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Abstract

Rice, as a major staple crop, is one of the most important targets for plant breeaters
attempt to secure enough food for a growing world population. Producing nutrient efficient
crops has become essential not only to attempt securing enough food for the growing
population, but also to eliminate environmental consequences of usitigeestiNitrogen

(N), phosphorus (P) and potassium (K) are major macronutrients that are rate limiting for
plant growth and crop productivity. The aims of this project were to explore the genetic
diversity of rice to identify genotypes with high efficienapder N, P and K deficient
conditions, to identify chromosomal loci linked to NPK use efficiency using Genome Wide
Association Studies (GWAS), and to manipulate a proton pump using CRISPR/Cas9
system with the aim of improving mycorrhigd@pendent nutrieniptake. Biomass and
elemental analyses revealed considerable variations among 294 rice genotypes, and a subset
of genotypes was identified that were relatively tolerant to NPK nutrient limitation. GWAS
study revealed novel and previously known QTLs antkegeawvith potential importance to

the use efficiency of N, P and K. Alongside with N and K transporters and regulatory
proteins, unexpectedly several genes involved in Na transport were identified as candidates.
The CRISPR/Cas9 system was successfully egpth manipulate several candidate genes
identified from GWAS, in addition to the rice'tATPase (OsHAL). Overall, the findings

from this study can be used as a basis to conduct similar studies in other crops, which can

all contribute to improve crop prodiion, sustainable agriculture and food security.



Table of Contents

Abstractée é é e éé . éeéééeéeééecééeecé. ...........eé..

TableofConterisé é e é e é e ééeéeééeééeeéeéeeéeéeé.

Listof Tablest e é 6 ééééeéeé. ée...eééé... eéece....
Listof Figurese é e é é e éeééeééeecéééeééeée ée

Listof Appendicese . . . ééeééecééeééeéécéecéeéécééee
Acknowledgment® é é e ééééeéeééeéeeéeééeeéeé. .. eé
Declarationé é é é e é e ééeééeéeéeéeeéeéeeceecéecée

Chapter 1: Introduction

1.1 Crop production and food secuétye ¢ € € é 6 € é éé e éééééé.
1.2 Plant requirements for mineral nutrieiité € ¢ é é € é é é é € é é é é .

é
1.2.1 Importance of nitrogen, phosphorus and potassium for glahnté
1.2.2 Interactions between N, P,&hd other nutrienésé é é é é é
1.2.3 Uptake and distribution of N, P, Kiin plaéte é é é é
1.2.3.1 Nitrogen uptake and distributiéné é e é ¢ e é e é ééé e ééeéé.

1.2.3.2 Phosphorous uptake and distributiogé é € ¢ € € 6 € é € é e € € é é
1.2.3.3 Potassium uptake and distributéoié ¢ € € ¢ 6 6 6 6 é 6 e € é é éé
1.3 Nutrient deficiency and the use of fertilizéré é ¢ ¢ é 6 6 ¢ é é é é é . .
131 The use of NPK fertilizers in the

1.4 The role of mycorrhizal symbiosisinnutriemtc qui si ti onéééé

15 Nutrient use efficiencyéééééééeéeéé
1.6 Approaches to improve crop yields
161 Transgenic approaches to i mprove

1.7 Importance of rice andriceasamoddl choi ceééééééééc¢
18 Aimséééécécéécéeééecéécééecéeéécéecté
Chapter 2: Characterisation of rice cultivars under Nitrogen, Potassium and
Phosphorus deficiency

2.1 I ntroductionéééééeéeéeceéeéeéeéeéeeecée
2.2 Materialsandnet hods éééééééeéécééeéeééeééeéeéc
221 Growth conditions and biomass ana
2211Yoshida medium preparationééééééé
2212Testing growth reductions for a s
222 El emental analysiséééééécéééeééeécécé
2.2.3 Testing the response of rice genotypes to single and multiple element

deficienciesééeéeéecééeéecééecéeéeéeceécecécx
224 Statistical Analysesééeéécéecéécééce
2.3 Resultséééeéeeéeéeéceéeéeéeeceecéeéeccetéd
231 Morphol ogi cal di fferences between
232 Growth and biomass analysiséééééé

2.3.2.1 Genotypic variation on sypopulation level in rice undeoW NPK based on
growth parameterseéeééeécéeéeéecécéceécecéc:
2.3.2.2 Differences in growth reductions for a subset of accessmns under Iow NPK
conditionéééeééeéééecééecéeéécé
233 El ement al anal ysi sééééeéé
2331Shoot concentration of e
2332Shoot and root el ement <c
2333Di fferences in nutrient use eff
2.3.3.4 Genotypic variation on sypopulation level in rice under low NPK based on
ti ssue el ement concentrationéééeéééeécéq

D~
(¢
[}
[0}
[0}
. D
[0}
[}

- o

hRro~N~owN

16
16
17
17
19
19
21
23
25
26
27
28
29
30
31
32

33
35
35
37
37
38

41
42
42
42
43

46

48
50
50
53
55

57



2.3.4 Correlation between phenotypes of plants grown in low and adequate NPK

supplyééeéeéeeceeéeéeecéeeceéeéecéeéeéecede 59
2341Growth parameterséééééceécééceéeéeeée 59
2342Shoot el ement concentrationsééééeé 61
2343Growth and shoot ion concentratio 62
2.3.4.4 Correlation between RGRRED and ion concentrationsnuab s et o f 62
235 Response of rice genotypes to sin 63
2351Rel ati ve growth rateééeééecéeééecéée 65
2352RGR reductionéeééeéeééeeéeéeéeéeéeée 66

2.3.5.3 Comparison betweentoletan and sensitive | ines 67
24 Di scussionééeéécecééecécéécéeééeéeecée 68
241 Morphol ogi cal di fferences between 68

2.4.2 Correlation between phenotypes of plants grown in low and adeyBRate
supplyéééééeéécééecéeééecéecéeééeceéecéeéce 69
243 Root architecture modifications i 71
244 Nutrient accumulation in tissues 72
2.4.5 lon analysis and interactdnet ween nutrientséeéeééée 73
Chapter 3: Genetic diversity of rice under low nitrogen, phosphorus and potassiun

3.1 I ntroductionéééééécééeééecééecéeecéeéée 75
311 Transcriptomics studiesééeéééeééeééeé 75
3.1.2 Quantitative TraitLoi ( QTL) mappingééééééecééé 76
3.13 Genomewi de association studiesééeéeéeéc 77
3.1. 4 Genome editing using CRI SPI 78
315 Rice diversity panel éééééeéécééeéeéeé 79
3.2 Materialsandnet hods ééééeéééeééeéecéecééecééeeéeéec 80
321 Phenotypic dataéééééecééecéeéécéeéeecée 80
322 Genome Wide Association Studieséé 80
323 Quantitative trait | oci and candi 81
3.2.4 Evaluationoft andi date genes using mutati 82
3241Using |l oss of function (knockout) 82
3242Phenotypic characterisation of pu 83
3.2.4.3 Generating loss of function mutation usi@dR | SPR/ Cas 9ééééé 83
325 Assembly of CRISPR/ Cas9 construct 83

3.251Level 1 constructsééééééééééeéeéeéeéee 84
3.252Level M constructsééééééééééeéeéeéeéeeée 85
3.253Ricet ransformati onéééééeécééeéééeeeééeée 85
3254l denti fication of mutations in TO 85

3.3 Resultséééeééeéécéécéeééecéecéeééecée 86
331 GWAS on growth and ion content pa 86
3.3.1.1Relativegrowtlr at e ( RGR) ééééeééeéecéeééeéeééeéce¢ 89

332 Quantitative trait | oci l inked to 9%
333 Genes within Quantitative Trait L 95
333.1General <classification of geneséé 95

3332SNPs associated with traits and w 9
3.3.33Novel candi date genes with potent 98
334 Evaluation of candidate genes wusi 100
3.35 Evaluationofc andi date genes using CRISPI 104
3351Ri ce transformationéééééeéécééecéeé 108
3352l dentifying mutations in the TO p 108

,,,,,,,,,,,,,,,,,,,,,,,

3.4 Di scussionéééééécééeeéeéeeecéeeeéeeeéeeée 115



Chapter 4: Towards improving mycorrhiza-dependent nutrient uptake by
engineering the rice H+ATPase (OsHAL)

4.1 I ntroductionééééeéeééeeéeéeecéeéeée 118
4.2 Materials and methodsééééeééeecéeéeée 123
421 I nocul ati on assayséeéeéééeécéeééeeéeéée 123
4.3 Resultséééééeééecééecéecééecéeceéeéecée 124
431 Construct assembly using Golden G 124
432 Il denti fying indel mutations in th 126
433 Protein truncationseéeééééeéeéeéeéeé 134
4.4 Di scussionéeéeééecéécéecécééeeéeeéeéeée 136
Chapter 5: General Discussiog € é e € 6 ¢ é e é e éééeééeéeéeééeé 138
Appendix¢ . . . é. . . é. .. €é. .. ¢é. é e e 143
Abbreviationsé . . . é. . .é.. ... .é...¢é...€e...€é.. 203
Reference¢ . . . é. . . é. . .€é...€é...¢é...¢6. €. 206



List of Tables

Table 2. 1Rice diversity population used in this study andrtbhmber of accessions in eac 36
subpopul ation of riceéééééécééééeéeéceééééé
Table 2. 2: Components and concentrations of elements in 1 NPK Yoshida medium us
hydroponicsééééeéécéeéécééecéeecéeééecéeeée 37
Table 2. 3: Summary of thgpes of phenotypic data collected from growth and elements
analysis. Abbreviations are as follows: CT for control treatment (1 NPK), LT for low
treatment (0.1 NPK)ééeééeéeééecéeecéeeéeé 39
Table 2. 4: List of candidate tolerantand senstiven ot ypes basedéon 49
Table 3. 1: Summary of GWAS results of all phenotypic traits under 0.1 NPK

conditionéééééeéécéeéécééecéecéecééeceeads 87
Table 3.2: Summary of the candidate genes identified in the QTL in chromosome 4
associatedwWitRGRé é 6 é 6 éé e éééééecéécééecéeééecééeé. 93

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

...... 97
Table 3.4: Summary of HKT1; 4 and HKT1; 1+HKT 114

Table 4. 1: Summary of OsHA1 mutants in TO generation. Number of plants generatec
each construct, mutations in each t ar.g 133



List of Figures

Figure 1. 1Thegenes encoding NH4&nd NO3transporters in different plant cell

,,,,,,,

,,,,,

plant cell compartments includ): root, xylemp hl oem, shoot éeéeé
Figure 1. 3Thegenes encoding potassiumKransporters in different plant cell

,,,,,,,,,,
,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2. 3: Means for: A) &ative growth rateB) Reduction in relative growth rate for
eachricesupopul ati on under 0.1 NPK c oénédéét i
Figure 2. 4: Average reduction in growth rategollerant lines was smaller tharr fo

sensitive lines under 0.1 NPKééeéeéeéée
Figure 2. 5: Shoot concentration of elements based on dry weight in 0.1 NPK plants

,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,

,,,,,

,,,,,

Figure 2. 11: Correlation nréx betweengrowt par amet er s. € é é é.é
Figure 2. 12: Relative growth rates of the same accessions in different conditions: cc

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure2.14Di f f er ences in plant sizes in re
Figure 2. 15: Average RGR of plants under varying NPK treatments. Mean + SE (n =
Figure 2. 16: Percentage grfowth reduction of plants under varying NPK treatments.
Mean N SE (n = 42)éééeééecééeccéecéécéée
Figure 3. 1: A) Genomwide Rvalues from the mixed model method based on relativ:
growth rate in 0.1 NPK plantséécééééce
Figure 3. 2: A) Chromosomal view showing the peak in chromosome 4 identified fror
RGR in 0.1 NPK plantsééeéeééecééeecéecécecté
Figure 3. 3: Summary of QTLs identified in this study. SNP positions are shown usin
trianglestothe leftofgryar s whi ch represent rice
Figure 3. 4: Summary of overrepresent
Figure 3.5: PCR product after amplification with OsHKT1;1 BanR pr i mer s
Figure 3. 6: Average fresh vgdit of HKT1;1 mutant plants was smaller than Nipponba
pl ants under 1 NPK and 0.1 NPK condi't
Figure 3. 7: Relative growth rates of mutant plants were lower than Nipponbare plan

under1NPKandO.1NPKondi ti onsééééééeéeéeéeéeéeée
Figure 3. 8: RGR reduction shows no d

21

23

&

&

47

49

51

51

53

54

56

58
60

61
64
65
67
68
91
92
95
96
102

103

104



Figure 3. 9: Graphical overview illustrating the exotron structure of A) HKT1;4, B)

HKT1; 1ééééécéééeéééecéeééecééeééeeééeééeéeéee 16

Figure 3. 10: (A) PCR products after 106
Figure 3. 11: Diagnostic restriction 106
Figure 3. 12: Map of | evel M construc 107
Figure3 . 13: Rice transformation and pr o108
Figure 3. 14: PCR products for constr 109
Figure 3 15: Mut ations in thelst tar 110

Figure 3. 16: PCR products for construct HKT1;1 and HKT1;4 using : A) HKT1;1 prin
B) HKT1; 4 primersééeéécéeééecéecéeééeecé 111
Figure 3. 17: Mutations in TO generation of HKT1;1 gene simultaneously targeted wi

(Fuglsangetal2 01 1) eeeééeeceeéééeececeeéeeceeééeeeceé¢ll

the OsHA1 gene encoding thet€minus of the proteiéd é é € é é é é €6 é e é é . . 124
Figure 4.3: (A) PCR products after scaffoldampli cat i on at expeclil
Figure 4.4: Diagnostic restriction di 125
Figure 4.5: PCR products for construc 126
Figure 4.6: PCR products for construct:@s HA1 ( 94) ; B) OsHA1( 127
Figure 4. 7: Mut ations at the 1st targ 128
Figure 4.8: Mutations at the 2nd targ 129
Figure 4.9: Mutationsinth TO gener ation of HA1(94) ¢130
Figure 4. 10: Mut ations in TO generat 131
Figure 4. 11: Mut ations in TO generat 132
Figure 4. 12: @erminal truncations expected in the differemt t ant | i nes € 135



List of Appendices

Supplementary Figure 2. 1: Average final dry weight distribution among 294 acces:
Supplementary Figure 2. 2: (A) Average relative growth degibution was
significantly different in 1 and 0.1 NPK conditions (ttailed ttest; P < 0.08 é é é .
Supplementary Figure 2. 3: Average reduction in growth rates in tolerant lines was
significantly smaller than sensitive lines under 0.01 NPK cand{fTwo-tailed ttest, P

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,

Supplementary Figure 2. 6: Means under control condition for: A) P concentration «
DW basis; B) P concentration on FW basis; C) P use efficiency for each rice sub
Supplementary Figure 2. Torrelation matrix summarising relationships between
element concentrations on dry weight basis under 1 NPK and 0.1 NPK cofditién.
Supplementary Figure 2. 8: Correlation matrix summarising relationships between
concentrations on fresh weightdimunder 1 NPK and 0.1 NPK conditéo@ é é € é
Supplementary Figure 2. 9: Correlation matrix summarising relationships between
nutrient efficiency ratios under 1 NPK and 0.1 NPK condéi@né é é é é é é é .
Supplementary Figure 2. 10: Correlation magtixnmarising relationships between shi
element content and growth reduction for tolerant lines under 0.1 NPK condition
Supplementary Figure 2. 11: Correlation matrix summarising relationships betweer
content and growth reduction for sensitivees under 0.1 NPK conditiéné é é é é .
Supplementary Figure 2. 12: Average RGR based on genotype under varying NPK

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,

Supplementary Table 3. 1: Primers used for genotyping mutant HKTEL,d é é é é
Supplementary Table 3. 2: Sequences of the (20 nt) gRNAs for each target gene a

,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,

////////////////////////

Supplementary Table 3. 5: Primers used to amplify targeted region in TGépéargtse
Supplementary Table 3. 6: Summary of quantitative trait loci (QTLs) identified in th

,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,
///////////////////
,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,

143

144

144

145

146

147

148

149

150

151

152

153

154

154
154

155

155

156
156

157

159

159

160

160



Supplementary Figure 3. 5: Genomie Pvalues from the mixed model method basi

,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,

Supplementary Figure 3. 7: Genomie Pvalues from the mixed model method bas:
onrootdr y weight in 0.1 NPK plants. éé¢éc
Supplementary Figure 3. 8: Genomie Pvalues from the mixed model method basi
on dry weight shoeto-r oot rati o in 0.1 NPK plant
Supplementary Figure 3. 9: Genomie P-values from the mixed model method bas:
on relative growth rate reduction in
Supplementary Figure 3. 10: Gencmigle Rvalues from the mixed model method
based on shoot nitrogen content on dry weight basis (umod&gDi n 0. 1 N
Supplementary Figure 3. 11: Gencmigle Rvalues from the mixed model method
based on shoot phosphorus content on
Supplementary Figure 3. 12: Gencmigle Rvalues from the mixed model method
based on shoot potassium content on dry weight basis (umoles/gDW) in 0.1 NPK
Supplementary Figure 3. 13: Gencmigle Rvalues from the mixed model method
based on shoot sodium content on dry
Supplementary Figure 3. 14: Gencmigle Rvalues from the mixed model method
based on shoot zinc content on dry we
Supplementary Figure 3. 15: Gencmigle Rvalues from the mixed model method
based onshodtr on content on dry weight basi
Supplementary Figure 3. 16: Gencmigle Rvalues from the mixed model method
based on shoot boron content on dry v
Supplementary Fige 3. 17: Genomwide Rvalues from the mixed model method
based on shoot carbon content on dry
Supplementary Figure 3. 18: Gencmigle Rvalues from the mixed model method
based on shoot magnesium conmtry weight basis (umoles/gDW) in 0.1 NPK plar
Supplementary Figure 3. 19: Gencmigle Rvalues from the mixed model method
based on shoot calcium content on dry
Supplementary Figure 3. 2Genomewide Rvalues from the mixed model method
based on shoot nitrogen content on fresh weight basis (umoles/gFW) in 0.1 NPK p
Supplementary Figure 3. 21: Gencmigle Rvalues from the mixed model method
based on shoot phosphorus contentane s h wei ght basi s ¢éé
Supplementary Figure 3. 22: Gencmigle Rvalues from the mixed model method
based on shoot potassium content on f
Supplementary Figure 3. 23: Gencmigle Rvalues from the mixed adel method
based on shoot sodium content on fre
Supplementary Figure 3. 24: Gencmigle Rvalues from the mixed model method
based on shoot zinc content on fresh weight basis (umoles/gFW) in 0.1 NPK pglaé
Supplementary Figure 3. 25: Gencmigle Rvalues from the mixed model method
based on shoot iron content on fresh
Supplementary Figure 3. 26: Gencmigle Rvalues from the mixed model method
based on shoot boron content on frest
Supplementary Figure 3. 27: Gencmigle Rvalues from the mixed model method
based on shoot carbon content on fre
Supplementary Figure 3. 28: Gencmigle Rvalues from the mixed model method
based on shoot magnesium content on f
Supplementary Figure 3. 29: Gencmigle Rvalues from the mixed model method
based on shoot calciumdoe nt on fresh weight basi

tn

~

n

n

161

161

162

162

163

163

164

164

165

165

166

166

167

167

168

168

169

169

170

170

171

171

172

172

173

10



Supplementary Figure 3. 30: Gencmigle Rvalues from the mixed model method
based on shoot nitrogen content ( Omol
Supplementary Figure 3. 3Genomewide Rvalues from the mixed model method
based on shoot phosphorus content ( Or
Supplementary Figure 3. 32: Gencmigle Rvalues from the mixed model method
based on shoot potassium content (umoles/gDWRRG n 0. 1 NPK pl
Supplementary Figure 3. 33: Gencmigle Rvalues from the mixed model method
based on shoot sodium content (Omol e
Supplementary Figure 3. 34: Gencmigle Rvalues from the mixed modsaiethod
based on shoot zinc content (Omoles/ ¢
Supplementary Figure 3. 35: Gencmigle Rvalues from the mixed model method
based on shoot iron content (Omol es/ ¢
Supplementaryrigure 3. 36: Genom@ide Rvalues from the mixed model method
based on shoot boron content (Omol es/
Supplementary Figure 3. 37: Gencmigle Rvalues from the mixed model method
based on shoot carbon content (umolBsW) / RGR i n 0.1 NPK p
Supplementary Figure 3. 38: Gencmigle Rvalues from the mixed model method
based on shoot magnesium content ( Omc
Supplementary Figure 3. 39: Gencmigle Rvalues from the imed model method
based on shoot calcium content (Omol ¢
Supplementary Figure 3. 40: Gencmigle Rvalues from the mixed model method
based on shoot nitrogen content ( Omol
Supplementary Figure 3. 41: Genomwide Rvalues from the mixed model method
based on shoot phosphorus content ( Or
Supplementary Figure 3. 42: Gencmigle Rvalues from the mixed model method
based on shoot potassismo nt ent ( Omol es/ gFW) / RGR i
Supplementary Figure 3. 43: Gencmigle Rvalues from the mixed model method
based on shoot sodium content (Omol e
Supplementary Figure 3. 44: Gencmigle Rvalues from the mixed model method
based on shoot zinc content (Omol es/ ¢
Supplementary Figure 3. 45: Gencmigle Rvalues from the mixed model method
based on shoot iron content (Omol esl/c¢c
Supplementary Figure 3. 46: Gencmigle Rvalues from the mixed model method
based on shoot boron content (Omol es/
Supplementary Figure 3. 47: Gencmigle Rvalues from the mixed model method
basedonshoatar bon content (Omol es/ gFW)/ RGI
Supplementary Figure 3. 48: Gencmigle Rvalues from the mixed model method
based on shoot magnesium content ( Omc
Supplementary Figure 3. 49: Gencmigle Rvalues from the mixed model method
based on shoot calcium content (Omol ¢
Supplementary Figure 3. 50: Gencmigle Rvalues from the mixed model method
based on total final fresh weight reduction in 0.1 NPKfpplan. é éééé e éé é
Supplementary Figure 3. 51: Gencmigle Rvalues from the mixed model method
based on shoot fresh weight reductior
Supplementary Figure 3. 52: Gencmigle Rvalues from the mixed model method
basel on root fresh weight reduction in
Supplementary Figure 3. 53: Gencmigle Rvalues from the mixed model method
based on fresh weight shetotr o ot r ati o reduction in
Supplementary Figure 3. 5&enomewide Rvalues from the mixed model method
based on dry weight reduction in 0.1

tn

tn

173

174

174

175

175

176

176

177

177

178

178

179

179

180

180

181

181

182

182

183

183

184

184

185

185

11



Supplementary Figure 3. 55: Gencmigle Rvalues from the mixed model method
based on shoot dry weight r edeluécétéiécén .i
Supplementary Figure 3. 56: Gencmigle Rvalues from the mixed model method

based on root dry weight reduction ir
Supplementary Figure 3. 57: Gencmigle Rvalues from the mixed model method
based on dryeight shooto-r oot rati o reduction in C

Supplementary Figure 3. 58: Gencmigle Rvalues from the mixed model method
based on shoot nitrogen content on dr
Supplementary Figure 89: Genomewide Rvalues from the mixed model method
based on shoot phosphorus content on
Supplementary Figure 3. 60: Gencmigle Rvalues from the mixed model method
based on shoot potassium contentorvdeyi ght basi s (Omol es
Supplementary Figure 3. 61: Gencmigle Rvalues from the mixed model method
based on shoot sodium content on dry
Supplementary Figure 3. 62: Gencmigle Rvalues from the mixed model method
based on shoot zinc content on dry we
Supplementary Figure 3. 63: Gencmigle Rvalues from the mixed model method
based on shoot iron content on dry weight basis (umoles/gDWg reduo n  é é é
Supplementary Figure 3. 64: Gencmigle Rvalues from the mixed model method
based on shoot boron content on dry v
Supplementary Figure 3. 65: Gencmigle Rvalues from the mixed model method
based on shoot carbon content on dry
Supplementary Figure 3. 66: Gencmigle Rvalues from the mixed model method
based on shoot magnesium content on ¢
Supplemetary Figure 3. 67: Genomeide Rvalues from the mixed model method
based on shoot calcium content on dry
Supplementary Figure 3. 68: Gencmigle Rvalues from the mixed model method
based on shoot nitrogepct ent on fresh weight basi
Supplementary Figure 3. 69: Gencmigle Rvalues from the mixed model method
based on shoot phosphorus content on
Supplementary Figure 3. 7Genomewide Rvalues from the mixed model method
based on shoot potassium content on f
Supplementary Figure 3. 71: Gencmigle Rvalues from the mixed model method
based on shoot sodium content on freshyyeght basi s ( Omol es/
Supplementary Figure 3. 72: Gencmigle Rvalues from the mixed model method
based on shoot zinc content on fresh
Supplementary Figure 3. 73: Gencmigle Rvaluesfrom the mixed model method
based on shoot iron content on fresh
Supplementary Figure 3. 74: Gencmigle Rvalues from the mixed model method
based on shoot boron content on fresh weight basis (umoles/gF&Vurc t i on ¢
Supplementary Figure 3. 75: Gencmigle Rvalues from the mixed model method
based on shoot carbon content on fre
Supplementary Figure 3. 76: Gencmigle Rvalues from the mixed modsiethod
based on shoot magnesium content on f
Supplementary Figure 3. 77: Gencmigle Rvalues from the mixed model method
based on shoot calcium content on fre
Supplementary Figure 3. 78: Gencmigle Rvalues from the mixed model method
based on nitrogen use efficiency in (
Supplementary Figure 3. 79: Gencmigle Rvalues from the mixed model method
based on phosphorususéefci ency in 0.1 NPK pl ant

n

tn

186

186

187

187

188

188

189

189

190

190

191

191

192

192

193

193

194

194

195

195

196

196

197

197

198

12



Supplementary Figure 3. 80: Gencmigle Rvalues from the mixed model method

based on potassium use efficiency in 198
Supplementary Figure 3. 81: Gencmigle Rvalues fromthe mixed model method
based on sodium use efficiency in 0.1 199
Supplementary Figure 3. 82: Gencmigle Rvalues from the mixed model method
based on zinc use efficiency in 0.1 I 199
Supplementy Figure 3. 83: Genom&ide Rvalues from the mixed model method
based on iron use efficiency in 0.1 I 200
Supplementary Figure 3. 84: Gencmigle Rvalues from the mixed model method
based on boron use efficiency in0O.PIK pl ants. ééeéeéeée. . ééé 200
Supplementary Figure 3. 85: Gencmigle Rvalues from the mixed model method
based on carbon use efficiency in 0.1 201
Supplementary Figure 3. 86: Gencmigle Rvalues from the mixed modsaiethod

based on magnesium use efficiency in 201
Supplementary Figure 3. 87: Gencmigle Rvalues from the mixed model method
based on calcium use efficiency in 0. 202

13



Acknowledgements

The endless thanks to the almighty Allah for always being there for me, for all his blessings

and for making me who | am today.

