

w/v Weight/volume ratio

WT Wild type

YFP Yellow fluorescent Protein

YH2A Histone protein HH2A fused to yellow fluorescent protein
[Ca®]c Cytoplasmic calcium concentration

ng Microgram

uL Microliters

pum Micrometer

uM Micromolar

XXiV