Words can never be enough to express my sincere gratitude to those incredible people in
my life who made thishesis possible. Above all, | am deeply indebted to my supervisors
Dr. Michael Schultze and Dr. Frans Maathuis, for their valuable suggestions,
encouragement and help. Thanks to my advisory panel Prof. lan Bancroft and Prof. Sue
Hartley for their devotedugdance. Many thanks to those people who contributed to the
success of my research, Dr. Juan Patishtan, Dr. Petra Stirnberg, Dr. Raquel Carvalho, Dr.
Tom Hartley, Dr. Thomas Irving, the horticultural technicians, and to all my lab colleagues.

It has beenmmhonour to be a member of this research group.

| take this opportunity to dedicate this work to my parents, Abdullah and Fatimah. Thank
you both for being a source of love, care, motivation and for giving me strength to achieve
the best in my life. My hartiest thanks go to my brothers Mohammed and Ahmed, my
sisters Nada, Najla and Shahad, for always offering love and support. To my dear husband
Mohammed, thank you for being a great supporter and for your unconditional love and
care. | also thank my friels Manuela lovinella, Samra Irem, Laziana Ahmad and

Nurashikin lhsan for the unforgettable memortgecial thanks to Dr. Juan Patishtan, for
being a great friend and supporter.

Finally, | gratefully acknowledge the financial support received from myrgovent ruled
by King Salman Bin AbduRAziz Al-Saud and previously by king Abdullah Bin Abdul
Aziz Al-Saud. | would like to express my deepest appreciation for giving me this great

opportunity to continue my higher education abroad.

14



Declaration

| declare that this thesis is a presentation of original work and | am the sole author.
This work has not previously been presented for an award at this, or any other,

University. All sources are acknowledged as references.

15



Chapter 1: Introduction

1.1 Crop production and food security

By the middle of this century, it is estimated that the world population will be around 9
billion (Godfray et &, 2010) Increasing crop production is important to secure enough

food for the growing population, but this is challenged by the decline in land and water
resourcegGodfray et al., 2010QYiotic stress factors such as diseases, weeds, pests and
pathogengAtkinson and Urwin, 2012; Hammosilosack and Jones, 200@piotic

stresses including climate change and extreme temperatures, drought and salinity, flooding,
nutrient stresses or toxicitigatkinson and Urwin, 2012; Chapman et al., 20I2)e of the

most important aspects that affect plant growth is providing sufficient amounts of mineral
nutrients. Mineral nutrient deficiencies have an effect on plant growth and root morphology
(Baligar et al., 1998vhich subsequently influence the ability of the plant to take up and
make use of these nut r(fFagena 21P1tbas lbeanlpfoposed t h e
that diotic stresses account for more than 50% reduction in average crop(Weldg et
al.,2003)

1.2 Plant requirements for mineral nutrients

Plant roots take up mineral nutrients from the soil solution in inorganic form, as ions.
Nutrients are classified as macronutrients and micronutrients based on the amount required
by the plan{Maathuis, 2009 Six out of 14 vital nutrients are considered as macronutrients
due to the large amounts they are needed in, while the others are known as micronutrients
since they are needed in smaller amounts. Nitrogen (N), phosphorus (P), potassium (K),
magnesium (Mg)calcium (Ca) and sulfur (S) are macronutrients, micronutrients include:
Zinc (Zn), manganese (Mn), molybdenum (Mo), chloride (Cl), cobalt (Co), copper (Cu),

iron (Fe) and nickel (Ni). Sodium (Na) and silicon (Si) are included in the micronutrient list
by some authoréMaathuis, 2018 Beside mineral nutrients, three Amineral elements

are also required which are carbon (C), oxy@@nand hydrogen (H).
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1.2.1Importance of nitrogen, phosphorus and potassium for
plants

N, P and K are classified as macronutrients because of the large amounts of these nutrients
that are needed by plants. They are building blocks of life that area@dor healthy and
optimum growth. Nitrogen plays central roles in providing amino groups in amino acids,
photosynthesis, plant metabolism, building purine and pyrimidine bases, protein synthesis
and norprotein compounds like coenzym@gaathuis, 2013Maathuis, 2009 Other than

that, N nutrition is interlinked with that of potassium and carbon specifically. One of the
most important roles of potassium is its abit@yactivate enzymes, providirdectre

neutrality during N@ transport, water homeostasis, cell turgor and movement of cells and
organs in plants, cell expansion and the growth of plants, enhancing the size, shape, colour
and taste of the plan{daathuis, 2013; Nath and Tuteja, 201Beduced turgor pressure is
observed in plants lacking K, causing reductions in growth (kteathuis, 2018

reductions in crop yield and also in plant he@iftaathuis and Podar, 201 Phosphorus is

a component asugar phosphate, nucleic acids and phosphol{pidiz and Zeiger, 2030

It is important due to its role in the transfer of energy, protein metabolism, plant growth and
health, root development and crop yield improveniEageria and Press, 200% is used

in the buildup of DNA and is required during cell division and in the development of new
tissuegNath and Tuteja, 20}6

1.2.2Interactions between N, P, K and other nutrients

Nutrient interaction in crop plants is measured in terms of uptake or yield level. Nutrient
interactions may be positive (when application of a particular nutrient increases uptake of
other essential plant nutrients), negative (when application of ayartiwitrient decreases
uptake of other essential plant nutrients), or neutral (when application of a particular
nutrient has no effect on uptake of other essential plant nutrients). These interactions are
also called synergistic, antagonistic or neutedpectively(Aulakh and Malhi, 2005;

Fageria, 2008; Mlvi, 2011) Generally, nutrient concentration depends on the part of the
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plant being aalysed, plant age, plant species or genotype within species, and other factors
(Fageria et al., 2005; Fageria, 1992; Faget al., 2006)

Positive interactios of K with N and P have been reported. Optimum supply of N ensures
optimum uptake of K and @alvi, 2011]). Often, yield response to K fertilizer is observed
only when the supplies of other nutrients, especially N and P, are sufficient. Vice versa, a
higher amount of K in the soil is needed with the application of N and P to increase crop
yield (Dibb and Thompson Jr, 198%Additionally, grain yield increasdd response to

NPK fertilization in upland ricéFageria and Baligar, 20R%A study comparing theffect

of fertilizing rice using N only, N with P, and N with P andriyealed that grain yield
increased up to 81.6% when P was added, and up to 9.8% with NPK compared to NP
(Duan et al., 2014 )Furthermore, P and PK addition has led to significant decrease in N
lossto the environment (via leaching, denitrification and volatilizatwhgn compared to

the use of sole NDuan et al., 2014)

Wilkinson et al. (2000)eported that P, K, S, Ca, and Mg uptake increased in response to N
application, as long as these nutrients were present in adequate quantities in the growth
medium. On the other hand, N addition can have negative interactions with micronutrients.
For exanple, zinc deficiency was observed in upland rice and corn as a result of N
application which led to higher demand for micronutrients and hence to micronutrient
deficienciegFageria and Gheyi, 1999Negative interactions between K and Mg and Ca
uptake have been reported, which might be an effect of competition between these ions as
their physiological properties are quite simi{Bibb and Thompson Jr, 1985; Fageria,

1983; Johansen et al., 1968) crop plants, high levels of K decreased B uptake and
increased B deficiendjHill and Morrill, 1975. In contrast, addition of K improved Cu,

Mn and Zn uptakéDibb and Thompson Jr, 198%5enerally, P has positive interaction

with N, K, and Mg. Conversely, P and Zn show antagonistic intera@Mikinson et al.,

2000)
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1.2.3Uptake anddistribution of N, P, K in plants

The movement of solutes and metabolites into and out of cells is ultimately facilitated by
electrochemical Hgradients which are created by the activity of plasma membrane H
ATPaseqSondergaard et al., 200%he plasma membrane in plants separates the cells
from the surrounding environment. While it regulates the transport of maeadiions

into and out of the cells, internal membranes regulate solute transport within each cell. If
the movement is from areas of higher (electro) chemical potential to lower chemical
potential areas, the process is called passive transport (diffasi@ndccurs without the
direct need for energy and is mediated by channels and uniporters. Active transport is the
movement of substances against the (electro) cheqmitahtial gradient and it requires
energy which is often provided by the hydrolysis\d P. Primary active transport is

against the direction of electrochemical gradient and the energy here is often derived
directly from the breakdown of ATP, this type of transporhediated by pumps

Secondary active transportasso against the diraon of electrochemical gradient, but the
energy here is derived secondarily from a stored free energy in the form of ghadi¢nt

known as proton motive force (PMF), andriediated by symporters and antiporters.

1.2.3.1 Nitrogen uptake and distribution

Plants utilize nitrogen in the form of ammonium (NHand nitrate (N@) (Malvi, 2011J).

N is taken up through root specific high (HATs) and low (LAEdjinity transporters for

both ammonium and nitrate. HATs mediate the uptake in low N concentrations while LATs
mediate undr high concentrationgluang et al., 2018Genes encoding NiHand NQ!
transporters in different plant cell compartments are shown in Figure 1.1.

Uptake and translocation of nitrate in rice is mediated by four protein fanciiileside

channel family (CLC), slow anion chanredsociated homologues (SLAC/SLAHrapp

et al., 2014)and theNPF nitrate transporter 1/peptide transporter fanailgd knowras the
NRT1/PTR family) whichn rice comprises at least 80 proteins. Of the latter, most are
involved in low affinity transport of nitrate except OsNPF6.5 (NRT1.1b) which has dual

affinity (Bin et al., 2015; Tsay et al., 200ELpstly, the fourth family is the nitrate
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transporter 2 family NRT2 which consists of five members, including OSNRT2.1,
OsNRT2.2, OsNRT2.3a, OsNRT2.3b, and OsNRT2.4, and tHeR2Namily which

includes two members (OsNAR2.1, OsNARZRjaki and Hasegawa, 2006; Fan et al.,
2016; Feng et al., 2011; Hu et al., 2015; Tang et al., 2012; Yan et al., 2011; Yang et a
2017b) High affinity transport systems (HATS) in rice consist of two gene families: NRT2
and NAR2. All three OsNRT2.1/2.2/2:3a transporters require OsSNAR2.1 as a partner to
mediate nitrate transport. Moreover, knockdown of OsNAR2.1 resulted in supressed
expresion in OsNRT2.1, OsNRT2.2 and OsNRT2.3 transpo(¥as et al., 2011)

OsNRT2.1 and 2.2 are believed to have a key role in nitrate ui#tedda and Hasegawa,
2006. OsNRT2.3 has two mRNA splice variants: OsNRT2.3a and OsNRT2.3b. It has been
observed that OsNRT2.3a plays a major part in long distance nitrate transport fréon root

shoot specifically under low nitragang et al., 2012)

In rice, there are four AMT families that mediate ammonium transport. Family 1, 2 and 3
have 3 members in each whereas the AMT4 family has only one member. AMT1 members
are considered to be high affinity transporters, the other 3 families are chardasriae/

affinity transporterg¢Bao et al., 2015; Gaur et al., 2012; Li et al., 2012; Li and Shi, 2006;
Loqué, 2004; Ranathunge et al., 2014; Sonoda et al., 2003a; Sonoda et al., 2003b; Suenaga
et al., 2003)
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Figure 1.1: Thegenes encoding Nfland NQ" transporters in different plant cell compartments
including root, xylem, phloem, shoot and seed.

1.2.3.2 Phosphorous uptake and distribution

P is taken up in the form of inorganic orthophosphate (Pi,AP@PQ:) (Malvi, 2017).

Various phosphate ion transport systems are taking part in the assimilatigiNatiPand
Tuteja, 2015 Direct uptake from soil takes place through Pi:2btransportergNath and
Tuteja, 2018 Phosphate transporters (PHT) play pivotal roles in the uptake of inorganic
phosphate from the sdiMaruyama and Wasaki, 201&enes encoding inorganic

phosphate (HPQy) transporters in different plant cebmpartments are shown in Figure

1.2. High affinity symporters belonging to the PHT1 family comprise a total of 13 members
that are located in the plasma membrane and take part in Pi uptake from the soil and
translocation and roeghoot mobilizatior{Ai et al., 2009; Jeong et al., 2015; Jia et al.,

2017; Kobae and &ta, 2010; Lin et al., 2009; Paszkowski et al., 2002; Smith et al., 2011;
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Sun et al., 2012; Wang et al., 2014b; Ye et al., 2015a; Zhang et al., 2PHI&) is located
in the chloroplast, PHT3 in the mitochondria and PHT4 in the Golgi apparatus and non
photosynthetic plastiddNath and Tuteja, 2@).

PHT activity is regulated by the phosphate starvation response 1 (PHR1) transcription
factor. AtPHRL1 in rice regulates the activity of PEOhiou and Lin, 2011 High and low

affinity transporters are used to maintain Pi homeostasis under stress conditions in plants.
Also, the plasma membrane Pi transporter and phosphate transporter traffic facilitator 1
(PHF1) maintains Pi homeostasis. In low P conditions,d? affinity transporters are
expressed in roo{®Nath and Tuteja, 20)6Further proteins that may be involved in
phosphate homeostasis are found in the PG et al., 2015; Ruan et al., 2017; Wu and
Wang, 2008)PHO(Secco et al., 2010; Secco et al., 20&®) SPX domahtontaining

protein familieChen et al., 2011, Liu et al., 2010b; Secco et al., 2012b; Wang et al., 2012;
Wanget al., 2017; Wang et al., 2009)
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Figure 1.2: Thegenes encoding inorganic phosphateR@&:) transporters in different
plant cell compartments including: root, xylem, phloem, shoot and seed.

1.2.3.3 Potassium uptake and distribution

Potassium is taken up in its ionic form*"jKMalvi, 2011). Uptake of potassium ions from

the soil is against the'Kconcentration gradient and is powered by the membrane potential
and maintained by the'HATPase(Nath and Twja, 2016. Genes encoding potassium K
transporters in different plant cell compartments are shown in Figure 1.3. Various gene
families including KT/HAK/KUP, HKT, NHX and CHX are involved in"Kransport in
plants(Chen et al., 2015a; Chen et al., 2015b; Fukuda et al., 2004; Yang et al., 2014a)
High-affinity potassium transporter family (HKTs) consists of 2 classes: Class 1 includes 4
members and mediates Na transport only, while class 2 can transport both K and Na and
consists of 4 membe(&arciadeblas et al., 2003; Horie et al., 2011b; Lan et al., 2010a;
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Suzuki et al., 2016; Waters et al., 2013; Yao et al., 2040ice, 27 genes belonging to the
KT/HAK/KUP potassium transporter family are distributed among 8 chromosomes and
they cluster in four major groups based on their amino acid sequé&iwaset al., 2015a;

Chen et al., 2015b; Gupta et al., 2008; Yahgl., 2014a)Functions of HAK cluster Il

and IV members arless well understood compared to cluster | and 1l meniGeabov,

2007). In general, the majority of cluster | members in plants tends to have a role in high
affinity K uptake, and cluster Il members are likely to function as low affinity K
transporter¢Okada et al., 2008 However, physiological functions of these transporters

not only differ between plant species but also between members of the same cluster within
the same speci€ki et al., 2017)

To release K+ from the vacuole rice has{pare potassium channels (OsTPKa and
OsTPKDb) that are highly similar in their protein sequencedamtion as they both play

an important role in K homeostasis. However, they are different in their location. While
OsTPKa is located in the tonoplast of the large lytic vacuole (LV), OsTPKb is located in
smaller protein storage vacuoles (PSiIsayenkov et al., 2011Putwardrectifying

shakerlike potassium channels include OsSKOR and OsSGOR. SKOR channels are
important for K distribution in tissues and cells through its secretion from the root cortical
cdlstothexylem( Jar zyni ak and Jasi GEGski, 20214; Kim
Inward rectifying potassium channels include OsAKT1 and OsAg&2nad et al., 2016b;
Deeken et al., 2002; Li et al., 2014; Obata et al., 20007 AKT2 channel takes part in the
loading and unloading of K in the phlod@ajdanowicz et al., 2011nward rectifying
shakerlike potassium chanels include OsKAT1, OskKAT2, and OsKATHwang et al.,

2013; Obata et al., 20Q7)
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Figure 1.3: Thegenes encoding potassium‘{Kransporters in different plant cell
compartments including root, xylem, phloem, shoot and seed.

1.3 Nutrient deficiency and the use of fertilizers

Nitrogen, phosphorus and potassium are the most common nutrients that are considered as

rate limiting for plant growth and crop productiviffaiz and Zeiger, 20)0Despite the

abundance of inorganic, organic and atmospheric N, large amounte«iiikers are

applied in agricultural areas. Also,d€ficiency is becoming increasingly common and

potash fertilizers are widely used to get the best plant production. In addition, P fertilizers

are applied as more than 90% of the phosphorus in this sigihtly fixed in minerals and

not available for plants to take up.

Many world soils have deficiencies in several essential nutri@ptdication of fertilizers

in agricultural soils is needed to provide adequate supply of essential nutrientsoh case
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deficiency in one or more of these nutriemaring the 2 century, around 50% of the
increase in global crop production was due to the application of chemical fertilizers
(Borlaug, 1994 Over the past five decades, afdl increase in the use of N fertilizers
worldwide positively affected crop producti¢@lass, 2008 Currently, the world uses
around 105 million tos of N, 20 million tons of P, and 23 million tons of K fertilizers for
crop productior{FAO, 2013. However, the oveill uptake efficiency of applied fertilizer is
about or lower than 50 % for Raun and Johnson, 1999ess than 10 % for P and about
40 % for K(Baligar and Bennett, 1986a,. @he demand for N, P, and K fertilizers is
estimated to increase by 1.5%, 2.2%, ant?o, respectively, per annum from 2015 to 2020
(FAO, 2017. A further disadvantage of low uptake efficiency is the risk of minerals to
either leach into groundwater or to increase air pollufi@iz and Zeiger, 20300ver

60% of soil N is being leached, volatilized, consumed by microbes, surface run off or lost
by denitrification(Kant et al., 2011)In rice, it is estimated that 10% of N fertilizer is lost
as a result of denitrificatiofDe Datta et al., 1991)In addition, fertilizer production is
costly, especially for N as it requires a large amount of energy to pr¢Ratiestein, 2007;
Sanyal et al., 2015 he priceof nitrogen, phosphorus and potassium fertilizers
dramatically increased by ~60%, 360%, and 170% respectively, betweg@d@vdand
2008(Huang, 200% Therefore, to respond to limitations in fertilizer supply and to reduce

environmental impact, there is scope for increasing nutrient use efficiency in crtg plan

1.3.1The use of NPK fertilizers in the rice production

Rice can grow in both dry and wet environments under varying climatic and soll

conditions, but mainly grown in the humid tropics. More than 90% of the total rice
production is harvested from irrigated and rainfed lowland rice systems (Dobermann,
2000). NPKfertilizer for rice production accounted for 14.3 % of the global fertilizer
consumption during 2010/11, and percentages of NPK were 15.4, 12.8, and 12.6,
respectively (Heffer, 2013). Application of N fertilizer is usually split into at least two

doses pegrowing season, where the first application (basal dose) represents up to 75% of
the total plant requirement (Chauhan et al., 2017). For the basal dose and at planting stage,

NH4+ based fertilizers should be applied, but during panicle initiation dtage¢ferred
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nitrogen source is NOZWilson et al., 1994). Due to variability in solil fertility, different N
management practices are recommended for different soil conditions, also optimum levels
of NPK fertilizers for different countries have been prgmbconsidering the variation of
different field conditions (Halliday and Trenkel, 1992). To reach optimum rice yields,
balanced fertilization is required together with the right source, rate, place and time of
application. Balanced fertilization of N witippropriate amounts of P and K is required to
achieve optimal yield. A study on rieeheat cropping system with variable NPK rates
revealed that the lowest yield obtained was under sole N fertilization, while the highest
yield obtained when NPK fertiizevas appl i ed at a rate of 40,
respectively (Kumar and Yadav, 2001). Application of P fertilizer is normally as early as
planting stage due to its importance in root elongation, however, late applications might be
provided before tillerig stage (De Datta, 1981). Most, if not all, of the total amount of the
required K fertilizer is generally applied at or around seeding/transplanting stage, but split
doses are applied sometimes (Jaang, 2004). For rice production, the most commonly
usal N fertilizers are ammonium sulfate, urea and diammonium phosphate. To supply K to
rice, potassium chloride or potassium sulfate are usually applied. As P souotendne
ammonium phosphate fertilizers, or single and triple super phosphates aed appli

(Chauhan et al., 2017).

1.4 The role of mycorrhizal symbiosis in nutrient acquisition

In addition to the application of nutrient fertilizers, symbiotic relations between plants and
soil microorganisms may enhance nutrient acquisition. Around 80% of monocots and
dicots form mycorrhizal symbiotic relatioiaiz and Zeiger, 2030Arbuscular

mycorrhiza (AM) is a symbiotic relationship between plants and a phylum of soil fungi
known as Glomeromycoi#@arniske, 2008 Mycorrhizal fungi are present widely under
natural conditions. They consist of thin, tedleaped filaments known asghae and the

hyphal network, omycelium,forms the fungal bodylhe name arbuscular comes from the
arbuscules, which are distinctive structures resembling branches or tunnels, formed within
the cortical cells of plant roots colonized by mycorrhizal fuBtprage vesicles are other

distinctive structures that indicate establishment of mycorrhizal symbiosis in addition to the

27



formation of intracellular coils of hyphg&mith a Read, 2008 Mycorrhizal fungi

associate with the plant root system forming a symbiotic relationship to improve the ability
of the plant to acquire nutrients such as phosphorus, zinc and copper as the fine hyphae
have the ability to reach the surrounding soil areashvplant roots cannot reach because
hyphae are much thinner. These areas are farther away from the roots than depletion zones
(Taiz and Zeiger, 2030The key advantage of AM symbiosis is its ability to enhance
phosphate uptake of the plafit®on, 2012. In rice, 70% of total phosphorus uptake owed

to AM symbiosis(Yang et al., 2012Mycorrhizal ymbioses also help the plant to become
more tolerant to biotic and a biotic stres@&&ng et al., 2014and more resistaro

pathogens, drought and salinfhattacharjee an8harma, 201)1 Thus, the arbuscular
mycorrhizal symbiosis (AM) has the potential to contribute significantly to crop yield and
worldwide food securityBethlenfalvay 1992; Hu et al., 2009Under AM colonization,

proton pumps (HATPases) work as energizers for the fgghuscular membrane to

facilitate nutrient exchange between the ploguiringmineral nutrients and the fungus
acquiringfixed carborby creatig aH" gradient(Krajinski et al., 2014; Wang et al.,

2014a)

1.5 Nutrient use efficiency

Nutrient use efficiency (UE) generally is the maximum yield or dry matter produced per
nutrient uptak€Baligar et al., 2001 Gourley et al., 1994definednutrient efficient plants

as Agermplasm that requires fewer nutrient
processeso. (FAgeria et alr 20@8kenftilnyed ef fi ci ent pl an
produces higher economic yield with a determined quantity of applied or absorbed nutrient
compared to other or a standard plant wunde
efficiencyis based on three factors: uptake efficiency, incorporation efficiency and

utilization efficiency(Baligar et al., 2001)Uptake efficiency is based mainly on root

parameters including the ability to acquire nutrients from soil, influx levekramsport in

roots. Incorporation efficiency is based on shoot parameters including transfer of nutrients

to shoot and leaves. Finally, utilization efficiency is based on both shoot and root

parameters including remobilization from older to younger leavel from vegetative to
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reproductive tissues and ability to utilize the absorbed nutrients in grain or dry matter
production(Baligar et al., 2001)

Producing plants with high nutrient use efficiency (UE) under varying environmental
circumsances, especially in crop plants, is highly important not only as an attempt to
increase food production but also to reduce the use of fertilizers, reduce losses of nutrients
(Baligar et al., 2001 yeduce environmental pollution and cost of productieageria et al.,
2013b) For example, a 1% increase in nitrogen use efficiency is estimated to result in an

annual saving of around $1.1 billigkant et al., 2011)

1.6 Approaches to improve crop yields

Crop yield can be increased either by improving nutrient use efficiency or fertilizer use
efficiency through the development of varieties that produce high yields with less fertilizer
inputs. This can be achieved by exploiting genetic variation betweetyges to identify
superior genotypes, and/or genes that might play a role in nutrient use efficiency. Mapping
approaches such as quantitative trait loci (QTL) and genome wide association studies
(GWAS) can be exploited to identify regions in the genoragdhn be targeted to improve
desirable traits in crogSpindel and McCouch, 20L8-ollowing gene identification

through mapping approaches, functional ansalysing forward and reverse genetics, and

transgenic approaches can also be employed to improve crofWiafdet al.2017)

As plants vary in their ability to take up and utilize nutrients, improving nutrient use
efficiency can be achieved by using genotypes that have higher levels of tolerance to biotic
and abiotic stresses. Using more efficient genotypes in abgarbtrients at higher rate at

low nutrient conditions leads to the achievement of maximum crop yield and better quality
food materialBaligar et al.2001; Fageria et al., 2008)sing improved cultivars together

with applying best management practices for different soil types would also reduce cost of
production and increase nutrient uiiceency (Baligar et al., 2001; Clark and Baligar,

2000) Enhanced fertilizer use efficiency can be achieved by increasing the uptake capacity

of the roots, for example, by overexpressing the genes that relate to the absorption and
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transport dthe nutrient{Huang et al., 2018 Another way to improve fertilizer recovery
efficiency is using appropriate types of fertilizers, e.g. siglenulti-nutrient slow release
fertilizers (SRF) and controlled release fertilizers (CRF) which allow stable andwoumnsi

provision of nutrients throughout the whole growth pe(iddligar et al., 2001)

1.6.1Transgenic approaches to improve crop yield

Nutrient use efficiency can be improved by engineering root growth to enhance the
response of the roots to nutrient availabi(Myan et al., 2017)For example,

overexpressing OsTONDL1 in rice enhanced the primary root length and nitrogen uptake as
well as the nitrogen shoot concentration, leading to an increase of graigZnelt et al.,
2015b) The manipulation of different genes that code for transporters in plants enhanced
roots ability to grow and abswions from low macronutrient conditions. For example,
overexpression of the transporter genes such as OsNRT2.3b and OsNAR?2 in rice increased
grain harvest under standard and low nitrogen condiieas et al., 2016)The ammonium
transporter OSAMT1 can be used to modify nitrogen ugexicy in rice, a species that

utilizes ammonium as the major N resource in paddy fi@dsathunge et al., 2014)

Under phosphorous deficiency, the adiiva of the expression of PHT1 genes increased

the capability of the roots to obtain the macronutrient from th§Raghothama and
Karthikeyan, 200p Also, P transporters can be enhanced by overexpressing their genes
such as OsPHT1.1 in roots and shoots to increase their activity. Overexpression of
OsPHTL1.4 increased Pi accumulation in roots while OsPHTL1.6 increased the uptake rate

and accumulationfd?i (Wan et al., 2017)

The utilization of potassium can be enhanced by its translocation into different organs and
enhanced ability to substitute Na for(White, 2013. Manipulation of the expression of
potassium channels and transporteixshsas KUP/HAK/KT using transcription factors
improved the use efficiency of the macronutrient and increased stress tolerance in
Arabidopsis thaliangdNieves- Cordones et al., 201.0Dverexpression of OsHAKS in rice
increased the net K influx rate in roots and the transport to distan{ldatbsand Tuteja,

2016. Furthermore, nutrient use efficiency can beriaved by engineering transcription
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factors (TFs) and regulatory proteins. For example, overexpression of transcription factors
such as DDF2, TFIIA and bHLH121 enhanced the growth of roots under low potassium
conditions inArabidopsis thaliangHong et al., 2013)Rice plants under high nitrate

showed increased root length, shoot biomass, shoot N accumulatitreangression

level of nitrate transporters when OsMAD25 transcription factor was overexp(&sset

al., 2015) It has been shown in rice that the expression of the majority of genes that are
induced by P starvation are controlled by OsPHR1, OsPHR2 and OsPHR3 transcription
factors. Moreover, overexpression of OsPHR3 led to enhanced tolerance of rice plants
under Pdeficiency(Guo et al., 2015)

1.7 Importance of rice and rice as a model of choice

Rice is a staple food f o(Nguyene00® anditistheof t he
main source of nutrition in developing countr{@sriyama, 200% It is estimated that in

order to meet t he wamgofrideshould ke mddeddo,the 6ubrentmi | | i
production every yegMuthayya et al., 204). Rice is a monocotyledonous plant belonging

to the grass family (Poaceae) with other grasses such as wheat, maize and barley. Two out
of 22 recognized species Ofyzagenus are known to be cultivated, the Asian @cgza

sativg and the African rie Oryza glaberrimathe rest are wild speci€gaughan et al.,

2003) Cultivated Asian ric®. sativais divided into two major groups eaohwhich is

divided into well differentiated supopulations. Indica includes indica asdstralis and

japonica includes the tropical japonica, temperate japonica and ar¢@lasezmann,

1987).

Rice was chosen as a model in this project because of the small size of its genome (430
Mb) which has been fully sequenced, deltilization, ease of cultivation and ease of
transformation byAgrobacterium These factors contribute to the significancéhef

research of the cultivation of rice and ways that can increase its production. Research done
on rice has led to the production of varieties with desirable traits and it contributed to
increased rice production globally from 260 to 700 million tonenduthe past 5 decade

(Maclean et al., 2013Additionally, information gained from studies on rice allow us to
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study other grasses and cereal crops that are shown to have a monophyletjtiairigin
al., 2005)and plentiful of genomic resourcé&/ang et al., 2013)

1.8 Aims

The overall aim of this project was to contribute to improving crop production by
producing nutrient efficient crop that can produce high yield with less fertilizer inputs. The
first research chapter aimed to test if genetic diversity among rice genotgplesenhance
nutrient use efficiency by identifying high performing genotypes under stress conditions
where major multiple elements (N, P and K) are limiting. The second research chapter
aimed to link differences in phenotypes with genotypes using gemadee association
studies (GWAS) to identify markers linked to the use efficiency of N, P arféoKthe

third research chapter, the aim was to test if increasing the activity of the rik€R4se
(OsHA1) by manipulating the regulatory domain using oné¢heflatest genome editing
tools (CRISPR/Cas9 system), would improve P uptake and growth under mycorrhizal

colonization.
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Chapter 2: Characterisation of rice cultivars
under Nitrogen, Potassium and Phosphorus
deficiency

2.1 Introduction

Abiotic stresses including extreme temperatures, drought, salinity and nutrient stresses
account for more than 50% reduction in average crop y{éWdsg et al., 2003)Change in
physiological, developmentahd morphological characteristics are observed in plants i
response to nutrient supply. On a morphological basis, nutrient deficiency symptoms can be
visually analysed by monitoring changes in plant size, leaf colour and root architecture. For
example, P deficient rice plants are short, have narrow dark gesgreaves and thin
stemg(Fageria et al., 2013bin rice, dlorosis is observeaiK deficientplants with brown

leaf margins, while leaves of N deficient plants are yello@en et al., 2014; Taiz and
Zeiger, 2010)Changes in root growth and architectur®. sativa are found to be an

adaptive trait in response to nutrient deficien¢®ales et al., 2011pgether with other

adaptive mechanisntBat occuiin plants in generaduch as changes in expression patterns

of ion transportergAshley et al., 20069r soil acidification for nutrient mobilizatiofRyan

et al., 2001)Biomass analysis is an indicator to determine the efficiency of using
(absorbing, translocating, and utilizing) nutrients under different conditions. It has been
shown that plantgenerallyallocate more biomass in roots as a responsattéent

shortage, and macronutrient deficiencies lead to variations in the shoot to root ratio
(Hermans et al., 2006lant growh is greatly influenced by nutrient upta&inclair,

1992 and reduction of growth was observed under P, K and N deficieraabidopss

thaliana sorghumand other plantéAshley et al., 2006; LopeBucio et al., 2005; Poirier

and Bucher, 2002; Zhao et al., 2005)

Observation of deficiency symptoms only is not a sufficient method of diagnosis for
nutrient disorders, since deficiency symptoms of one nutrient can be confused with other
nutrients. In addition, ionomic traits would provide better understanding ofgrianth as

better distribution of nutrients in parts of the plant (root, shoot and grain) reflects their use
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efficiency. A study onArabidopsis thalianglants grown under different supplies of P and

K revealed that 85% of the growth variations were erpladiby variation in ion content
(Prinzenberg et al., 20). Generally, nutrient concentration depends on the part of the plant
being analysed, plant age, plant species or genotype within species, and other factors
(Fageria et al., 2005; Fageria, 1992; Fageria et al., 280&udy on N concentrations in

rice revealed that N uptake in the shoot as well as in the grain was significantly related to

shoot dry weight and grain yie(éageria, 2008

Nutrient use efficiency can be defined and measured in various(Ralygar et al., 2001)

but overall it reflects the ability of the plant to use the availabtaents sufficiently in
producing maximum yield or dry matter. There is an urgent need to increase crop yield in
order to meet the world demand of food. Taking into consideration the drawbacks of the
increased fertilizer application, the developmentasieties that produce high yields with

less fertilizer input ismportant for improvingrop yield andsustainable agricultur®©ne

of the reasons behind the differences in the use efficiency of nutrients is genetic variability
between genotypes. Theséeliences can be based on differences in nutrient uptake,
translocation, dry matter production/unit nutrient absorbed and plant ecological interactions
(Baligar et al., 2001)Better performance of some genotypes may be associated with better
root geometry, ability of plants to take up sufficient nutrients from lower subsoill
concentrations, better transport or distribution and utilization within p{eatgeria et al.,

2008) Genetic variation among rice cultivars has been reported for nit(dgest al.,

2006; Namai et al., 2009; Samonte et al., 20p6édassiun{Fageria et al., 2013c; Liu et al.,
2009; Yang et al., 200&nd phosphoru@-ageria and Baligar, 1997; Fageria et al., 2013a,
2014; Wissuwa and Ae, 2001)

Rice cultivation is the largest use of land for food production, with over 144 million farms
around the worldMaclean et al., 2013Most of these farms are in lewwvcome developing
countries vere significant fertilizer inputs are not affordable by farmers. Even if fertilizers
are applied, the use efficiency of these fertilizers is less than 50%(Rawh and Johnson,
1999, less than 10 % for P and about 40 % fqiBidligar and Bennett, 1986a,. b)

Although previous studies in rice were conducted to evaluate different varieties and

34



improve use efficiency for nitrogen, phosphorus and potassium separately, no previous
studies focused on identifying efficieggnotypes when multiple elements (NPK) are
reduced in parallelThis study was conducted to identify rice genotypes that are more
efficient to grow under low supply of NPK. The diverse genotypes used from the Rice
Diversity Panel 1 (RDPXepresent all fie subpopulations of rice@ryza satival..)

including indicaaustralis temperate japonica, tropical japonica and aromatic, and this
panelhave been selected from different geographical regions around the(iflualal et al.,
2011) Due to the positive interactions between N, P and K and the critical roles they play
in terms of plant growth and yield, identifying varieties that are able to grow well and
produce yield with a minimum amount of these nutrients would enormously contribute to
increasing crop production while reducing fertilizer inputs and their consequences. Even if
these varieties would show lower yield compared to standard varieties undealopti
conditions, a small growth advantage under nutrient limiting conditions would have a great
impact. For example, a 1% increase in nitrogen use efficiency is estimated to result in an

annual saving of around $1.1 billigkant et al., 2011)

2.2 Materials and methods

2.2.1Growth conditions and biomass analysis

A total of317 rice accessiongere examined to find out which lines are more tolerant to
low nutrient conditions (reduced N, P, and K concentratidiigse lines are from thecel
diversity panel 1 (RDP1) which encompasses accessions representing all subpopulations of
rice (Table 2.1)The seed stock was obtained from The National Rice Research Centre
(https:/lwww.ars.usda.gov/southeasea/stuttgarir/dalebumpersnationatrice-research
center/docs/genetistocksoryzagsorcollectionhome). A minimum of 3 seeds from elac
accession was placed in one compartment in P40 trays filled witi{@atached from
https://www.aggregate.confor germination. Two weeks after sowing, initial fresh weight
was measured, then seedlings weaesferred to hydroponics (9L boxes with 54 places
each) where two test conditions were applied for 3 weeks. Plants were either grown in full
strength modified Yoshida mediuffoshida et al., 1976)r in the same nutrient solution

except that the concentration of N, P, K was reduced to 1/10. One plant from each
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accession was grown under each condition. Medium was replaced once a week and the pH
of the medium waset at 5.5 and was not adjusted during the week. In the glasshouse,
plants were supplemented with light to provide a minimum of 12 h daylight; minimum 28

°C day, minimum 24 °C night temperature.

The accessions were divided into two batches: the firsh lnattuded 204 accessions and

the second batch had around 113 accessions. As some accessions failed to germinate and
some had less than 3 replicates, we ended up with a total of 294 accessions. Each batch was
repeated 4 times, with randomizing the accesseach time. Three Nipponbare plants in

each box were used as a reference. The first batch was grown during Aug, Sep and Oct
2014, and the second batch during Nov, Dec 2014 and Jan 2015.

Plants were kept in test conditions for 3 weeks, then fresh welightveight and relative
growth rate were measured. The relative growth rate was calculated using the formula:
RGR = (In W2- In W1)/(t2-t1), whereln = natural logarithm, t1 = time one (in days), t2 =
time two (in days), W1 = Fresh weight of plant atd¢ione (in grams), W2 = Fresh weight
of plant at time two (in gramgHoffmann and Poorter, 20D2

Table 2. 1Ricediversity population used in this study and the number of accessions in each
subpopulation of rice.

Subpopulation Number of accessions
Indica 55
Australis 46
Tropical japonica 82
Temprate japonica 65
Aromatic 10
Admixed
Admixed-indica 4
Admixedjaponica 26
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2.2.1.1 Yoshida medium preparation

The original recipe of Yoshida mediufyoshida et al., 1976)as modified by replacing

some salts in the original recipe with others in order to keep the concentrations of the other
elements theame while reducing N, P, K concentrations to 1/10 (Tal@g I brief, the
following macronutrients were modified: potassium sulfateS@®) was replaced with
potassium chloride (KCI). In full strength medium (1 NPK) the total concentrations of N, P
andK were: 2.86 mM, 0.32 mM and 1.02 mM respectively. In 1/10 medium (0.1 NPK), the
total concentration of N was 0.29 mM, P was 0.03 mM and K was 0.10 mM. The total
sodium concentration was about 0.59 mM arfib9.mM under 1 NPK and 0.1 NPK,

respectively.

Table 2.2: Components and concentrations of elements in 1 NPK Yoshida medium used in
hydroponics.

Component Element Element concentration (mM
Q NHsNOs N 2.86
‘é NaHPOy P 0.32
oc KCI K 1.02
8 CaCb Ca 1.00
= MgSQs-7 H,0 Mg 1.64
CuSQ Cu 0.00016
I ZnsSQx Zn 0.00038
% MnSOy Mn 0.0018
= H3BO3 B 0.045
S (NH4)6M07024 Mo 0.00002
= NaFeEDTA Fe 0.04358
(Nax0OsSi) Silica 0.02

2.2.1.2 Testing growth reductions for a subset of accessions
under low NPK condition

Based on relative growttate reduction (RGRRED) results from the growth experiment
which included 294 genotypes (I will refer to &ekperiment from here onwards), a
number of candidate genotypes was selected ftasteng as follows: 22 genotypes were

selected as they apped to have less reduction in growth rates (tolerant) compared to
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others and 19 genotypes with large reductions (sensitive). Seeds were germinated in sand
for 2 weeks then transferred to test conditions for 3 weeks. Three seedlings from each
genotype wergransferred to 0.1 NPK condition for retesting. Three seedlings were also
transferred to 0.01 NPK condition to test their performance under more severe nutrient
stress. RGR of these genotypes under 1 NPK condition front'tiepgriment was used to
calcuate RGRRED when rtesting. lon data was from plants in tiféekperiment, not

from retested plants. Data from genotypes with fewer than 3 replicates were excluded from

the experiment. At the end, 15 tolerant and 11 sensitive genotypes were tested.

2.22 Elemental analysis

Due to the large number of plants used in this experiment, analysing content of elements in
each replicate and accession was not feasible. In total, 294 pooled samples from each
condition (control and 0.1 NPK) were processed. Theedty shoot was milled using a
robotthat is custommade by littps://www.labmanautomation.cgro grind plant biomass

and dispense specified amounts of material into the correspondingEghasamounts

from each plant in each replicate were measured and then pooled to have a total of 80 mg (4
replicates: 20 mg each, 3 replicates: 26.7 mg each). For inductively coupled plasma optical
emission spectrometry (IGBES) analysis, around 20 mg were weighedfiauh each

pooled sample into 2 ml Eppendorf tubes and 1 ml of concentrated nitric acid was added.
The tubes were placed in a heating block and left overnight at 70 °C to digest. Digests were
diluted by adding 19 ml of deionised water to a final concentraif 5% HNQ. Elements

were measured using IGPES at wavelengths (nm) and plasma view as follows: P

(177.495, Axial), K (766.490, Radial), Na (589.592, Radial), Mg (279.553, Radial), Ca
(396.847, Radial), Zn (213.856, Axial), Fe (259.940, Axial) and4®.(273, Axial). A
commercial ICP multi element standard solution IV (1000 mg/l) was used to make a
working stock of 100 mg/l which was used then to make a range of calibration standards:
0.1,0.2,0.3,0.5, 1, 2.5, 5, and 10 mg/l to cover both trace acrd maments. Calibration
standard for phosphorus was prepared separately usiglg®Has P was not included in

the multi element solution. All the calibration standards were made with 5%.HiN&ck

ICP standard IV fromhttps://uk.vwr.comwas useas Certified Reference Material
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(CRM) for accuracy and precision. Combustion analysis using a CN elemental analyser

was used to measure total N and C. For the CN analyser, around 20 mg tissue was weighed
out into tin capsuleand folded. The same amount of glutamic acid was weighed out to be
used as calibrating standard, and of birch leaf organic analytical standardqAiggd

from (http://www.elementalmicroanalysis.coms CRM. Then, average shoot element
concentration relative to dry weight and fresh weight was calculated for the whole set of
accessions. In order to assess the nutrient use efficiency of different genotypes, nutrient
efficiency ratio or nutrient utilizgon ratio (NER= mg shoot dry weight/mg element in

shoot) was calculatgdaligar et al., 2001)

Although pooling samples gives more robust data it does not provide information on the
variation between replicates. Therefore, Nipponbare plaets analysed individually to

obtain an estimate of platd-plant variability and also to get an indication of element
concentrations in root tissues. The 3 reference Nipponbare plants (shoot, root) in each box
were milled and equal amounts were weighetito make 1 pooled sample (10 mg)
representing each box. As each replicate had 4 boxes iff bach and 3 boxes in th&?2

batch for each condition, a total of 16 Nipponbare plants fromsthatth and 12 plants

from 2" batch were tested. The typafsphenotypic data collected from control and low

NPK treatments are summarised in Tab& 2.

Table 2.3: Summary of the types of phenotypic data collected from growth and elemental analysis.
Abbreviations are as follows: CT for control treatment (1 INRK for low treatment (0.1 NPK).

Trait Abbreviation Calculation Unit
Initial weight W - g
Total final fresh weight FW - g
Total dry weight DW - g
Relative growth rate RGR (In(FW)-In(IW))/21 d?
RGR reduction RGRRED (1-(RGR.1/RGR:1))x100 %
£ Shoot fresh weight SFW - g
S Root fresh weight RFW - g
© | Freshweight shoottol )/ cp shoot FW/root FW ;
root ratio
Shoot dry weight SDW - g
Root dry weight RDW - g
Dry weight shoot to DWSR shoot DW / root DW ;
root ratio

39


http://www.elementalmicroanalysis.com/

Fresh weighteduction FWRED (1-(FWLT/FWcT))x100 %
Dry weight reduction DWRED (1-(DW_1/DWcr))x100 %
Shoot fresh weight | oy pep (1-(SFWL/SFWer))x100 %
reduction
Root fresh weight RFWRED (1-(RFWLr/RFWer))x100 %
reduction
Fresh weight shootto} o\ cppep (1-(FWSR 1/FWSR:1))x100 %
root ratio reduction
Shoot dry weight SDWRED (1-(S DWL1/S DWer))x100 %
reduction
Root dry weight RDWRED (1-(R DW_1/R DWer))x100 %
reduction
Dry weight shoot to
rozt rati% o | DWSRRED | (1- DWSR.1/ DWSRe)x100 %
Zn Zn(DW) - (nmol/g DW)
K K(DW) - (nmol/g DW)
Mg Mg(DW) - (umol/g DW)
Ca Ca(DW) - (umol/g DW)
Fe Fe(DW) - (umol/g DW)
B B(DW) - (nmol/g DW)
Na Na(DW) - (nmol/g DW)
P P(DW) - (umol/g DW)
N N(DW) - (umol/g DW)
C C(DW) - (umol/g DW)
Zn reduction Zn(DW)RED | (1-(Zn(DW).1/ (Zn(DW)cT))x100 %
2 K reduction K(DW)RED (1-(K(DW) 7/ (K(DW)cT))x100 %
o _
§ Mg reduction Mg(DW)RED (I\Sllg ((E)A\?\/()IZY)\&LI{) 0 %
% Ca reduction Ca(DW)RED | (1-(Ca(DW)+/ (Ca(DW)1)x100 %
€ Fe reduction Fe(DW)RED | (1-(Fe(DW)+/ (Fe(DW)XT))x100 %
3] B reduction B(DW)RED (1-(B(DW).1/ (B(DW)c1))x100 %
;E, Na reduction Na(DW)RED | (1-(Na(DW).t/ (Na(DW)T))x100 %
g P reduction P(DW)RED (2-(P(DW).1/ (P(DW)T))x100 %
w N reduction N(DW)RED | (1-(N(DW).r/ (N(DW)cr))x100 %
C reduction C(DW)RED (1-(C(DW)L1/ (C(DW)c1))x100 %
Zn/RGR Zn(DW)/RGR - -
K/RGR K(DW)/RGR - -
Mg/RGR Mg(DW)/RGR - -
Ca/RGR Ca(DW)/RGR - -
Fe/RGR Fe(DW)/RGR - -
B/RGR B(DW)/RGR - -
Na/RGR Na(DW)/RGR - -
P/RGR P(DW)/RGR - -
N/RGR N(DW)/RGR - -
C/RGR C(DW)/RGR - -
Zn Zn(FW) - (umol/g FW)
K K(FW) - (umol/g FW)
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Mg Mg(FW) - (umol/g FW)

Ca Ca(FwW) - (umol/g FW)

Fe Fe(FW) - (umol/g FW)

B B(FW) - (umol/g FW)

Na Na(FW) - (nmol/g FW)

P P(FW) - (umol/g FW)

N N(FW) - (umol/g FW)

C C(FW) - (umol/g FW)
Zn reduction Zn(FW)RED (2-(Zn(FW).1/ (Zn(FW)T))x100 %
K reduction K(FW)RED (1-(K(FW).1/ (K(FW)cr))x100 %
Mg reduction Mg(FW)RED | (2-(Mg(FW).r/ (Mg(FW)c1))x100 %
Ca reduction Ca(FW)RED (1-(Ca(FW) 1/ (Ca(FWkT))x100 %
Fereduction Fe(FW)RED (1-(Fe(FW)1/ (Fe(FWXT))x100 %
2 B reduction B(FW)RED (2-(B(FW).t/ (B(FW)cT))x100 %
S Na reduction Na(FW)RED | (1-(Na(FW)t/ (Na(FW)X))x100 %
= P reduction P(FW)RED (1-(P(FW).1/ (P(FW)1))x100 %
% N reduction N(FW)RED (2-(N(FW)1/ (N(FW)cT))x100 %
§ C reduction C(FW)RED (2-(C(FW).1/ (C(FW)T))x100 %
o Zn/RGR Zn(FW)/RGR - -
é K/RGR K(FW)/RGR - -
o Mg/RGR Mg(FW)/RGR - -
w Ca/RGR Ca(FW)/RGR - -
Fe/RGR Fe(FW)/RGR - -
B/RGR B(FW)/RGR - -
Na/RGR Na(FW)/RGR - -
P/RGR P(FW)/RGR - -
N/RGR N(FW)/RGR - -
C/RGR C(FW)/RGR - -
m Zn ZnUE 1/Znr -
2 K KUE 1Ky -
9 Mg MgUE 1/Mg.t -
2 Ca CaUE 1/Car -
i Fe FeUE 1/Fer -
® B BUE 1/BLr -
> Na NaUE 1/Nar -
5 P PUE 1R+ -
g N NUE T/NT -
C CUE 1/Cr -

2.2.3Testing the response of rice genotypes to single and
multiple element deficiencies

This experiment was carried out to check which element was the most limiting among the

three under 0.1 NPK condition by reducing one element, N, P, or K, at a time and multiple
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elements (NPK) at the same time. NPK concentration was further reduced to €hetk

the response of plants under more severe nutrient stress. In this experiment Nipponbare and
a subset of 7 tolerant and 6 sensitive lines were is®d01 NPK condition, the total
concentration of N was 0.029 mM, P was 0.003 mM and K was 0.01Tinide seedlings

from each genotype were transferred to hydroponics after 2 weeks germination in sand.
Plants were kept in test conditions for 3 weeks. Then fresh weight (total, shoot, root), RGR

and RGRRED were measured.

2.2.4Statistical Analyses

Toreduce seasonal variation, data were normalized for effects of replicates and seasonal
variability by using a linear mixed effect package (LME#R softwargBates et al.,

2014) R software (version 3.1.3), SAS statistical analysis system (SAS, version®.4) an
SPSS Statistics software package (version 24.0.0.1) were used to carry out statistical tests
including: Twotailed ttest to compare means of phenotypic traits (growth and ion
parameters, table3.between different treatments, and to compare meangesant and
sensitive genotypes under low treatment,-aag ANOVA to check the association

between phenotypic traits and genotypes ofptulations, posh oc t est usi ng
honest significant test (Tukey HSD; P<0.05) to determine significant diffesebetween

means produced from ANOVA. Correlation matrices were generated using corrplot library
in R software (version 3.1.3). Correlations were declared statistically significamaitie

was < 1%. A cubff value of at least 0.5 was considered fairwise Pearson's correlation

coefficients (> 0.5 for positive correlations andiG5 for negative correlations).

2.3 Results

2.3.1Morphological differences between plants in low and
adequate supply of NPK

A total of 294 rice accessions was examined to find out which lines are more efficient when
grown in low nutrient conditions (0.1x NPK concentrations). It was expected to see

differences in terms of the observable characteristics between plants in diffeaéments
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and between accessions in each treatment in response to the reduction in NPK
concentrations. Overall, accessions grown in low N, P, K conditions were shorter, leaves
had pale green colour, and stems were thinner compared to the ones grdeguete N,

P, K supply. On the other hand, roots of plants grown in 0.1x NPK supply were longer and
thinner than those of plants grown in 1 NPK supply. However, differences between
accessions varied. Figure 2.1 shows an example of the observed monatiologi

differences.

0.1x NPK

1xNPK 0.1x NPK

Figure 21: Morphological differences between plants grown for 3 weeks under adequate and low
supply of NPK.

2.3.2Growth and biomass analysis

The average of 4 replicates for the whole set of accessiansalaulated for each of these
variables (initial weight, final weight, dry weight, relative growth rate (RGR) and RGR
reduction) in both conditions (1 NPK and 0.1 NPK). Average initial weight before
transferring to hydroponics varied between 0.08 and @.2#ich is a 3.5 fold difference
between the extremes. The bulk of the plants was between 0.12 and 0.22 g. The average
final total fresh weight and shoot fresh weight of plants in control condition was
significantly higher than that in 0.1 NRKwo-tailed t-test,P < .0001) The latter showed

almost 2 fold decrease in average total weight, shoot fresh weight and shoot to root ratios
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compared to control plants. However, average fresh root weight was almost the same and
not significantly different between treatments (Figure 2.2). Distribution of fresh weight
parameters in control plants was shifted to the higher end, except for stotvieaght

where the two treatments mostly overlapdgsing twotailed ttest, all growth parameters
were statistically significantly different between control and 0.1 NPK treatments (P<0.05),

except for average initial weight and fresh root weight.

Thesame trend as seen with fresh weight was observed for all dry weight parameters,
except for root dry weight where the difference was significant between the two treatments
(Two-tailed ttest,P < .0001)and roots had relatively higher weight in low NPKrta
(Supplementary Figure 2.1). The average relative growth rate was significantly greater in 1
NPK plants(Two-tailed ttest,P < .0001) within the range of 0.070 and 0.140 (§dj),

than in 0.1 NPK plants, where it was between 0.056 and 0.106dd) Supplementary

Figure 2.2).To check which lines were more efficient to grow in the low nutrient supply,

RGR reduction was calculated. Growth reductions varied between 6% and 40%. The lowest
values indicate that these accessions were more tolemgavitaunder low N, P, K supply

(Supplementary Figure 2.2
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2.3.2.1 Genotypic variation on subpopulation level in rice
under low NPK based on growth parameters

Based on growth parameters (materials and methods, t8ple&iations were observed

not only between different genotypes, but also betweemspblations. Under 0.1 NPK,

the subpopulation factor was statistically significantly associated with almost all growth
parameters except total fresh weight and shestfiveight (ongvay ANOVA; P<0.05).

For example, means of RGR under 0.1 NPK condition were significantly different between
admixed indica and temperate japonica-papulations. Admixed indica showed

significantly higher growth rates compared totempgratep oni ca ( Tukeyds h
significant test HSD, P<0.05; Figure 2.3). Means of RGR under control conditions did not
show significant differences between subpopulations. Also, admixed indigepulation
showed significantly lower RGRRED compared to indtemperate japonicaustralisand
admixed (Figure 2.3). To conclude, admixed indica cultivars on average were more tolerant

to grow under low NPK supply.
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2.3.2.2 Differences in growth reductions for a subset of

accessions under low NPK condition

A total of 15 tolerant and 11 sensitive genotypes (Taldlewzas retested under 0.1 NPK
condition to confirm their level of tolerance. They were &sted under 0.01 NPK

condition to check their performance under more severe nutrient stress. Percentages of
reduction in growth rates were compared for tolerant and sensitive genotypes between the
1stexperiment and the +#test. In general, plants grewtter in the retest. However, average
reduction in growth rates in sensitive genotypes was 4 times bigger than for tolerant
genotypes and this difference was significant (faited ttest,P <0.05; Figure 2.4).

RGRRED for the subset of lines ranged betw&and 10% for tolerant lines and between

24 and 34% for sensitive ones, which is comparable to RGRRED for the whole set of lines
which ranged between 6 and 40%. For the subset, tolerant lines had growth reductions
closer to the lower end of the whole sétines, while sensitive lines had values closer to

the higher end. There was still genotype to genotype variation.

Under more severe nutrient stress (0.01 NPK), average RGRRED was around 60 % which
was bigger than that under 0.1 NPK. Although the difiee between tolerant and sensitive
genotypes was small (1.2 fold), it was statistically significant (Tailed ttest,P <0.05;
Supplementary Figure 2.3). Although identifying tolerant and sensitive genotypes using
different parameters like RGRRED anceefficiency (UE) is expected to give different
outputs, it was interesting to test if there is an overlap between the top 10 tolerant and
sensitive genotypes identified using these two parameters. The results showed that the
tolerant genotype (301158) lemson RGRRED showed high use efficiency for K.
Interestingly, a tolerant genotype (301100) was considered as inefficient for using P, while
a sensitive genotype (301199) was having high efficiency for P. Another sensitive genotype
based on RGRRED (30107&howed high efficiency for N. Suggesting that efficient

genotypes in using one el ement dondét neces
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Table 2.4: List of candidate tolerant drsensitive genotypes based on reduction in relative growth

rate.Abbreviations are as follows: IND for IndicAus for australisTEJ for Temperate Japonica,
TRJ for Tropical Japonica.

g’slgsrllé Subpopulation %esnglg\llg Subpopulation
301325 Admixedjap 301224 Ind
301100 Trj 301199 Ind
301405 Trj 301052 Tej
301227 Admixedjap 301241 Trj
301259 Ind 301169 Aus
301345 Aus 301256 Admixedjap
301158 Trj 301265 Tej
301214 Trj 301273 Tej
301374 Trj 301167 Trj
301341 Aus 301177 Tej
301141 Trj 301072 Tej
301299 Trj - -
301209 Admixedjap - -
301171 Tej - -
301310 Aus - -

40

35 I

S 30

S5 I

3

g 20 —

x 15 —

©)

X 10 —
; . F -
0

1st Exp Re-test 1st Exp Re-test |
Tolerant | Sensitive

Figure 2.4: Average reduction in growth rates in tolerant lines was smaller than for sensitive lines
under 0.1 NPK (Twadailed ttest,P = 0.001). Mean * SE (n = 45 tolerant, 33 sensitive).
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2.3.3Elemental analysis

2.3.3.1  Shoot concentration of elements on dry and fresh
weight basis

The average shoot content of elements was calculated for the whole set of accessions.
Shoot N, P and K content was reduced to nearly half when plants were grown under 0.1
NPK condition (Figure 2.5). Distribution of N, P and K concentrations between the two
treatments was split into two distinguishable clusters where control plants shifted to the

higher end.

Other nutrients were also measured because nutrient interactions can have positive or
negative effects on the uptake of others. Under 0.1 NPK comdislight increase in Ca,

Na and Fe shoot concentrations was found (18 %, 16% and 14%, respectively) (Figure 2.6).
The increase was bigger in Mg and Zn concentrations (29 % and 50%, respectively). On the
other hand, B and C concentrations in 0.1 NPKtglarere reduced by 14% and 3%,
respectively (Figure 2.6). Although the distribution of some elements was almost
completely overlapping between the two treatments, the difference was significant. On
fresh weight basis, the general trends for most of thet#tements were the same as on

dry weight basis, except B and C concentrations in 0.1 NPK plants where there was a slight
increase (Supplementary Figure 2.4 and 2.5). All ion concentrations significantly differed
between treatments based on ttaibed ttest (<0.05).
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2.3.3.2 Shoot and root element concentrations in reference
Nipponbare plants

Due to time and material lingition for some genotypes, root samples of the 294 accessions
were not analysed for ion content. Also, sample pooling does not allow an estimation of the
variation between replicates. For these reasons, the average element concentration in dry
shoot and rotissues was calculated for a total of 28 reference Nipponbare plants.

The general trends of element contents in Nipponbare shoots agree with those observed for
the whole set of accessions. When comparing Nipponbare root and shoot, N, P, K, Ca, Mg
andB concentration was relatively higher in shoots than in the root in both conditions. In
contrast, Fe concentration was much higher in the root compared to the shoot in both
conditions. The same was true for Na but only under low NPK. Zn concentrati@riwoth

of 1 NPK plants was higher than the in the shoot and the opposite was true for 0.1 NPK

plants.

In 0.1 NPK plants, root N, P, K was reduced to nearly half comparedPK plants

which agrees with the shoot trend (Figure 2.7). As in shoots, the concentration of Ca, Mg,
Zn, Fe and B did not vary much between the treatments (Figure 2.8). There was, however, a
more than twefold increase in Na concentration in thetoof 0.1 NPK plants, which

contrasts with little change in the shoot.

Since average shoot concentrations in Nipponbare were relatively similar to that of all
genotypes, it is possible to assume that using Nipponbare reference plants was a good way
to getan indication of root ion concentrations. Furthermore, these differences in ion
distribution between shoot and root under different treatments might explain the different
mechanisms in response to low supply of nutrients. The increased concentratian of Na

roots under limited nutrient supply might compensate for reduced K uptake.
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2.3.3.3 Differences in nutrient use efficiencies under low
NPK condition

To be able to evaluate the performance of the genotypes and idergiytiiad were more
efficient in nutrient use under low NPK treatment, nutrient use efficiency was calculated
using shoot dry weight of plants. Since shoot tissues from 4 replicates were pooled prior to
performing the elemental analysis, no replicate date &eailable and hence no standard
errors. Use efficiency values for N, P and K were higher under low treatment compared to
high treatment (Figure 2.9), which is explained by the higher tissue concentrfation
elements under 1 NPK. Differences in use efficy for N, P and K were observed among
the accessions in both treatments. Pearson
positive correlation between high and low treatment was observed for nitrogen use
efficiency (NUE,r =0.48), strong positiveorrelation for PUEN(=0.72) and weak positive
correlation for KUE  =0.2). This suggests that different genotypes have variable use
efficiency for different elements, and some might be efficient for one element but not the
other. Also, the strong posig correlation between PUE under both treatments suggests
that same genotypes that were efficient in using P under high treatment were also efficient

under low treatment. Alternatively, it could mean that P was not limiting.

Under 0.1 NPK, genotypes witligh and low efficiency in using N, P, K were identified.
Genotypes with higher efficiency had the ability to grow better with a smaller amount of
nutrients. There was about tvi@d difference in use efficiency of N between the most
efficient and inefficent genotypes. The difference was around 7 and 3 fold, for P and K,
respectively. The top 10 accessions for highest and lowest use efficiency for N, P and K
under low treatment are summarised in Supplementary Table 2.1. Of the top 10 genotypes
with lowestP efficiency, 6 overlapped between high and low treatment, and 3 out of 10
genotypes with highest P use efficiencies overlapped between high and low treatments.
This might explain the strong correlation between both treatments. However, 3 out of 10
genotyes with lowest K use efficiency overlapped between high and low treatments,
although the correlation was very weak. No genotypes overlapped for NUE. Genotypes that

overlapped between the two treatments are highlighted in Supplementary Table 2.1.
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2.3.3.4  Genotypic variation on subpopulation level in rice
under low NPK based on tissue element concentration

Under 0.1 NPK, the supopulation factor was diatically significantly associated with
almost all parameters related to shoot element content (materials and methods3Jable 2.
except: Feontent on dry weight basi€ content on dry weight basis, N content on fresh
weight basisk content on fresh weight baske content on fresh weight badt® use
efficiencyand Cuse efficiency{Oneway ANOVA; P<0.05).

Regarding element concentrations, as N and K were not significantly associated with sup
population factor, only P is preged. Under 0.1 NPK, means for P concentration in dry,
and fresh shoot tissue showed that Aromatic accumulated the highest P concentration
among all suipopulations. Aromatic had the lowest P use efficiency that was significant
compared to Indica which stved the highest P use efficiency (Figure 2.10). Interestingly,
Aromatic was significantly associated with P under control as well (Supplementary Figure
2.6).

To conclude, variations were observed not only between genotypes but also between sub
populatons. As P content in low and control treatment correlated significantly positive, it
was interesting to find that the same subpopulation had accumulated more P in both

conditions. This might also suggest that P was not limiting under low supply.
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2.3.4Correlation between phenotypes of plants grown in low
and adequate NPK supply

2.3.4.1 Growth parameters

The correlation between the different growth parameters was tested. The correlation tests
were based on an average of 4 replicade®rall, there were significant positive

correlations between initial weight, fresh weight (total, shoot) lex@d dry weight (total,

shoot, root) in both control and 0.1 NPK conditions (Figure 2.11).

One might expect that plants that have grown better during the first two weeks, hence have
higher RGR during that time, would also grow faster later in hydropoHiowever, there

was only a very weak positive correlation between the initial fresh weight of plants and the
relative growth rate in contr¢i=0.18) and low treatment£0.17) (Figure 2.11)There

was a significant positive correlation between relagine@vth rates of plants in control and

low conditions (Figure 2.11). This suggests that the accessions whose relative growth rates
were highest in 1 NPK condition have relative growth rates that are less depressed in the
low NPK condition. However, thoughis assumption might be true as an overall trend,

there were still variations between individualBve accessions with highest relative

growth rates were selected from the control condition and compared to their relative growth
rates in 0.1 NPK conditiorAs shown in Figure 2.12, accessions that have grown better
under adequate supply of nutrients have not always done better under low NPK supply.
Overall, growth parameters correlated fairly well within and between treatments. Under 0.1
NPK only, shoot t@oot ratio was significantly and negatively correlated with root weight,
suggesting that as the ratio was decreasing, root weight increased, and that was true for
both FW and DW (Figure 2.11).
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Figure 2.12 Relative growth rates of the same accessions in different conditions: control and 0.1
NPK. Numbers represent the top 5 accessions with highest RGR values in control condition and
their corresponding positions in 0.1 NPK treatment.

2.3.4.2 Shoot element concentrations

P concentration based on dry weight was strongly positive and significantbtated

between control and 0.1 NPK treatmant (0.85), suggesting that plants having high P
concentration in control also have high P under low treatment (Supplementary Figure 2.7).
The same was true for P concentration on fresh weight basis (SempéeynFigure 2.8)

and for P use efficiency (Supplementary Figure 2.10). This suggests that P was not limiting
under 0.1 NPK condition. This finding was confirmed by another experiment where N, P
and K were reduced separately. Plants under 0.1 P showest Ieguction in growth

compared to 0.1 N or 0.1 K. Also, Ca concentration based on dry weight, fresh weight and
Ca use efficiency correlated positively and significantly between control and 0.1 NPK
treatment (Supplementary Figure 2.7, 2.8 and 2.9). Athdla was not limiting this might

suggest that it was a useful element under low NPK.

Under 0.1 NPK, a positive correlation was observed between shoot N and Ca on dry weight
basis (Supplementary Figure 2.7), fresh weight basis (Supplementary Figuar®ue
efficiency (Supplementary Figure 2.9), suggesting that plants having high N concentration
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also had high Ca content (Supplementary Figure 2.7, 2.8 and 2.9). Under 0.1 NPK, positive
correlation was observed between N concentration based on frestt asigother

elements including K and C (Supplementary Figure 2.8). Not only under 0.1 NPK, N based
on FW correlated significantly and positively with C, but it did also under control condition
(Supplementary Figure 2.8). Under control, Mg correlated ipebitwith Ca, Na and C
(Supplementary Figure 2.8). Under control only, it has been shown that plant having high N

efficiency were also having high&ificiency (Supplementary Figure 2.9).

2.3.4.3 Growth and shoot ion concentration

Correlationsanalysisbetween growth parameters and shoot ions on DW basis did not
reveal any significant correlations. The same was true for correlations between growth
parameters and nutrient use efficiencies. This might be explained by the different
efficiencies ofdifferent genotypes in using nutrients under the same condition. On fresh
weight basis, shoot C correlated negatively and significantly with fresh weight under low
treatment onlyr(=-0.57). This might be related to N as C:N ratio can be an indicatdt for
deficiency.

2.3.4.4 Correlation between RGRRED and ion concentration
in a subset of accessions

To test if growth reduction was influenced by the concentrations of any of the shoot
elements in dry weight under low NPK, correlation analyses were carried out. Correlations
were deemed statistically significant if tRevalue was < 1%. A cubff value ofat least 0.5

was considered for pairwise Pearson's correlation coefficients (> 0.5 for positive

correlations and 0.5 for negative correlations).

Results revealed that there was no significant correlation between RGRRED with any of
the shoot ions eidr in tolerant (Supplementary Figure 2.10) or in sensitive lines
(Supplementary Figure 2.11). This is in agreement with the overall trend in the whole set of
accessions which did not reveal any significant correlations between growth and element
parametersHowever, in tolerant lines, there was significant positive correlation between
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shoot N and Ca concentrations, K with Mg and B, Ca and Mg, and finally Mg and B
(Supplementary Figure 2.10). Correlations between shoot ions were different for sensitive
lines P correlated positively with Zn, while B correlated negatively with B (Supplementary
Figure 2.11).

In general, tolerant lines had relatively higher shoot N, P, K, Ca and Mg concentrations
compared to sensitive ones. Shoot Na, Zn, B concentrationcwaparable in tolerant

and sensitive lines. In contrast, shoot Fe was higher in sensitive lines. The difference was
only significant in shoot N, K, Ca, Mg and Fe concentrations between tolerant and sensitive
lines (Twotailed ttest,P < 0.05). Taking imd account these differences in growth

reductions and their correlation with shoot ions in tolerant and sensitive lines might
possibly explain the differences in tolerance. For example, the accumulation, distribution
and interactions between elements foertant lines might explain their better performance

under nutrient stress. In this case, maybe by allocating more macronutrients in shoots.

2.3.5Response of rice genotypes to single and multiple element
deficiencies

For the whole set of accessions,idehcy symptoms were observed on morphological
basis, growth and element concentrations in shoot tissues under 0.1 NPK condition. Now
the question is whether this response was to all three elements (NPK) or whether one of

them contributed the most to thbserved phenotypes.

To test which element was the most limiting among the three under 0.1 NPK condition, one
element, N, P, or K, was reduced at a time and tests were conducted using Nipponbare.
NPK concentration was further reduced to 0.01 to cheekdsponse of the plant to more
stressed conditions and these tests included Nipponbare and a subset of 7 tolerant and 6
sensitive lines. To see the treatment effect, the average of all plants was calculated
regardless their tolerance. Then the averagdimftolerant and sensitive genotypes was

compared.
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On morphological basis, when single elements were further reduced to 0.01, deficiency
symptoms became stronger and more distinguishable. Low N plants had very pale green
colour, while low K plants sirted to show brown leaf margins and bending, low P plants
wereless affecte@ompared to N and K (Figure 2.13). Differences in the size of plants in
response to different treatments including control (1 NPK), 0.01 NPK, 0.01 N, 0.01 P and
0.01 K are preseed in figure 2.14Plants in controlveremuch bigger than the ones grown
under deficient conditions in either single or multiple elements. Plants deficient for 3
elementaveresmaller than the ones with single element deficiencies, however, size of

plants under low N were slightly bigger than the low NPK ones, followed by low K plants

which were bigger and then low P plants.

Figure 2. 13: Morphological differences between plants grown uh@&rreduction of N, P
and K.
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Figure 2. 14Differences in plant sizes in response to different treatments: contiétk],
parallel reduction of NPK (0.01 NPK), and individual reduction of N, P and K

2.3.5.1 Relative growth rate

Based on the average of all plants (Nipponbare, tolerant and sensitive), RGR was
significantly different between 1 NPK and both 0.1 and OIBK. The difference was also
significant between 0.1 NPK and 0.01 NPK (Figuré®.When comparing single and
multiple elements, difference in average RGR between 0.1 NPK and 0.1 of separate
elements was roughly the same but slightly higher for 0.1 fRerBice was only
significant between 0.1 NPK and 0.1 P, meaning that when either N or K was reduced,
RGR of plants was affected roughly to the same level as when all together were reduced.
This suggests that N and K were more dominant to affect growtharechto P. On the
other hand, under more stress (0.01 NPK), the difference in RGR between single and
multiple elements was only significant under 0.01 P and 0.01 K (Supplementary data 2.13),
meaning that growth rates of plants under reduced N only angacabie to those when
multiple elements are reduced. This indicates that N is the most limiting factor for growth
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under more severe stress. When comparing single elements, the difference in RGR was
significant between 0.1N and 0.01 N, and between 0.1 KO&1dK, meaning that further

reduction of N and K had great impact on growth. However, the difference was not
significant between 0.1 and 0.01 P, sugges
impact on growth (Figure 25). The overall trend of &sh weight was similar to that of
relative growth rate (not shown). Signific
significant test HSD (P<0.05).

2.3.5.2 RGR reduction

Compared to 1 NPK, there was around 15% and 58% reduction in average growth rates of
plants under 0.1 NPK and 0.01 NPK, respectively and this difference was significant
(Tukeyds honest signif i @.8Asdaxpecttes,geducttdiSid, P<O0.
growth rates of plants exposed to reduced NPK together were relatively largerogen th

when ony a single element was reduced. When reduced to 1/10, there was 10%, 1% and
12% reduction in average plantsd growth r a
NPK. However, the difference was only significant between 0.1 NPK and 0.1 @ (Tuk s

honest significant test HSD, P<0.05; Figure62. RGRRED of plants under 0.1 N and 0.1

K was nearly similar to that of 0.1 NPK and the difference was not signifioarthe other

hand, under more stress, the RGR reduction under 0.01 N was hig®%é3¥iafid nearly as

much as for 0.01 NPK, whereas for K and P RGR was reduced to a much lesser extent

(35% and 11%, respectively). This suggests that reducing only N was sufficient to result in
growth reductions similar to those where all elements werenignitnd that N is the most

limiting factor for growth under more stress. When comparing single elements, the

difference in RGRRED was significant between 0.1 and 0.(Q10B% and 52%,

respectively) and between 0.1 and 0.01(K2% and 35%, respectivelyjieaning that

further reduction of N and K had great impact on growth. However, the difference was not
significant between 0.1 and 0.0XP% and 11%, respectivelyguggesting that further

reduction of P did not have a great impact on growth (Figu@.2.1
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To conclude, when NPK were individually reduced to 1/10, N and K seem to contribute
equally to the reduction in growth rates. On the other hand, under more severe stress (0.01
condition), N was the most limiting factor, followed by K. In all cases, P hetetist

limiting factor.

2.3.5.3 Comparison between tolerant and sensitive lines
based on RGR and RGRRED

The overall trend for the 3 genotype groups (Nipponbare, tolerant and sensitive) was

similar to that of the average of all genotypes. There wandisant difference in RGR

between tolerant and sensitive genotypes under 0.01 NPK and 0.01 N (Supplementary
Figure 2.12). Since N was the most limiting factor, this suggests that the t¢el¢odow

NPK was because thegenotypes were tolerant to Nls@, the difference in RGR between
tolerant and sensitive genotypes under 0.1 P and 0.01 P conditions was significant
(Supplementary Figure 2.12). Nipponbare was used as a reference, but based on RGRRED,
it turned out to be more sensitive than the avecdgensitive lines (Supplementary Figure

2.13). However, the difference was not significant.
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Figure 2.15: Average RGR of plants under varying NPK treatments. Mean = SE (n = 42).
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Figure 2.16: Percentage of growth reduction of plants under varyiR treatmentsompared to
control (1 NPK) treatmenMean + SE (n = 42).

2.4 Discussion

2.4.1Morphological differences between plants in low and
adequate supply of NPK

Growing plants in hydroponics where a nutrient solution with adjustable elemental
composition is used, has been widely used in research for the ease of achieving the required
experimental condition&ericke, 1937Taiz and Zeiger, 2030A large number of diverse

rice accessions was examined to find out which lines are more efficient to use the available
nutrients and grow under low nutrient supply (0.1 NPK). On a morphological basis, it was
observed that plants grown in full strengthdien are much bigger than the ones with

reduced amounts of N, P, and K. AccordingRageria et al., 2013pplants lacking

phosphorus have narrow erect leaves, fine stems, and are short in height. Stunted growth in
young plants and delay in maturation might be observed lagVagz and Zeiger, 2030
Potassium deficient plants show chlorosis which might develop later to necrosis, have dark
green colour with yellowish brown leaf margins or dark brown necrotic spots, stems are
weak and thin, leaves may curl and the phaight bend to the ground. Also nitrogen

deficiency in plants would inhibit growth and lead to chlorosis (yellowing of the leaves),
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formation of thin and woody stems, leaves are narrow, short and Eaeceind Zeiger,

2010. Morphological traits oplants in this experiment were as expected. Plants have pale
green colour (yellowish), finer and weaker stems, small and erect leaves, also they are
shorter compared to the ones with higher N, P, and K concentrations. The lack of N might
have been the caa of the observed chlorosis, due to loss of chlorophyll. Longer treatments
would probably have led to further deficiency symptoms but since deficiency symptoms are
quite similar, it is hard to tell which nutrient was the most limiting for these plamise Si

and K turned out to be equally limiting under 0.1 condition, this might suggest that, the
morphological differences observed when reducing NPK to 0.1 was a result of a combined
effect of N and K, but not P which was the least limiting factor. Angibssibility is that

P was limiting to some extent under 0.1 NPK and reducing single elements did not reflect
what was happening when all three were reduced as that might result in nutrient imbalance
and it is known that nutrient ratio and balancing iseriorportant than the concentration of
each nutrienfMalvi, 2011). Therefore, reducing NPK to levels where deficiency for each
individual element is reached rather than reducing them by the sametimopelative to
controls might have shown a different response as some elements are needed in larger
amounts. Also, reducing multiple elements at a time introduces complexity and
confounding variables not only on morphological basis but also based @sploase of
genotypes as some might be tolerant to one or two elements but not to all together. This
was evident when tolerant lines differed significantly from the sensitive ones only under
low P. When single elements were reducedfbdd), deficiency symtoms became stronger
and more distinguishable, and they were as expected. Low N plants had very pale green
colour, while low N plants started to show brown leaf margins. Comparing ion content for

the plants that are deficient in one or multiple elemewtsiadvbe useful.

2.4.2Correlation between phenotypes of plants grown in low
and adequate NPK supply

There was a weak correlation between the initial fresh weight of plants and the relative
growth rate in both conditions. This suggests that the initial weight had only a minor effect

on relative growth rates. During the two weeks before treatment, |deges did not
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necessarily have larger RGR as it was not the only contributor to plant size during that

time. Other factors such as seed reserves and germination speed might have contributed as
well. On the other hand, the positive correlation betweenwelgtowth rates in both

conditions and total final plant weights indicates that plants with higher relative growth

rates have subsequently larger final fresh weights. Also, the initial weight was positively
correlated with final fresh weight. To summarifieal weight was positively correlated

with initial weight and RGR, meaning that to end up with larger final weight plants have

had either larger initial weight, or larger relative growth rate, or both. Initial weight had

only a minor effect on RGR, arlde differences in plant size during the first two weeks

might be a result of varying germination times and seed reserves.

Although the overall correlation (based on average of 4 replicates) was positive between
relative growth rate in full and 0.1 NPUpply, individual accessions responded differently

to adequate and limited supply of NPK. One reason for that might be the genetic variation
between these accessions which makes them have different tolerance abilities to limited
supply of nutrients. Moreeer, plants grown under NPK deficient conditions might have
different mechanisms and different genes regulated in response to stress compared to plants
that have adequate supply of nutrients. Also tolerant (efficient) genotypes may employ
different sets ofjenes compared to sensitive ones.

High levels of variation observed among the phenotypes tested in this study at both
genotype and subpopulation level, might be partially explained by the large and diverse set
of rice accessions used. Variation in growdtes might be an important indicator for the
efficiency of some genotypes in using the nutrients supplied for growth and biomass
production. Therefore, fast growing genotypes that showed improved performance
compared to others under low nutrient condisi@ould possibly have a positive impact on
crop development when exploited in breeding programs. Furthermore, a particular sub
population with higher growth rates (e.g. admixed indica in my study) can be further
analysed to check for differences withither than between subpopulations as differences
within subpopulations have been reported in rice for many agricultural traits (Samuel et al.,

2016; Zhao et al., 2011ldentifying more efficient genotypes in using the nutrients
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sufficiently to grow underdw NPK conditions would have a great impact in reducing

inputs and cost of production once introduced to breeding programs either by selecting
these cultivars for propagation or crossing with the better performing cultivars. Since the
tolerant cultivarsin hi s study havendét been tested for
them for grain yield production. If they turned out to be low yield cultivars, they can be
crossed with other cultivars known for high yields, or they can be genetically manipulated.
Combining genetic engineering techniques with conventional breeding programmes would
allow the introgressssion of the desirable traits into commercial crops, however, extensive
testing is required for the improved varieties before they can be usedrgéedaiation in
performance among genotypes under low NPK condition might be a result of superior
alleles controlling the genes involved in uptake and transport of these nutrients. For
example, the rice sodium transpoi@sHKT1;1was found to be importaim accumulating
more sodium in the roots of genotypes belonging to indica group compared to japonica
genotypes under salt stress (Campbell et al., 2017). Therefore, allelic variations of the
genes identified to be involved in nutrient use efficiencytbeoimportant traits, should be

utilized in breeding programs.

2.4.3Root architecture modifications in response to low NPK
supply

Root growth and root system architecture (RSA) are affected by water and nutrient
provision(Chapman et al., 2012In order to increase access of roots to nutrients, changes
in the architecture occur as an adaptive trait in response to less nutrient(Sagdyet al.,
2017). In my experiments, roots of plants grown in 0.1 NPK supply were longer and
thinner than those of plants grown in full supply. Also, the skmobot ratio was smaller

in 0.1 NPK plants. That might be either an effect of low P, as plants usuallppleve
modifications to root morphology in response to low P availal{iigye et al., 2006; He et
al., 2003; Lynch and Brown, 2003lso, (Clark, 1982 stated that roots of plants lacking

phosphorus were long and spindly, with little fibrousness.
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In addition, the observed change in RSA could be the result of K deficiency. A stddy by
et al. (2008pn 6 rice genotypes with variable K efficiencies grown in hydroponics, showed
a reduction in root growth under low K level (5 mg/L, which is similar to the 0.1x
concentration that | used) for all genotypes, while moderate K deficiency (10 mg/L) led to
an increase in root length of the efficient genotypes. Additionally, all the efficient
genotypes in their study formed more fine roots than the inefficient ones under low and
moderate K supply and also had higher K concentrations in shoots, suggestingtthat roo
morphology parameters are important for K uptake by roots and in the translocation of K
up to shoots. Root modifications can also be caused by N deficiency which has previously
been shown to make radical changes to root architecture, to increase themass

leading to decrease of the shaotroot ratio(Hermans et al., 2006; Krapp et al., 2011;
Scheible et al., 1997%ince all three, N, P and K are reduced in my study, it is not
surprising to find a reduced sheotroot ratio. It has been found that N and P deficient
plants have increased root to shoot ratio, while in K deficient plants that was rarely
observedHermans et al., 20063uggesting that N being the cause of allocating more
biomass to the root is a more sensible scenario, sinmkr®dappear limiting in my

experiments.

2.4.4Nutrient accumulation in tissues as an indicator for
nutrient use efficiency

In general, better distribution of nutrients in parts of the plant (root, shoot and grain)

reflects their use efficiency. A stya@n upland rice revealed that accumulation of K was the
highest compared to other nutrients. Results have shown that total K accumulation was 206
kg hd?, total N accumulation was 126 kg'hand total P accumulation was 13 kg'h&
accumulation was hfger in the shoot, whereas N and P accumulation was higher in the
grain. Also, to produce 1 metric ton of grain of upland rice, the requirement for K was the
highest among the nutrients with 40 kg, while N requirement was 28 kg and P was 3 kg
(Fageria et al., 2004}t has been reported that uptake of K is higher than N uptake in

lowland and upland ricé~ageria and Baligar, 2001; Fageria et al., 2003; Fageria et al.,

2010) These reported amounts of mineral nutrient requirement relate to molecular ratios
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(N/P/K) of about 1.7 / 0.08 / 1.0. The ratibN/P/K in Yoshida medium was 2.9/0.3/ 1.0,
while in shoot tissues were as follows: 3.4/ 0.3/ 1 (in 1 NPK) and 3.5/0.4 / 1 (in 0.1 NPK).
This indicates that the ratios of the elements are more like in the medium, not as reported in
the literature ®ld-grown plants. Also, the ratio does not dramatically change when NPK is
reduced 16old. Therefore, when reducing all 3 elements to 1/10, P is far less limiting

when comparing to what is actually needed: 0.03 compared to 0.08. Hence, this perfectly
agrees with the observations of P being the least limiting element. This is under the

assumption that the ratios matter.

On the other hand, my results showed that both N and K were limiting to the same extent as
they equally affected FW, RGR and RGRRED, whihder more stress (0.01 condition), N

was the most limiting factor among the three. This could explain why genes related to N

and K deficiency show up as best candidates in GWA analysis (chapter 3). In this context,

it is interesting to note that a pdehAlGWA study in the lab (Hartley, 2018) that tested the

same rice lines under conditions where only K was reduced to 1/10, did not produce the
SNPs that showed up as significant in my analysis. This suggests that N and P limitation

influence the way how ldeficiency is perceived by the plant.

2.4.5lon analysis and interaction between nutrients

In my experiment, low supply of K (under 0.1 NPK) might be the cause of the increase in
Mg and Ca. The antagonistic relationship between K with Mg and Ca warsetp
previously(Malvi, 2017). Under low NPK supply, although shoot and root Na was

expected to be much higher than that in 1 NPK condition, only a slight increase in shoot Na
occurred. The increase in root Na (from Nipponbare data) was much higher. Usually, when
K is deficient, plard take up Na to compensate fo(Malvi, 2011). Although under 0.1

NPK external Na concentration was higher than K in the medium (0.29 mM and 0.1 mM,
respectively), the increase of Na in shoot was igpiificant. The parallel study by Hartley
(2018) where K alone was reduced to 0.1 mM, shoot Na was 7.1 times higher compared to
control. However, external Na in his case was around 0.7 mM under control and low K

supply, which can explain the comparativelgher Na uptake. Increase of Na and the other
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elements was much higher when ions were measured on a fresh weight basis. Boron under
low NPK supply was slightly decreased, which might be a response to low K as their
relationship is synergistigvialvi, 2017). Under 0.1 NPK condition, the increase in Zn

might be a result of N decrease as they have negative rellstavi, 2011). In rice, as N

supply ircreased, Zn deficiency became more se{@irggh and Singh, 1985Calculating

ion content on dry weight basis does not consider water statissues which is an

important influencer on transport and biochemical processes. Therefore ion concentration

was calculated on fresh weight basis as well.

A study on N concentrations in ricevealed that N uptake in the shoot as well as in the
grain was significantly related to shoot dry weight and grain yfedgeria, 2008 The
difference in uptake and utilization of nutrients may be associated with better root
geometry, ability of plants to take up sufficient nutrients from lower or subsoill
concentrations, better transport or distibatand utilization within plantéFageria et al.,
2008) This indicates that plants grown in adequate supply of nutrients and haying
biomass and high ion content in shoot tissues, must have utilized the acquired nutrients
sufficiently for dry matter production. On the other hand, if plants have low dry weight but
high accumulation of nutrients the utilisation efficiency is low. ldeer, correlation

between growth and ion parameters in my study was not significant which suggests that
nutrient accumulation in the shoot did not explain the higher relative growth rates under
low NPK. Analysing the effect of reducing three elements malfg is more complicated,
because some interactions are contradicting between each element and between high and
low supply.

To conclude, studying the effect of reducing NPK in parallel was done for the first time on
large number of rice genotypes. iEfént genotypes that showed smaller reduction in

growth rates compared to those under optimal nutrient supply were identified which can be
of potential importance to crop improvement and reducing the use of fertilizers. Also,
among the three elements redd, some were more limiting than others under different

degrees of nutrient stress.
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Chapter 3. Genetic diversity of rice under low
nitrogen, phosphorus and potassium

3.1 Introduction

With rice being a staple food for many people, an important goal for rice breeding
programs is to develop rice varieties that produce high yields with less fertilizer inputs. The
emergence of contemporary sequencing technologies has built an opportumjyoee

genetic approaches for enhancing production in chdfags to improve the soil culture,
nutrient use efficiency, pest and disease resistance, have been developed through gene
identification and mappinspindel and McCouch, 2016

There are many genetic approaches that have been exploited to create a link between
genotype and phenotype, either by identifying genes or analyzing gene functions, such as
microarray analysis, mutant analysis using forward and reverse genetics methods,
guantitative trait locus (QTL) mapping and genome wide association studies. These
approaches have contributed enormously in improving nutrient use efficiency and other

desirable traits in plants.

3.1.1Transcriptomics studies

Studies on the transcriptoraed differences in expression patterns of genes in response to
environmental stimuli such as nutrient deficienciegehaeen conducted. For exampkmn

et al. (2016)yeported that when the higtifinity nitrate transporteNRT2;3bwas
overexpressed, theveas a 40% increase in nitrogen use efficiency (NUE) in rice upon
fertilizer application in the range of 0 to 300 kg N'hén the rice Kaybonnet cultivar,
overexpression of the ammonium transporter g@s®MT1.1has resulted in an increase in

N uptake and accumulation in shoot and root under adequate supp{iRahBthunge et

al., 2014) It has been reported that-tggulation of high affinity Pi transporters has led to
increased root Pi uptakRaghothama and Karthikeyan, 2Q00bransgenic lines
overexpressingie phosphate transporter géd&Pht1;6gene have shown an increased P

uptake and accumulatiq@hang et al., 2014aDverexpression dsPHT1;2and
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OsPHT1;4has increased Pi accumulation in shoot and root, respedfivelgt al., 2010a;
Ye et al., 2015b)Under K deficiency, overexpression@$HAK5potassium transporter
resulted in improved K influx ta in rice rootgYang et al., 2014bWhenKUP3

potassim transporter oAlternanthera philoxeroidewas overexpressed in rice, improved
growth and K uptake was observed under different levels(&dKg et al., 2014)
Overexpression of the potassium chanifeKb, improved growth and increased K uptake

and concentration in rice shoots and roots under low K siippiyad et al., 2016a)

3.12 Quantitative Trait Loci (QTL) mapping

Quantitative Trait Locus ( QTL) analysis is a statistical method that joins two types of
information; genotype information (mainly molecular markers) and phenotype data (trait
measurements), with the aim of explaining the reasons for the genetic vanatitmng
complex traitSamuel et al., 2016)n rice, QTLs for several agronomically impamt

traits have been identified such as biomass yMhtsubara et al., 201@Gnitial growth rate
(Sun et al., 2014)growth and grain yieldHittalmani et al., 2003; Venuprasad et al.,

2012) nutrient deficiency tolerance and use efficiency for nitrdiyéei et al., 2012)
potassim (Miyamoto et al., 2012and phosphorudNishida et al., 2017)or example, for
nitrogen deficiency tolerance traits, a total of 14 QTLs has been igenfii relative shoot
and root weight and relative plant heighian et al., 2005)and 7 QTLs for relative

biomass yield, relative plant height, relative root length and relative chlorophyll content
(Feng et al., 2010A QTL in chromosome 6 was found to be associated withgan use
efficiency(Shan et al., 2005Jnder low N supply, one maiifect QTL on chromosome 9
was also linked to NUECho et al., 2007)Related to low phosphorus tolerance, a QTL in
chromosome 12 was deteci@tishida et al., 2017)Jnder control and low K treatments,

30 QTLs have been identified for total biomass, shoot and root dry weight, shoot height and
root length, and 52 QTLs for shoot and root Na, K, Ca and Mg concentréfams et al.,
2015)
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3.1.3Genomewide associationstudies

Genomewide association study (GWAS) has recently become the method of choice for
linking genetic markers with phenotypes and is widely used in the identification of QTLs
that underlie the quantitative traits. GWAS is a mapping approach usehtifyidjenetic
variants or single nucleotide polymorphisms (SNPs) in the genome which are associated
with a particular phenotype or a trait. The association between each genotyped marker and
a certain phenotype is evaluated by GWKSrte and Farlow, 20)3In the DNA

sequence, common single bgmser changes are known as SNPs. They are a form of genetic
variation used as markers of a genomic regiush and Moore, 20)2GWAS can be
conducted to spot causative fa for a trait of interest and also to find out aspects of a
traitds genetic architecture, for exampl e
Linkage Disequilibrium (LD) can be explained as a-nandom association of alleles

between genetic loci ot inked loci(Yu and Buckler, 2006 LD between functional sites

and markers is the key to association mapping. The density of marker coverage required
depends on how rapid the LD decays over physical distance, the more rapid the LD decays,
the higher the needed marker dendityice, theestimated window of linkage

disequilibrium (LD) decay is between 50 and 500 kb (Mather et al., 2007; McNally et al.,
2009; Rakshit et al., 2007). The LD decay in Arabidopsis thaliana is estimated to range
between 10 and 250 kb (Magnus et al., 2002; Stay,€007). In other crops such as

spring barley, the extent of LD is approximately 10 centimorgan (Kraakman et al., 2004),
while in bread wheat and durum wheat it is estimated to extend to 41.2 and 25.5
centimorgan, respectively (Somers et al., 200fg distance of LD decay was smaller as

in commercial maize is estimated to range between 1 and 10 kb (Inghelandt et al., 2011).

It is possible to use GWAS to investigate genetic and phenotypic variations related to
different complex traits in a large nier of rice cultivars, whereby the genetic data of the
characterized lines can be used again and again to test many phe(diygoest al., 2011)
Results from GWAS can be compared with earlier studies such as quantitative trait loci
(QTLs) and mutant analysis (Zhao et al., 2011).
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The production of rice across the globe has been boosted by the gerderassociation

studies using diversity parseéncompassing hundreds of inbred rice accessions where
associations are established for important complex traits such as grain length and size, and
resistance to prevailing grain diseases and resilience to abiotic stress among other important
traits (McCauch et al., 2016; Zhao et al., 2011). The rice diversity panel 1 (RDP 1) was
phenotyped in previous GWAS studies for more than 34 traits related to stress tolerance
such as blast resistance; morphological traits such as leaf length and width; yield
componats including plant height and panicle length; and developmental traits such as
flowering time (Zhao et al., 2011). Other GWAS studies conducted in rice included a
variety of important traits such as tolerance to salinity (Kumar et al., 2015), drought

(Xuehui et al., 2010), Root traits (Ristova and Busch, 2014; Wissuwa et al., 2016), yield
(Liang et al., 2016). Candidate genes for other important traits were revealed using GWAS
on other crops such as grain yield, nitrogen use efficiency, plant height,dsiditoavering

time and grain yield in wheat (Cormier et al., 2014; Neumann et al., 2011; Sukumaran et
al., 2015), plant height, heading date, grain weight, protein and starch content in spring
barley (Pasam et al., 2012), disease resistance, leaf anatg@tant oil biosynthesis in

maize (Hui et al., 2012; Kristen et al., 2011, Tian et al., 2011)

3.1.4 Genome editing using CRISPR/Cas9 system

Genetic manipulation is one of the approaches used to analyze gene function. The
CRISPR/Cas9 system is a genomgtiegl tool that enables alteration of the genomic DNA
by using customizable single guide RNA to specifically target a nucleic acid sequence.
(Belhaj et al., 2013; Bortesi and Fischer, 20159s9 is a protein complex that has a
nuclease activity for the cleaving of dousieanded DNA. The enzyme cleaves the
complementary strand by following the guide RNA for complementary target site
recognition in the DNA sguence, which introduces double strand breaks (x@8)Yhe
target region. These can cagsme modifications by DNA repair mechanisms such as non
homologous end joining (NHEJ) and homoledyected repair (HDR{Belhaj et al.,

2013) NHEJ utilizes DNA ligase IV to rejoin the broken ends, while HDR uses template
strands for the repafBelhaj et al., 2015)Repair by NHEJ malead to frame shift
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mutations by the introduction of insertions or deletions, altering the functioning of genes
(Song et al., 2016 Chromosomal deletions can be obtained when the NHEJ mechanism is
combined with multiple gRNAs targeting the region. Similarly, HDR mechanisms can lead
to the creation of insertions, base substitutiandetetiongBelhaj et al., 2015)The NHEJ
repair mechanism might be preferred in plant genome edBielpaj et al., 2013)

3.1.5Rice diversity panel

Rice has been a favourite to GWAS mainly because of its broad history of domestication
and evolutionHalewood et al., 2018; Zhao et al., 20IMyo out of 22 recognized species

of theOryzagenus are known to be cultivated, the Asian @cgza sativaand the African

rice Oryza glaberrimathe rest are wild speci€gaughan et al., 2003Cultivated Asian

rice O. sativais divided into two major groups each of which is divided into well
differentiated sb-populations. Indica includes indica and aus, and japonica includes the
tropical japonica, temperate japonica and aromatic cult(@eszmann, 1987 Since the

rice genome has been fully sequeng@ézh et al., 2005and genotypes of around 400
sativaaccessions are accessiddao et al., 2011)n this study we took the opportunity to
make use of these accessions to explore the links between genotype and phenotype using
GWAS. The rice diversity panel 1 (RDP1) encompasses@ativaaccessions which

have been selected from different geogreghiegions around the world, representing all

five subpopulations of ricéZhao et al., 2011)Also, the panel has shown variability in

several important tis such as resistance to diseases and insects, tolerance to drought, low
mineral nutrition, high salt concentrations and flooding, and other less important traits such
as cooking quality, grain colors, lengths and text(Zéso et al., 2011)n this study,

GWAS was used to identify chromosomal loci linked to nitrogen, phosphorus and
potasium use efficiency in rice using RDP1. By doing so, novel associations were
identified in addition to those that overlapped with previous QTL studies. Also, some genes
within QTLs that were previously known to be involved in nutrient uptake, transport and
use efficiency were detected, together with other candidates with potential importance in
improving NPK use efficiency. Some of the candidate genes identified were further

analysed using the CRISPR/Cas9 system.
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3.2 Materials and methods

3.2.1Phenotypicdata

Phenotypic data were obtained from 294 diverse accessions from the rice diversity panel 1
(RDP1)(Zhao et al., 2011grown for 3 weeks under adequate (1 NPK) landsupply of
nutrients(0.1 NPK), and included growth traits and element concentrations. For plant
growth conditions and elementaialysis see (Chapter 2, methods). Details of all the

phenotypic traits included in GWAS analysis are summarised in Chapter 2 (T3ble 2.

3.2.2Genome Wide Association Studies

GWAS analysis was performed on trait data using mean values of four replicates. Genome
wide associations between genotypes and phenotypes were performed in R software
(version 3.1.3) usinGenABEL packagéAulchenko et al., 2007All the GWAS analysis

was done using the high density rice array (HDRA) which includes information for 700,000
SNPs and provides a better resolution compared to the preMdB@0 SNP chip, with

higher SNP density of around 1 SNP per 0.54 kb within the rice gefMatouch et al.,

2016) To reduce seasonal variation, data were normalized for effects of replicates and
seasonal variability by using a linear mixed effect package (LNE=tes et al., 2014)
GenABEL package caun GWAS with different models including: NaiveASTA
(Family-Based Score Test for Associatjiand EIGENSTRATChen and Abecasis, 2007;
Price et al., 2006)The FASTA model was used for data analysis because it applies mixed
linear model (MLM) to control false positives in GWAS®uU et al., 2006such as those

derived from spurious genetic associations produced by population stri@hireand Lee,
2019. Also, it accounts for both within and between family struct(iteand Zhu, 2018

In contrast, software like EIGENSTRAT does not modelifiastructure which may lead

to inflation in test statisticPrice et al., 2010and similarly Naive does not account for

population structure.

The genomic control & (&aGC) +ieuaftomitses t he

expected positi on. -1Dhiebelieved tb sufficieiyexplaa the &
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relatedness beeen individualgLi and Zhu, 2013 although it is related to sample size
(Priceetal.,, 2010) Anot her reason for using FASTA
obtained from this model were around 1 unlike other approaches which yielded much
higher values. Four principal components were included in all GWAS analyses. A false
discoveryrate (FDR) of 10% was applies a threshold criterion to correct for multiple

tests conducted by GWA@®enjamini and Hochberg, 199%Associations between SNPs

and phenotypic traits were defined as significant if they exceeded the FDR threshold

3.2.3Quantitative trait loci and candidate gene identification

A total of 89 individual and combined traits was analysed for associations (see chapter 2,

table 23). Traits without significant association signals were excluded from further

.

analysis. Signals that contained at least 3 significant SNPs not farther than 20 kb away from

each other, were deemed genuine QTLs while signals based on single significantr8NP we
ignored for dowrstream analysis. Major peaks were divided into minor regions after
zoomingin the genomic region surrounding the peak. If two or more QTLs overlapped
fully or partially between several traits, they were grouped into a single Exldh Q'L

was given a number to differentiate between QTLs in the same chromosome.

Within QTLs, genes were identified by interrogating a genomic area of 100 kb on either
side of the most significant SNP. The 200 kb interval was chosen to fall within the
estimatedvindow of linkage disequilibrium (LD) decay in rice which is between 50 and

500 kb(Mather et al., 2007; McNally et al., 2009; Rakshit et al., 28@3)gh it has to be

noted that LD is subpopulations dependent (e.g. ~100 kb for indica, ~200 kb for aus and
temperate japonica, and ~300 kb for tropical japor{i¢hao et al., 2011)Genes were

obtained by using the Rice Genome Annotation Project
(http://rice.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/ps
eudomolecules/version_7)Mrowser. The genes that were duplicated or have an
annotation of retrotransposons, or expressed proteins watditonal information were
excluded. AgriGO gene ontology analysis tool
(http://bioinfo.cau.edu.cn/agriGO/analysis.pas used to perform GO singular

enrichment analysis for the whole segehes to get an indication of which functional
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classes were overrepresented in this study. Genes were also checked for the presence of
nonsynonymous SNPs (nsSNPs) significantly associated with a trait using the Rice
Diversity Allele Finder: fittp://rsbt-mccouch4.biotech.cornell.edu/AFComparison of

the QTLs identified from GWAS with previous QTL studies was performed.

3.2.4Evaluation of candidate genes using mutational analysis

3.2.4.1 Using loss of function (knockout) mutants

Among the candidates identified by GWAS two HKT transporters were selected for further
evaluation. Rice functional genomic databddp(//signal.salk.edu/cghin/RiceGH was
checked for available mutant lines. One mutant line (T34523T) was found for OsHKT1;1
(LOC_0s049g51820) but not for OsHKT1;4 (LOC_0s04g51830). A retrotransposon
(Tos17) insertion mutant of OsHKT1;1 (line NF7030) was obtained {iang et al.,

2015) The Tos17 retrotransposon insertion resided within the first intron region of
OsHKT1;1.

To identify homozygous mutants, plants were genotyped for the insertion. Leaf tissues were
frozen in liquid nitrogen, then ground with plastic mortar before adding 400 pul of extraction
buffer (200 mM Tris pH 7.5, 250 mM NacCl, 25 mM EDTA, 0.5% SpXSjwards et al.,

1991) PCR with Phire Hot Start I DNA Pol yme
(5x), 1 ¢l dNTP mix (10 mM), 2. primer(l0f or war
eM), 25 ng DNA template, 1 ¢l Phire Hot St
nucleasé r ee water to a total of 50 e€l. PCR wa

left of the insertion in OsSHKT1;1 gene as describe@ang et al., 2015)The expected

product size was 1080 bp. Rice actin primers were used for control reactions (expected
product size was 409 bp). The PCR program used was: 98°C 30 sec, 35 cycles of: 98°C; 5
sec, 50°C 5 sec, 72°C 15cs@2°C 1 min. Primer sequences used are presented in
Supplementary Table 3.1. PCR products were run in 1.2% agarose gels and 100bp
Generuler DNA ladder was used.
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3.2.4.2 Phenotypic characterisation of putative KO lines

Seeds of HKT1;Inutant plants and wild type (Nipponbare) were germinated for 2 weeks
in sand. A total of 9 mutant and 5 Nipponbare seedlings was grown for 3 weeks under 1
NPK and 0.1 NPK conditions (for medium preparation, see methods in chapter 2). Fresh

weight, dry weght and relative growth rate were measured.

3.2.4.3 Generating loss of function mutation using
CRISPR/Cas9

Using KnockOut feature in DESKGEN softwarbt{ps://www.deskgen.comsuitable
gRNA sequences (20 nt) veedesigned to target the HKT1;1 and HKT1;4 genes
(Supplementary Table 3.2). Guides with highest possibka@et and oftarget scores
were selected as describ@bench et al., 2004Two guides for theslexon of HKT1;4
were picked for single knockout. Multiple gRNAs were used to increase the chance of
obtaining a deletion. To produce a double knockout, one guide targetintjekeriof
HKT1;4 and one targeting th8%xon of HKT1;1 were picked to simultaneously disrupt

these two genes through introducing a large deletion.

3.2.5Assembly of CRISPR/Cas9 constructs using Golden Gate
cloning

Components of the Golden Gate MoClo plant parts kit (Addgene #1000000047) and
MoClo toolkit (Addgene #1000000044Engler et al., 2008; Engler et al., 20W¥Bre used

to assemble plasmid constructs. Plasmids containing components of the CRISPR/Cas9
system were kindly provided by Nicola Patron (The Sainsbury Laboratory, Nor&eh).
Supplementary Table 3.3 for details of plasmids. DNA fragments were cloned to level 1
then Level M acceptors via one step restriction/ligation with type Il restriction enzymes,
BsalandBpil , respectively. To make level 1 plasmids (transcriptionasympromoter,

coding sequence and terminator were cloned from donor plasmids into level 1 acceptor.
Based on their position in level M constructs, appropriate acceptors were chosen from the

kit. Transcriptional units were assembled in the following orsieection cassette in
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position 1, Cas9 cassette in position 2, gRNAL cassette in position 3, gRNA2 cassette in
position 4, and finally a suitable efidker. In order to knock out genes, level M plasmids
containing gRNAs were assembled to target a spesgjuence at genes of interest.

SnapGene (www.snapgene.com) was used for the in silico assembly of the constructs.

3.25.1 Level 1 constructs

To assemble level 1 fragments, PCR was performed first to join the 20 bp gRNA sequence

to the gRNA scaffold aatained within pICSL90010. Primers used are listed in

Suppl ementary Table 3.4. PCR reactions con
dNTP mix (10mM), 2.5 ¢l forward primer (10
templ ate (pl CSDRApon@rRse (New England Biolabs), nucleise
water to a total of 50 €l. The PCR progran
sec, 72AC 30 sec; 72AC 2 min. 5 gl of each
containing 2 €GelSYBtRaiSa.f eThDENAr emai ni ng 45
MinElute PCR purification Kit (Qiagen) and the concentration was measured using

Nanodrop spectrophotometer. Constructs were assembled@ntdum aestivuni6é

promoter (TaU6) from plasmid pICSL90003. Gstep digestion/ligation reaction was

performed following the long protocol in ligase buffer from the Golden Gate assembly
manual(Engler et al., 2014)Two hundred ng of acceptor plasmid were mixed with the
inserts to a 2:1 molar ratio of imsert(s):
Bovine Serum Al bumin (10x), 200 wuniBgals T4 L
(0.5 ¢l of 10U/ el) were added and the volu
water. The program used was: 37 °C 20 sec; 26 cycles of 37 °C 3 min, 16°C507ir§

min; 80°C 5 min. 2 pl of the reactions were transformed into compEteali, plating 150

ul of bacterial suspension ong¢a | (40 g/ ml )/ 1 PTG (0.1 mM)
with carbencillin (50 ¢€g/ ml)lasmidvieiesteakedo | o n i
to new LB agar plates with the appropriate antibiotic and incubated overnight at 37 °C.
Plasmid DNA was extracted from 2 ml bacterial culture using Mackédrayg e | 6 s

NucleoSpin Plasmid kit. Plasmid concentrations were measured witldigno

photometer. Constructs were validated using restriction digests and sequencing. Each
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purified plasmid (500 ng) was digested with 1 pl of one or a combination of restriction
enzymes and run on 1% agarose gel with 1 kb DNA ladder (Invitrogen).

3.2.5.2 Level M constructs

The same steps were followed to assemble level M constructs except foBpisimgtead

of Bsalin the digestion/ligation reaction and using spectinomycin instead of carbencillin
for selection. Three level M constructs wassembled to target HKT1;1, HKT1;4, and
both. Diagnostic digestion witBacland with a combination dficol + SaclandBamHI+

Ncolwas performed.

3.2.5.3 Rice transformation

Constructs were introduced ineponicaNipponbare using\ tumefacienstrainAGL 1
transformation following the protocol diNishimura et al., 2006Briefly, around 100

seeds per batch were-tlasked and placed on a suitable medium to produce calli. Around 1
month later, the calli were infected with tAgrobacteriumcarrying the vector of interest.
Three days posnhfection, calli were transferred & selection medium for 4 weeks and

then to a medium for shoot regeneration f& weeks. After that, shoots were placed into

glass jars for a few days, then rooted seedlings were placed to soil pots and left to grow.

3.2.5.4 Identification of mutations in TO plants

Tissues were collected randomly from multiple leaves of the same regenerated TO plant.
Leaf tissues were frozen in liquid nitrogen, then ground with mortar and pestle before DNA

was extracted using the Machefdsgel NucleoSpif' Plant Il kit. PCR was used to check

for possible insertions or deletions in th
reaction buffer (5x), 1 €€l dNTP mix (10 mM
reverse primer (10AegM) 0. b O-Bidelity@®bdA Rbiyrgelaset e D N
(New England Biolabs), nucleater e e water to a tot al of 50

was: 98°C 30 sec; 40 cycles of: 98°C 5 sec, 50°C (for HKT1;1 primers) or 68°C (for
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HKT1;4 primers) 5 sec, 72°C 20 sec; 72°C Znfrimers used are listed in Supplementary
Table 3.5. PCR products were run in 2% agarose gel and 100 bp Generuler DNA ladder
was used. PCR products were purified using MinElute PCR purification Kit (Qiagen). 3'A
overhangs were added to PCR products uiadollowing reaction mix: 114 ul of the

purified PCR product, 2 pl of GoTaq Reaction Buffer (5x) (Promega), 2 ul of dATP (1
mM), 1 pl GoTaq Flexi DNA Polymerase (5 u/ul), 0.6 pl of Mg(@5 mM), and
nucleasdree water to a final volume of 10 ul. Thaxture was incubated at 70°C for 30

minutes in a thermal cycler.

The PCR products were then ligated into the pGEMasy Vector | (Promega) using T4

DNA ligase. After incubatiomt 4 °C overnight, ligated product was used to transform

E.colil DH5U) mi x and go cells prepared by usi
from Zymo Research Corp. The mixture was plated on LB/ampicillin/IPTG#Kplates

and incubated overnight at 37 “®lasmid DNA was extracted from 5 colonies for each
clonedPCR product using Macherdya gel 6 s Nucl eoSpin Pl asmid
analysed using restriction digests and Sanger sequencing. Each purified plasmid (500 ng)
was digested with 1 pl of one or a combination of restriction enzymes and run on 1%
agarse gel with 1 kb DNA ladder (Invitrogen). Sequencing was done using GATC Bitech
barcode service (www.gatdotech.com). Snapgene software was used to align sequence

traces with unmodified DNA.

3.3 Results

3.3.1GWAS on growth and ion content parameters

A 700k SNPRchip (McCouch et al., 2016)as used to analyse phenotypic data. After
applying genotypic quality controls using GenABEL package, 598,678 (85.5%) markers
were used since those with call rates < 80% (n=7017) and/or a minor allele frequency of
<1% (n=94325) were eluded. GWAS was ptarmed on all the phenotypic data
summarized in Chapter 2 (Tabl&R.GWAS resultson all phenotypes under 0.1 NPK

conditionare summarized ifiable 3.1.Manhattan plotand quantilequantile plotdor all
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phenotypes analysed by GWAS are summarizedestipplementary figures 3d 3.87.

Information on one growth parameter is provided as an example.

Table 3. 1 Summary of GWAS results of all phenotypic traits under 0.1 NPK condition. Trait name
is followed by chromosome number and the number of significant SNP positions.

Significant peaks (SNP
Trait Chromosome positions)
Peak 1 Peak 2

4 31184058 -
. . 6 21820752 24975205

Total finalfresh weight 8 3002115 -

10 17129594 -
4 30464183 30772771

Relative growth rate 10 20556687 -

12 21660849 -

3 16552163 -

5 8401535 -

- Shoot fresh weight 6 25006916 -

= 8 3002115 -

5 10 16525036 -

4 31184058 -

Root fresh weight 7 28318143 -

10 17129594 -

Fresh weight shoot to root 6 10018271 -

ratio 10 2120093 -

Fresh weight reduction 1 43115311 -

. . 1 42369736 -

Shoot fresh weight reductio 5 645981 -

Fresh W.elght shgot to root 5 11010207 )

ratio reduction
4 21426950 -
Mg

” 12 6942014 -
2 1 11054118 22203914
g Na 6 22223580 29540591
&) 8 9206953 27088677

& 10 21526441 -

§ 2 5383487 -

= P 4 13866768 -

g 8 10364518 -

ﬁ 10 16298434 -
K reduction 1 29231879 29309405

7 23344427 -
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K/RGR

20631168

88521

Na/RGR
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9206953
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P/RGR
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QOO
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[N
o

16298434

N/RGR

683345

8905285

31210808

1407184

C/RGR

21792130

29300008
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1050153

9591468
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Element ContentFW basis
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Mg

24957110

AIRPINOOINO|OA[NOTWIN

21426950

Fe

=
N

21104861
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11054118

22203914

29476763

9206953

27088677

7472543

5383487

13866768

RN OO

10364518

=
o

15637076

N

8548363

w

31006533

10

7819452

11

17671985

21123989

N

12818578

14706057

ol

8297036

21103899

K reduction

29231879

Mg reduction

31184058

|h~|F

7615516
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=
=

2032303

Na reduction

3457036

17430264

N reduction

31006533

Zn/RGR

13341013

K/RGR

20631168

28079760

1050153

9591468

OIOINOO|IN|O|W| 0o

10349285

=
=

23911043

Na/RGR

11054118

22853692

10281351

6719213

27088677

9176203

P/RGR

37710728

13865907

26598956

QORI OIOIN|F

10364518

[EEN
o

15637076

N/RGR

8548363

31006533

23793160

C/RGR

9591468

Fe

31674182

15982420

27129592

OO |W| O UIW[IN

5258341

=
N

26075612

22029281

Nutrient use Efficiency

Na

=

11336511

(o2}

29461156

8609327

10

13257618

3.3.1.1 Relative growth rate (RGR)

As an example of the analysis pipeline, Figure 3.1 shows-Qep@t and Manhattan plot
from the mixed linear model using relative growth rates of plants grown in 0.1 NPK as
phenotypic data. SNPs above the threshold line are significant at using a 10eateéDR

guantilequantile plots, the line produced based on observel®s should lie along the
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diagonal line of the expectedvlues for most SNP3he QQ plot value of around one
suggests that no confounders (population structure, or faehdigines$ occurred in the
GWAS. Based on RGR data, a number of QTLs was identified in different chromosomes
(Figure 3.1). The QTL in chromosome 4 included around 20 significant SNPs distributed
among~1Mb genomic region. Zooming into this region (Figure 3.2) shows a complex QTL
which encompasses a total of 45 unique genes after removing transposons, expressed
proteins and duplicates. For a peak to be considered a QTL, it has to encompass a minimum
of 3 significant SNPsot farther than 20 kb away from each otiHewro minor peaks only
fulfilled this criterion, and genes within 200 kb from the top SNP in each minor peak were
identified. Candidate genes identified in the QTL in chromosome 4 are summarized
table 32.

From this collection, candidate genes that might play a role in nutrient transport and use
efficiency were identified, for example, cation transporters OsHKT1;4 (LOC_0s04g51830)
and OsHKT1;1 (LOC_0s04g51820). These HKTs are permeable tnlj&Iabnoune et

al., 2009; Su et al., 2015; Suzuki et al., 2016) and may be involved in regulation of K/Na
homeostasis. OsHKT1;1 seems to act as adffinity sodium transporter (Garciadeblas et

al., 2003) and it is highly expressed in the shoot wislexpression in the root is induced

by potassium starvation (Garciadeblas et al., 2003). Wang et al. (2015) reported that
OsHKT1;1 in rice has an important role in salt tolerance by reducing Na concentration in
shoots and preventing sodium toxicity infleéades as it is probably involved in the control

of Na concentrations in the phloem and xylem sap under salt streg9shkid ; 1mutant

plants displayed hypersensitivity to salt stress, they contained less Na in the phloem sap and
accumulated more Na the xylem compared with the wild type. HKT1;1 is expressed
mainly in the phloem of leaf blades and it is regulated by the OsMYBc transcription factor
(Wang et al., 2015HKT1;4 is highly expressed in leaf sheaths (Surtlal., 2016) and it
controls leaf sheatto-blade Na transfer under salt stréSstsaftis et al., 2012A recent

study on rice revealed that OsHKT1;4 has a function in limiting Na accumulation
particularl in leaf blades under salt stress in reproductive growth stage (Suzuki et al.,
2016).

90



Na is known to have a positive influence on plant growth under limited K supply (Flowers
and Lauchli, 1983; Takahashi and Maejima, 1998; Takahashi et al., 1997am@asaptace

K to some extent, in carrying out some functions due to similar chemical properties
between them (Wakeel et al., 2011). A study on rice plants revealed that shoot Na
accumulation had increased under K deficient conditions but differed amoivarsult

(Akai et al., 2012). Additionally, it has been proven that Na improved the growth of rice
plants under K deficiency and another HKT family member, OsHKT2;1, had a role in
uptake and allocation of Na as a useful element in K deficient rice root (@taig 2007).
This gene was identified from GWAS analysis on another trait. The HKT genes were
chosen as best candidates among others to potentially have a role in the transport and use
efficiency of K.

Transcription factors are known to regulate callydrocesses and some TFs were found
such as WRKY transcription factor 68 and MYB protein. Other genes such as ealcium
transporting ATPase which is a MgrP dependent enzyme that catalyses the transport of
calcium(Bafiuelos et al., 2002; Yang et al., 2Q0milar analyses were carried out for all
other traits listed inTable 23, Chapter 2) and the full list of genesngSupplementary

Table 3.7).
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Figure 3.1: A) Genomewide Pvalues from the mixed model method based on relative growth rate

in 0.1 NPK plants. The >axis showshe location of the identified SNPs along the 12 chromosomes

of the rice genome, the-&Xxis indicates thdog10 (Rvalue) which determines the significance of

the association between SNPs and traits. The horizontal line indicates the gedersgnifiance

threshold (FDR <10%). Circles indicate peaks that fulfilled the criteria for QTL definition. B) A Q

Q plot for relative growth rate in 0.1 NPK plants shows the distribution of the obsemaddd3
alongside their expecst=d4.65648& | ues. Genomic cont i

91



-log10(P-value)
5

[ap]
——
i)} B . . -..
E L]
© . ¢ *
? B -;— - r’----- B L Ll
E-' ’ '. L] : L 4 ot
D - :.,' » :.' :..‘ ‘ -
E‘J . K . . S I,
O .1 '.... Bew . ¥ Rl
- - > .

29.5 30.0 30.5 31.0 31.5
Figure 3.2: A) Chromosomal view showing the peak in chromosome 4 identified from RGR in 0.1

NPK plants. B) Zoomn of around 2 Mb covering the peak in chromosome 4. Blue and yellow
shading indicate 200 kb interval of the two peaks analysed.
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Table3.2: Summary of the candidate genes identified in the QTL in chromosome 4 associated

with RGR.

Locus ID

Gene

LOC_0s0495124(

EF hand family protein, putative, expressed

LOC_0s0495127(

vacuolar ATPase G subunit, putative, expressed

LOC_0s04g5128(

DAG protein, chloroplast precursor, putative, expressed

LOC_0s04g5130(

peroxidase precursor, putative, expressed

LOC_0s04g5131(

putrescinebinding periplasmic proteirelated, putative, expressed

LOC_0s04g5132(

transcription factor TF2, putative, expressed

LOC_0s04g5133(

maltose excess proteinlike, chloroplast precursor, putative, expressed

LOC_0s04g5134(

pectinacetylesterase domain containing protein, expressed

LOC_0s04g5135(

pentatricopeptide, putative, expressed

LOC_0s04g5136(

oxidoreductas€2OG-Fe oxygenase family protein, putative, expressed

LOC_0s0495137(

protein kinase, putative, expressed

LOC_0s04g5138(

proteinS-isoprenylcysteine @nethyltransferase. tax, putative, expresse

LOC_0s04g5139(

aldose lepimerase, putative, expressed

LOC_0s04g5140(

zinc finger, C3HC4 type domain containing protein, expressed

LOC 0Os049g5144(

villin protein, putative, expressed

LOC_0s04g5145(

glycosyl hydrolases family 16, putative, expressed

LOC_0s04g5146(

glycosyl hydrolases family 16, putativexpressed

LOC_0s0495151(

glycosyl hydrolases family 16, putative, expressed

LOC_0s04g5152(

glycosyl hydrolases family 16, putative, expressed

LOC_0s04g5156(

WRKY68, expressed

LOC_0s04g5157(

tyrosine phosphatase, putative, expressed

LOC_0s0495158(

leudne rich repeat containing protein, expressed

LOC_0s0495161(

calciumtransporting ATPase, plasma membréypee, putative, expresse

LOC_0s04g5163(

60S ribosomal protein L7, putative, expressed

LOC_0s0495166(

transferase family protein, putativexpressed

LOC_0s0495169(

glycosyl hydrolase family 47 domain contain protein, expressed

LOC_0s0495170(

DNA ligase |, ATRdependent family protein, expressed

LOC_0s04g5178¢

containing DUF163, putative, expressed

LOC 0s049g51797

PAP fibrillin family doman containing protein, expressed

LOC 0s049g51794

DNA binding protein, putative, expressed

LOC_0s04g51796

DNA repair ATPaseelated, putative, expressed
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LOC 0s04g5180( MYB protein, putative, expressed

LOC 0s0495182( OsHKT1;1- Na+ transporter, expressed

LOC 0s0495183( OsHKT1;4- Na+ transporter, expressed

LOC 0s0495188( GHMP kinases AThinding protein, putative, expressed

LOC_0s04g5189( OsSAUR20- Auxin-responsive SAUR gene family member, expresseg

LOC _0s04g5191( proteasome/cyclosome repeat contairprmjein, expressed

LOC 0s0495192( protein disulfide isomerase, putative, expressed

LOC 0s0495194( YT521-B, putative, expressed

LOC 0s049g5195( serine/threoningrotein kinase HT1, putative, expressed

LOC _0s049g5197( synaptic vesicle 2elated proteinputative, expressed

LOC _0s0495198( transferase family domain containing protein, expressed

LOC 0s0495199( transferase family domain containing protein, expressed

LOC 0s049g5200( protein phosphatase 2C, putative, expressed

LOC_0s049g5202( PHD-finger domain containing protein, putative, expressed

3.3.2Quantitative trait loci linked to NPK nutrition in rice

Based on GWAS analyses carried out on all traits a total of 84 QTLs was detected which
covered a total of 3540 genes (Supplementary TableAft&).removal of duplications and

of genes that were annotated as (retro)transposons, or as expressed proteins with no
additional information, a total of 1462 unique genes remaiBeddlementary Table 3.7)
Some of the 84 QTLs identified in this analysierlapped with previously identified QTLs
(Figure 3.3). In total, 16 QTLs from this GWAS analysis were found to be localized within
previously identified genomic regions. These were 10 QTLs associated with K deficiency
tolerance in rice in all chromosomescept for 2, 3, 5, 6, 9 and {Bang et al., 2015}hree
known QTLs for N deficiency tolerance and use efficiency in chromosome 4 (&¥ieli @t

al., 2012) and three QTLs in chromosome 6, 10 and 12 linked to P deficiency tolerance
(Nishida et al., 2017Shimizu et al., 2008; Wissuwa et al., 2002; Wissuwa et al., 1998)
Novel QTLs linked to NPK use efficiency were found in other parts of the genome across

almost all the chromosomes.
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Figure 3.3: Summary of QTLs identified in this study. SigBsitions are shown using red triangles
to the left of grey bars which represent rice chromosomes. Coloured rectangles represent QTLs
identified in previous studies in rice.

3.3.3Genes within Quantitative Trait Loci

3.3.3.1 General classification ofgenes

AgriGO gene ontology analysis to@lttp://bioinfo.cau.edu.cn/agriGO/analysis.pnas

used to perform GO singular enrichment analysis for the curated list of 1462 Derats

al., 2010) A total of 109 GO terms was statistically significantly (FDR <5%) enriched
relative to their background abundance in the rice genome, these inseabediary level
terms of the parent ones under 3 categories: biological process, molecular function and
cellular component. Significance was calculated using Fisher's exact test with a Yekutieli
adjustment for multiple testing. Considering only paremhsewithin the 3 categories, we
ended up with a total of 13 significant overrepresented Go terms (7 in biological process
category, 4 in molecular function and 2 in cellular components categories).
Overepresented GO terms in all 3 categories are sumrddrizeyure 3.4.To conclude,

metabolic and cellular processes together with response to stimulus related terms are
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overrepresented in biological process category. Based on molecular function, catalytic
activity and binding related terms are overrepreskrithis suggests that genes with

regulatory roles, such as kinases and transcription factors, might be potentially important to
the use efficiency of NPK. However, these categories encompass hundreds of genes which
will need further evaluation. In the maldar function category, transporter activity GO

terms were also overrepresented. This is not surprising since many transporters have been
previously identified to be involved in improving the use efficiency of nutrients (N, P and

K) (Teng et al., 2017)

H metabolic process =

m cellular process

M response to stimulus
signaling — Biological process
biological regulation

localization

developmental process _J
M catalytic activity
hinding
o B Molecular function
transcription regulator activity

transporter activity

m cell
Cellular component
organelle

Figure 3.4: Summary of overrepresented GO termdmdurated list of genes.

3.3.3.2 SNPs associated with traits and within genes

Candidates were checked for the presence osgoonymous SNPs (nsSNPs) using the

Rice Diversity Allele Finder:Http://rsbt-mccouch4.biotech.cornell.edu/ARNithin the

peaks included and amongst the SNPs that were significantly associated with any of the
traits, 176 SNPs were found to be within genes. Of these, 36 honsynonymous SNPs were
found within 32 differehgenes as listed in Table33vith two nonsense mutations in
OsWAK35a- OsWAK short gene (LOC_0s04924300) and in OsWAK128WAK
receptoslike protein kinase (LOC_0s12g42040). Two nsSNPs were found within the
cation transporte®@sHKT2;4(LOC_0s06g48800).
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Table 3.3: Non-synonymous single nucleotide polymorphisms (SNPs) identified using GWAS.

Gene Chr SNP Amino acid
position | change
(bp)

LOC_0s01g19548entatricopeptide, putative, chrl | 11090319 | Thr->Ser

expressed

LOC_0s02g3449Q:eucine Rich Repedamily protein, | chr2 | 20668145 | Leu->Ser

expressed

LOC_0s03g54084phytochrome C, putative, expresse( chr3 | 31006533 | Cys>Tyr

LOC_0s03g54780: chr3 | 31147642 | Met->lle

STE_PAK_Ste20_KHSh_GCKh_HPKh-BTE kinases

include homologs to sterile 7, sterile 11 and sterile 20

from yeastexpressed

LOC_0s04g242200sWAK32- OsWAK receptoilike chr4 | 13866768 | Glu->Asp

protein kinase, expressed

LOC_0s04g35250MONOCULM 1, putative, expresse( chr4 | 21425711 | Lys->Thr

LOC_0s04g242200sWAK32- OsWAK receptoilike chr4 | 13865907 | Ala->Ser

proteinkinase, expressed

LOC_0s04g243000sWAK35a- OsWAK short gene, | chr4 | 13924025 | Arg->Stop

expressed

LOC_0s05g405200sFBT8- F-box and tubby domain | chr5 | 23793160 | Thr->Lys

containing protein, expressed

LOC_0Os06g3754thypothetical prtein chré | 22223580| Arg->Cys

LOC_0s069g488000sHKT?2;4- Na+ transporter, chré | 29535779 | Leu->Phe

expressed

LOC_0s06g488000sHKT2;4- Na+ transporter, chré | 29536340 lle->Val

expressed

LOC_0s06g48870methytbinding domain protein chré | 29593765| Ala->Thr

MBD, putative, expressed

LOC_0s06g1239Qyalactosyltransferase family protein chr6 | 6719213 | GIn->Lys

putative, expressed

LOC_0s06g488600sSAUR28- Auxin-responsive chré | 29580806 | Asp->Glu

SAUR gene family member, expressed

LOC_0s06g486500sSub52 Putative Subtilisin chré | 29435494 | Ala->Val

homologue, expressed

LOC_0s06g4488Qype Il intron maturase protein, chré | 27129592 | Ala->Ser

putative, expressed

LOC_0Os06g4721ligopeptidase, putative, expressed chré | 28623106 | Asp->Asn

LOC_0s08g05600aquaporin protein, putative, chr8 | 2997985 | Phe>Val

expressed

LOC_0s08g42840eucine rich repeat protein, putative| chr8 | 27088677 | Val->Gly

expressed

LOC_0s08g4301Qdisease resistance RPRIK protein| chr8 | 27184186 | Glu->Asp

1, putative, expressed

LOC_0s08g43000CC-NBS-LRR, putative, expressed | chr8 | 27178314 | GIn->Arg

LOC_0s08g42840eucine rich repeat protein, putative| chr8 | 27088956 | Tyr->Phe

expressed

LOC _0s08gl514%xidoreductase, 206Ge oxygenase | chr8 | 9167154 | Ala->Val

family protein, expressed

97



LOC_0s08g43000CC-NBS-LRR, putative, expressed | chr8 | 27178176 | Leu>Arg
LOC_0s08g151800S acidic ribosomal protein, chr8 | 9181356 | lle->Val
putative, expressed

LOC_0Os08g0903thypothetical protein chr8 | 5250384 | lle->Asn
LOC_0s08g2883Mhentatricopeptide, putative, chr8 | 17630078 | Lys->Met
expressed

LOC_0Os0809020:Cupin domain containing protein, | chr8 | 5249103 | Val->lle
expressed

LOC_0s08g08990Cupin domain containing protein, | chr8 | 5234303 | Gly->Ser
expressed

LOC_0s10g3151Qlycinerich cell wall structural chrl0 | 16508164 | Ala->Val
protein 2 precursor, putative, expressed

LOC_0s10g3162Qglycinerich cell wall structural chrl0 | 16567557 | Ala->Val
protein 2 precursor, putative, expressed

LOC_0s10g2567typothetical protein chrl0 | 13288466 | Phe>Leu
LOC_0s11g40090A49-like RNA polymerase | chrll | 23912892 | Arg->His
associated factor family protein, expressed

LOC_0s11g4008dipin, N-terminal conserved region | chrll | 23904581 | Ser>Phe
family protein, expressed

LOC_0s12g420400sWAK126- OsWAK receptorlike | chrl2 | 26075612 | Ser>Stop
protein kinase, expressed

3.3.3.3 Novel candidate genes with potential importance for
NPK use efficiency

Among the 1462 genes, 6 genes were identified to potentially be involved directly in the
use efficiency oNPK. These genes included: 1 ammonium transporter, 3 nitrate
transporters and 2 potassium transporters. Unexpectedly, several Na transporters were
identified that might be potentially important in the use efficiency of K. Other genes that
might be potentidy important are regulatory genes and transcription factors. Associated
traits and putative roles in PKN nutrition of the most promising candidate genes are briefly

discussed in the next section.

Thelow affinity ammonium transporter AMT3;(LOC_0s01g65000) was associated with
P(FW)/RGRt andit is expressed more in shoots than r¢@aur et al., 2012)Two high
affinity nitrate transporters OsNRT2.1 (LOC_0s02g02170) and OsNRT2.2
(LOC_0s02g02190) were associateith N(FW)/RGR.t. OSNRT2.1 and 2.2 are believed
to have a key role in nitrate uptafgeraki and Hasegawa, 20p8Jnder low nitrate,

98



enhanced growth was observed in rice plants when OsNRT2.1 was overexpressed
(Katayama et al., 2009DsNRT2.1/2.2 are mainly and abundantly expressed in most cell
types of the roots (primary and lateral) but also expressed in the (Eaveset al., 2011)

The Highaffinity nitrate transporter 2.3 (NRT2.3) (LOC_0s01g50820) was associated
with K(DW)RED.t and K(FW)REDT. OsNRT2.3 have two mRNA splice variants:
OsNRT2.3a and OsNRT2.3b. It has been observed that OsNRT2.3a plays a major part in
long distance nitite transport from root to shoot specifically under low nitrate,
additionally, knockdown of this gene led to impairment in Xxylem loading of nitrate and
reduction in growth at under low nitrgf€ang et al., 2012)O0sNRT2.3 is expressed in the
stelar cells of both primary and lateral rofffeng et al., 2011; Tang et al., 2012} the

three OsNRT2.1/2.2/2:3a genes require OsNAR2.1 as a partner to mediate arsgertr
moreover knockdown of OsNAR2.1 resulted in supressed expression in all of the above
mentioned OSNRT?2 transportéisan et al., 2011)

Linked to RGR, two sodium transporters were identified, OsHKT1;1 (LOC_0s049g51820)
and OsHKT1;4 (LOC_0s04g51830) as mentioned previousghked to the same trait, the
high affinity potassium transporter 14 (HAK14) was identified (LOC_0Os07g32530). From
the same family, another transporter HAK11 (LOC_0s04g52390) was found to be
associated with FW and with Mg(FW)REDLT. In rice, 27 genesrggty to the

KT/HAK/KUP potassium transporter family are distributed among 8 chromosomes and
they cluster in four major groups based on their amino acid sequégas et al., 2008)
Although both OsHAK11 and OsHAK14 belong to cluster lll, they are subdivided into
cluster IlIA and B respectively. However, functions of cluster Ill and IV members are less
understood compared to cluster | and I memf@rabov, 200Y. Cluster Ill genes are not
highly expressed in roots, but OsHAK11 expression in the root was found to be induced by
salt stresgOkada et al., 2008)n general, the majority of cluster | members in plants tends
to have a role in high affinity K uptake, and ckrsi members are likely to function as low
affinity K transportergOkada et al., 2008However, physiological functies of these
transporters not only differ between plant species but also between members of the same

cluster within the same speci@s et al., 2017)
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Two Na transporters were found to be related to many traits including: Na(DW)LT,
Na(DW)/RGRLT and NaUELT. These are: OsHKT2;1 (LOC_0s06g48810) and
OsHKT2;4 (LOC_0s06g48800). OsHKT2;1 is a high affinity Na transporter which has a
role in uptake and allocatioof Na in rice roots under K deficien¢@arciadeblas et al.,
2003; Horie et al., 2008nd the expression in roots is induced by K starvation
(Garciadeblas et al., 2003; Horie et al., 20Q)der low K provision, OsHKT2;1
expression was upegulatedMa et &, 2012; Takehisa et al., 2018)d shoot Na
accumulation increased when OsHKT2;1 was overexprébsigdmoto et al., 2015)
Furthermore, OsHKT2;4 selectively transports K under low external Na concentration , but
mediates Na transport when Na concentration is high (>10 mM). Its K selectivity is
dominant over NgSassi et al., 2012)nd other divalent cations such as Mg andiaie

et al., 2011a; Lan et al., 2010&Xxpression of OsHKT2;4 was dowegulated under K
deficiency(Shankar et al., 2013nd it is expressed more in shoots than r(idtgamoto et
al., 2015).

The Na transporter OsHKT1;5 (LOC_0s01920160) wascated with NaUELT.

OsHKT1;5 is a selective sodium transporter and it has been shown that a loss of function of
this gene has led to higher Na accumulation in shoots under salt stress as it has a role in
recirculating Na from shoots to roots by excludihgin the phloentKobayashiet al.,

2017; Mekawy et al., 201%8nd also in retrieving Na from the xylem to reduce the

accumulation in shoo{&hongHai et al., 2005)

3.3.4Evaluation of candidate genes using available mutants

Among the candidates identified by GWAS two HKT transporters were selected for further
evaluation as &y might havea role in K use efficiencyA mutant of OsHKT1;1 (line

NF7030) obtained fronfiWang et al., 2013 ad the Tos17 retrotransposon insertion within

the first intron of OsHKT1;1. Published data confirmed thistitisertion had an effect on

gene function and showed that the plants had a phenotype when tested under salinity stress
(Wang et al., 2015)The seed stock obtained was homozygous for the insertion

(Figure.3.5).
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Although HKT1;1 is highly expressed in the shoot (leaf blade specifically), the expression
in the root is induced by potassium starvati@arciadeblas et al., 2008)ggesting that

this gene might have a role in transport of Na to compensate for K under K deficiency. In
this case, by disrupting HKT1;1 gene function, it wapected that the knockout lines

would be limited in their Na transport/uptake, assuming there is little or no redundancy.
Therefore, under low NPK, plants would perform less well since K cannot be efficiently
replaced by Na. In standard NPK conditionsyats expected that there is no difference
between wild type and mutant. On the other hand, HKT1;1 plays a role in reducing Na
accumulation in the shoot under salt st(@®8ang et al., 2015)meaning that this gene

would at negatively under normal conditions by limiting Na transport to the shoot. In this
case, disrupting the gene function would be expected to have a positive effect. Mutant
plants would not reduce Na accumulation in the shoot and therefore plants wbuld stil
benefit from Na as a useful element under K deficiency. However, testing mutant HKT1;1
seeds together with Nipponbare under 1 NPK and 0.1 NPK condition revealed that mutant
plants had lower final fresh weights and relative growth rates (Figures 3.67aral 3oth
conditions which does not confirm the first assumption we had. Moreover, RGR reduction
showed no difference between wilgpe and mutant plants (Figure 3.8), meaning that
knocking out HKT1;1 did not reveal any effect. This is possibly duedon@ancy and

more than one gene contributing to give a phenotype, or this gene might act differently

under different conditions.
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Figure 35: PCR product after amplification with OsHKT1Fland R primers shows a witygpe

band at the expected size of 1080 bp for Nipponbare and not for plants with Tos17 insertion (Top).
Using rice actin primers, bands at size of 409 bp were observed in both wild type and mutant plants
confirming a successiftPCR (Bottom). L: 100bp DNA ladder, lane 1: Nipponbar&81HKT1;1

mutant plants.
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Figure 3.6: Average fresh weight of HKT1;1 mutant plants was smaller than Nipponbare plants
under 1 NPK and 0.1 NPK conditions. Erbars: SE (n=9 HKT1;1 mutant, n=5 Nip).
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Figure 3.7: Relative growth rates of mutant plants were lower than Nipponbare plants under 1 NPK
and 0.1 NPK conditions. Error bars: SE (n=9 HKT1;1 mutant, n=5 Nip).
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Figure 3.8: RGR reduction shows no difference between Nipponbare and mutant plants.

3.3.5Evaluation of candidate genes using CRISPR/Cas9 system

Two guides on thesiexon of HKT1;4were chosen for generating single knockout

mutants, through small indels at either target site or by deleting the segment in between the
targets. To produce a double knockout, 1 guide targetingteeah of HKT1;4 and one
targeting the 2nd exon of HKTILwere designed to simultaneously disrupt these two genes
by deleting the region in between the targeted sites (Fig 3.9).

To make level 1 constructs, gRNA scaffolds were amplified and the expected sizes of 140
bp or 141 bp depending on the gRNA lengthievagbserved (Figure 3.10a). Level 1

constructs were tested by diagnostic digestions and bands of correct sizes were observed
(Figure 3.10Db). Level M constructs were also confirmed by diagnostic restriction digests
(Figure 3.11). The structure of the fir@nstruct is shown in Figure 3.12.
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A)

Start (0) End (4834)
10007 20007 30007 40007
LOC4336927
| [
gRNA (1) gRNA (2)
Start (o) End (2773)
5007 10007 15007 20007 25007
| SECEEREREPE - - -- - -
LOC9266695
1
gRNA (1)
Start (0) End (16,001)
5000" 10,000' 15,0001
HKT1;4 HKT1;1
gRNA (1) gRNA (1)

Figure 3.9: Graphical overview illustrating the examtron structure of A) HKT1;4, B) HKT1;1.
Red and grey bars in (A) indicate target sites for HKT1;4. Blue bar im@)ates the target site of
HKT1:1 when simultaneously targeted with HKT1;4. C) The location of the gRNAs used for
double targeting within the’exon of HKT1;4 and "® exon of HKT1;1.
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B)

3912 bp

3054 bp— 940 bp

140bp
- o o-o oo PAEEE 1018 bp-

506 bp—

Figure 3.10: (A) PCR products after scaffold amplification at expected size. From the left: (L) 100
bp DNA ladder, (1) TaURNA1-HKT1;1, (2) TaUgRNA2-HKT1;1, (3) TaUBgRNAI-

HKT1;4, (4) TaUBGRNA2-HKT1;4. (B) Restriction digests for level 1 plasmids whibol + Sacl
shows bands at expected sizes. (L) 1 kb DNA ladder, (1) gRNA1 casi€®a;1, (2) gRNA2
cassetteHKT1;1, (3) gRNAL cassettlKT1;4, (4) gRNA2 cassettedKT1;4.

6108 bp—

1018 bp—

506 bp —

Figure 3.11: Diagnostic restriction digests to confirm level M sottucts. Bands were observed at
the expected sizes after digestion with a combinatidwcol + Sacl(1-4) andBamHI + Ncol(5-8).

(L) 1 kb DNA ladder. Level M constructs: (1 and 5) HKT1;1, (2 and 6) HKT1;4, (3 and 7, 4 and 8)
HKT1;1 and HKT1;4.
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o 14,915 b
Sacl P
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Figure 3.12 Map of level M constructs. Abbreviations are as follows: RB for right border, spec for
spectinomycin resistance, Ori for origin of replication, LB for left border, ZmUbZéar mays
Ubiquitin promoter, Hyg for hygpmycin phosphotransferase resistance, CAMV35S for Cauliflower
mosaic virus 35S terminator, OsAct f0ryza sativaActin promoter, Atnop foArabidopsis
thaliananopaline synthase terminator, TaU6 Taiticum aestivund6é promoter Sites ofNcol,
SaclandBamHIlenzymes used for diagnostic digests
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3.3.5.1 Rice transformation

All steps to regenerate transgenic plants followingiishimura et al., 200§)rotocol
were successfully accomplished (Figure 3.13).

C)Selection and shoot regeneration

D)Production of transgenic plants

Figure 3.13 Rice transformation and production of transgenic plants. A) Induction of calli from
placing dehusked seeds (left) to calli formation (right) takes 4 weeks; By@tare of calli with
Agrobacterium(3 days), inoculation ohgrobacteriumand cecultivation (3 days); C) Selection of
transformed cells (4 weeks) and regeneration of she@tdeks); D) Growth of transgenic plants
in soil pots.

3.3.5.2 Identifying mutations in the TO plants

For each construct 7 to 18 plants were regenerated (Tdbl&@me of these were

obtained from the same callus and could therefore originate from a single transformation
event. 7 to 10 plants for each construct were tested by PCR and sequencing of cloned PCR
products to identify mutations. In some lines, large delstiwere detected by PCR. These

are plants 7, 9 and 10 from construct OsHKT1;4 (Figure 3.14) and plant 3 from construct
OsHKT1;1+0sHKT1;4 (Figure 3.16a). These deletions were confirmed by sequencing.
Also, sequencing revealed a high rate of success ingjergesmall deletions or insertions
(Figures 3.15, 3.17, 3.18; Table!B.Sequencing results for th&'2arget site of OsHKT1;4
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were not obtained, as this region was downstream the amplified region using PCR. Hence,
mutation types for this plants are moinfirmed before sequencing th¥ &arget. Many of

the sequenced cloned represented failed insertions of the PCR fragment into the plasmid.
Therefore, there is often only one sequence trace available. Hence, in most cases it is not
yet possible to tell Wwether a plant was homozygous or biallelic. However, wt sequences
were recovered only in 4 out 19 plants, whereas mutant sequences were detected in 16
plants. Hence, the success rate of mutagenesis was about 80%. The biallelic cases are the
most likely notto contain wt sequence. For others, more sequencing data are needed before
testing plants for phenotypes. In the case of targeting OsHKT1;1 and OsHKT1;4 together,
so far only plants 3, 4 and 5 carry mutant alleles in both genes. Unfortunately, the
mutatians found in OsHKT1;4 in these three plants result in the deletion of a single amino
acid. This is unlikely a knockout mutation. However, it is worth sequencing more clones

from these plants and from plants 2 and 6 to see if additional mutant allelesfoande

Figure 3.14: PCR products for construct HKT1;4. (L): 100 bp DNA ladder. Numbers above lanes
indicate plant IDs. The expected PCR product size for unmodified HKNds4650 bp. The

expected deletion size from cuts at both target sites for HKT1;4 is 474 bp. Additional band in
sample 7, 8 and 10 indicate deletion of 277 bp.
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wt ga GAACACCTCCATCTEECGEGGcatgct

1 gaGAACACCTCCATCTC@ACGGTGGacatgct wt (2 )
2 gaGAACACCTCCATCTG A- CGGTGGacatgct -2 (1)
3 gaGAACACCTCCATCTC®- CGGTGGacatgct -1 @)

5 gaGAACACCTCCATCTCG@ACGGTGGacatgct +1 (1)

7 s A- CGGTGGacatgct -277 (3)
gaGAACACCTCCATF- A-oeeeeeeee ct -16 (2)
8 gaGA -------mmm- " acatgct -21 (2)
< J— A- CGGTGGacatgct -277 (1)
gaGAACACCTCCATF-  A----eemmee ct -16 (1)
10— A- CGGTGGacatgct -277 (2)

Figure 3.15. Mutations in thelst target site of HKT1;4 in TO generation. Sequence corresponding to
the gRNA is shown in blue, PAM sequence in bold and underlined. Grey highlighted circumflex
accents added to wiltype sequencidicate insertions occurred in these sites. Deletions and

insertions are indicated by red dashes and red letters, respectively. Numbers on the left side indicate
plant ID. Numbers on the right side indicate types of mutation and numbers of nucleotidesdnv
followed by number of sequence traces in brackets. Plants generated from the same callus are 7, 9
and 10. Plant 4 and 6 were excluded due to cloning artefact.
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A

1000 bp— —1080bp

500 bp—

300bp—
200bp—

700 bp —
500 bp —

— 650 bp

Figure 3.16: PCR products for construetKT1;1 and HKT1;4 using : A) HKT1;1 primers, B)
HKT1;4 primers. (L): 100 bp DNA ladder, Numbers above lanes indicate plant IDs. The expected

PCR product size for unmodified HKT1;4 was 650 bp. A) Additional band in sample 3 indicate
deletion of around 830h
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wt aa ACTCGATTAGCAGAGUN GIGGggaatt
1 aaACTCGATTAGCAGAGCACTGTGGaggaatt

2 aaACTCGATTAGCAGAGCACTGTGGaggaatt

aaACTCGATTAGCAGAGERTGTGGaggaatt
L T N
4 aaACTCGATTAGCA----- Y —

aaACTCGATTAGCAGAGEATGTGGaggaatt

5 aaACTCGATTAGCA----- A
aaACTCGATTAGCAGAGEATGTGGaggaatt

6 aaACTCGATTAGCA----- Ao
aaACTCGATTAGCAGAGEBATGTGGaggaatt

7 aaACTCGATTAGCAGAGCACTGTGGaggaatt

wit 3)
+1 3)
wit ()

- 8471417 (5)

-47  (2)

+1 (2)

“47 (2
+1 2

47 (2)

+1 (1)

wit 4)

Figure 3.17: Mutations in TO generation of HKT1gene simultaneously targeted with HKT1;4.
Sequence corresponding to the gRNA is shown in blue, PAM sequence in bold and underlined.
Grey highlighted circumflex accents added to wilde sequence indicate insertions occurred in

these sites. Deletions amtsertions are indicated by red dashes and red letters, respectively.
Numbers on the left side indicate plant ID. Numbers on the right side indicate types of mutation and
numbers of nucleotides involved, followed by number of sequence traces in bralckets. P

generated from the same callus are 4 and 5.
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wt ga GAACACCTCCATCTEECGEGGcatgct

3 gaGAACACCTCCATCT-- A- CGGTGGacatgct -3 (1)
4 gaGAACACCTCCATCT-- A- CGGTGGacatgct -3 (2)
5 gaGAACACCTCCATCT-- A- CGGTGGacatgct -3 (1)

7 gaGAACACCTCCATCTCGACGGTGGacatgct +1 (1)

Figure 3.18 Mutations in TO generation of HKT1gkne simultaneously targeted with HKT1;4.
Sequence corresponding to the gRNA is shown in blue, PAM sequence in bold and underlined.
Grey highlighted circumflex accents added to wilde sequence indicate insertions occurred in

these sites. Deletions aim$ertions are indicated by red dashes and red letters, respectively.
Numbers on the left side indicate plant ID. Numbers on the right side indicate types of mutation and
numbers of nucleotides involved, followed by number of sequence traces in bralckess. P

generated from the same callus are 4 and 5. Plant 1, 2 and 6 were excluded due to cloning artefact.
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Table 3.4: Summary of HKT1;4nd HKT1;1+HKT1;4 mutants in the TO generation. Number of

plants generated for each construct, mutations in each target site and the overall mutant type. Small
letters indicate plants generated from the same callus. (+) pimdlicate insertions and dgions,
respectively. Abbreviations are as follows: wt for wild type, bi fealkelic mutant, hom for

homozygous mutants, het for heterozygous plants for wt/mutant, na for plants excluded due to
cloning artefact. Question marks indicate uncertainty dulienited number of available sequences.

Construct Plant| Callus Site 1 overall
1 wit wt?
2 -2 ?
3 -1 ?
4 na
HKT1:4 > +1 ?
6 na
7 a -277,-16 bi
8 -21 ?
9 a -277,-16 bi
10 a 277 ?
1 wit wt
2 +1, wt het
) 3 -847, +17 (=830) bi
HKtTalréleSr‘]’;b'e 4 b 47, +1 bi
5 b -47, +1 bi
6 47, +1 bi
7 wit wit
1 na
2 na
3 -3 ?
HK;lr;eSggble 4 b 3 >
5 b -3 ?
6 na
7 +1 ?
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3.4 Discussion

The physiological and genetic response of 294 rice varieties to low supplyltgile

elements (NPK) in parallel was studied for the first timehis GWAS study, a total of 84

QTLs was found to be associated with different traits under low NPK. Dntf&@@&/AS

outputs were observed among treatments and traits, with some overlapping. The vast
majority of QTLs presented for low NPK traits was absent in the same traits under control
condition, suggesting that these genetic variations were treatment sgatificportant

goal for crop breeders is to develop varieties that produce high yields with less fertilizer
input. Identifying genes that are responsible for the differences in use efficiency of nutrients

therefore has a potential to be exploited for ¢droprovement.

Of the 84 QTLs from the GWAS analysis, 16 SNPs were found to overlap with known

QTLs related to N, P and K deficiency. Other SNPs from GWAS overlapped with QTLs
related to other trait§.hese findings suggest thatlozalisation between GWa outputs

and previous QTL studies serves as a good complementary approach, and they both can be
exploited to improve desirable traits in crops. Furthermore, QTLs appearing in more than
one trait and overlapping in different studies might indicate thé@énpial importance as a

target to for crop improvement.

Gene ontology enrichment analysis on the curated list of 1324 genes, revealed 109 GO
terms that were statistically significantly overrepresengative to their background
abundance in the rice geme. Such a large numberaferrepresented GO terms makes it
inconvenient to identify genes as candidates based on their GO terms. Another issue is that
results generated from different GO analysis tools could be incompatible and slightly
different conalisions can be drawn by using different tools. Tia3,analysis at best

provides a&complementary analysis to other analyses such as comparison of QTL overlap.
Non-synonymous SNPs are found to cause alteration in amino acid sequences which can
lead to pheatypic differencegRamersky et al., 2002)Two nsSNPs were found within
Wall-Associated Kinase OsWAK320sWAK receptoilike protein kinase
(LOC_0s04924220). Walkssociated Kinases (WAK) generally have a role in signal

reception and sensing the extracellular environment while triggering intdacsignals
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(de Oliveira et al., 2014)rhis might indicate the importance of these kinases as they might
work as sensors for nutrient stress. Possibly, these kinases are disabled in some genotypes
making them sensitive and less efficient to grow under low NPK. It was interesting to see
that a good number of the genes containing nsSNPs encodes proteins with regulatory
functions, such as OsWAK recepidee protein kinase, OsFBT8F-box and tubby dmain
containing protein, OsSAUR28Auxin-responsive SAUR gene family member, which

might explain the overrepresentation of GO terms of these categories. This could possibly

indicate the importance of these genes as targets for crop improvement.

Two nsSSNPs were found within the cation transpo@siHKT2;4.0sHKT2;4 selectively
transports K under low external Na concentration , and its selectivity is dominant for K
over Na(Sassi et al., 2012)Expression of OsHKT2;4 was dowegulated under K
deficiency(Shankaret al., 2013pand it is expressed more in shoots than r(idtgamoto et
al., 2015). A nearby gene, OsHKT2;1 has a role in uptake and allocation of Na in rice roots
under K deficiencyGarciadeblas et al., 2003; Horie et al., 2087) the expression in
roots is induced by K starvatig@®arciadeblas et al., 2003; Horie et al., 20Q)der low K
provision, OsHKT2;1 expregs was upregulatedMa et al., 2012; Takehisa et al., 2013)
and shoot Na accumulation increased when OsHKT2;1 was overexprégseestingly,
these twadNa transporrs,OsHKT2;1 and OsHKT2;4, appeared as candidate genes in
another GWAS study done by my colleadHiartley, 2018, where only K was limiting.
This supports the finding that K was a limiting factor when N, P and K were reduced in

parallel. This might point to the importance of these two candidatésige efficiency.

Since N and K were limiting in the growth experiment, identifying genes with roles in
transport of N and K would be expected. The lack of P transporters in the candidate genes
might be explained by the notion that P was not limiting in this study. Orthbe ltand,

the abundance of HKT transporters might be owed to K stress leading to the replacement of
K with Na as useful elemefGattward et al., 2012; Subbarao et al., 19889)night be due

to K and N interaction. Na could stimuldsking up nitrate as it has been found that nitrate
uptake is 8mulated by cations with positive correlation between nitrate and cation uptake
rateglvashikina and Feyziev, 1998A study on wheat revealed that nitrate uptake was
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similar with either Na or K as the only cation in the medium. However, accumulation of N
in leaves was reduced by 75% with almost no Na accumulated when Na was the only ion in
the medium(Barneix and Breteler, 1985

A couple of candidate genes identified by GWAS were successfully manipulated using
CRISPR/Cas9 system, and the success rate of mutagenesis was ab@&ing@do.

knockout for HKT1;4 was successfully obtained. However, more genotyping is required to
confirm the achievement of double knockouts for OsHKT1;1 and OsHKT1;4. Since more
genes from the same family were identified later, simultaneous knock out parfarened

using CRISPR/Cas9. Previous studies confirmed the efficiency of the system in producing
simultaneous knockouts for multiple genes in rice and Arabidopsis (Ma et al., 2015).
Transgenic plants produced in this study can be phenotyped to chegetfi@imance

under low NPK conditions. As both genes play a role in reducing Na accumulation in the
shoot under salt stress (Suzuki et al., 2016; Wang et al., 2015), knocking out these genes
would be expected to have a positive effect by transporting Heetshoot which can be

used to replace K under K deficiency. If these plants showed better growth compared to wt
plants, that might indicate their potential role in K use efficiency under low K conditions.
Also, the produced seeds can be made available$earchers, which would be beneficial
due to the lengthy process of producing these lines.

In conclusion, the GWAS study revealed QTLs linked to use efficiency of NPK for the first
time. Some of these QTLs were novel and others overlapped with msvkowwn QTLs

for the use efficiency of N, P and K separately. Candidate genes that might be directly
involved in the use efficiency of NPK such as N and K transporters were identified.
Unexpectedly, several candidate genes identified were found toddeadvun Na transport.

Other genes not directly linked to NPK transport and distribution were also identified such
as transcription factors and regulatory proteins involved in metabolic processes. This serves
as a base for further characterisation of tlggsees which can then be targeted to improve
crops under low NPK stress. A couple of candidate genes were successfully manipulated

using the CRISPR/Cas9 system and mutant staett is now ready for testing.
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Chapter 4: Towards improving mycorrhiza-
dependeat nutrient uptake by engineering the
rice H+-ATPase (OsHAL)

4.1 Introduction

Genome editing techniques have been widely used lately to enhance desirable traits in
plants and in crop production, and they have been gradually replacing the classical breeding
methods which are lengthy and complicai®barma et al., 2017)There are several

genome editing techniques that are used in the genetic manipulation of plants. These
techniques vary in efficiency as different studies indicaitec Finger Nucleases (ZFN)

were the first generation editing tools, and they use chimerically engineered nucleases
(Kamburova et al., 2017Another technique is Transcription Activalike Effector

Nucleases (TALENS) which are used for selective and effective modification of target
genomic DM\ (Kamburova et al., 2017Pligonucleoide-Directed Mutagenesis (ODM)

uses an oligonucleotide that is similar to the target sequence although it has a single base
pair change to achieve gene edit{Sguer et al., 2016 early 2013, genome editing

using CRISPR/Cas 9 system was first repof€ahg et al., 2013)According to(Song et

al., 2016)the CRISPR/Cas 9 system is superior to the other gendtimgeédchnologies

such as ZFNs and TALENs, mainly for the ease of construct d&&RJSPR/Cas 9 has

been successfully applied in different plants such as Arabidopsis, tobacco an@Rehgat

et al., 2014; Jiafreng et al., 2013; Jin et al., 2013; Qiwei et al., 2013; Xie and Yang,

2013)

One of the strategies plants adapted to nutrierititigiconditions is the creation of

symbiotic relationships with microbes suchfabuscular mycorrhizalAM) fungi and
rhizobia(Marschner and Dell, 199&mith and Read, 20L0AM symbiosis is known for
enhancing the supply of not just water but also nutrients like nitrogen and phosphorus to the

plant(Fellbaum et al., 2012; Leon, 2012)large interphase between fungus and plant is
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provided within root cells by the highly branched arbuscules, which are surounded by the
periarbuscular membrane (PAM). This membrane separates arbuscules from the cytoplasm
of the plant cells. P transport from the fungus to the plant is believed to é&edeep on the
proton gradient across the PAMrajinski et al., 2014)In rice, 70% of total phosphorus

uptake owed to AM symbios{¥ang et al., 2012)suggesting tha&aM has the potential to
contribute significantly to crop yield and worldwide food secufggthlenfalvay, 1992; Hu

et al., 2009)

The superfamily of Rype ATPases plays a role in transporting ions and possibly
phospholipids coupled with the breakdown of A(BRxter et al., 2003)They are named so
because of the formation of phosphorylated intermediate by the enzyme during the catalytic
cycle (Baxter et al., 2003; Morsomme and Boutry, 200@the rice genome there are 43 P
type ATPase genes belonging to 5 major grd@aster et al., 2003)H*-ATPases are a
subfamily of the Rype ATPase large family. These proton pumps drive the movement of
ions and metabolites into and out of cells by creating an electrocheniigeddient which

is used to drive secondary transp{¥torsomme and Boutry, 2000; Sondergaard et al.,
2004) In addition to nutrient transport, they are found to be involvedmatal opening,
regulating biotic and abiotic stress responses, and gi@witby and Boutry, 2009; Gong et
al., 2010; Janick&ussak et al., 2013; Schaller and Oecking, 1999; Zhao et al.,.2000)

The stretched @erminal region is a characteristic ofHATPases compared to the other P
type ATPase group®uby and Boutry, 2009 A regulatory domain of 100 residues is
located on the @erminus and it has a role in regulating pump function and inhibiting
enzyme activitfDuby and Boutry, 2009; Falhof et a22016) The general structu H*-
ATPase in plants and fungi is shown in Figure 4.1. There are two activity states: inactive or
also known as autmhibited state when the regulatory domain (R) is bound to the
inhibitory domain in the membrane, and the active state when R domaund to a
regulatory 143-3 protein and ATP degradation is tightly linked with proton pumping
(Falhof et al., 2016; Werner, 2004) plants, severalhmsphorylatable residues are known
by which H-ATPases are regulat¢Balhofet al., 2016) The phosphorylation of the
penultimate residue, threonine (Thr), activates the binding-8f34egulatory proteins,
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which results in a stable active st@lahn et al., 1997 he bindhg of 143-3 protein
prevents dghosphorylation of the Thr residue leading to pump activdarby and
Boutry, 2009; Falhof et al., 2018/erner, 2004)

OsHAL is a member of the rice plasma membraitdHPase gene family comprising 7

other memberéNang et al., 2014a) his gene is highly induced by mycorrhizal

colonization and is expressed specifically in arbusculated root cells, serving as an energizer
for the plant periarbuscular membrane by generating a proton gradient to supent
exchange between the plant and the fungus by secondary transfiddarsazziPearson

et al., 2000; Krajinski edl., 2002; Wang et al., 2014&)nder low P supply, overexpression

of OsHA1Lin Medicago truncatulaesulted in improved plasma membrane potential,
increasedphosphate uptake and shoot P conféfdng et al., 2014aM. truncatula

halmutated plants were impaired in building the proton gradient and hence showed reduced
uptake of phosphate. Moreover, under conditions of low P supply, the grbthh mutant

plants was not enhanced by AM furfirajinski et al., 2014)
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Figure 4.1: General structure of HATPase showing two activity states modified affeuglsang et

al., 2011) The phosphorylation domain (P) is shown in red, the nucleotide binding domain (N) in
yellow, the actuator domain (A) in light green, the membrane spanning domains (M) in grey and the
regulatory (R) domain in black. Of critical interest to this project is a) the inactive state when the R
domain is linked to the membrane domain; b) the active athieved when R domain is truncated,

or when untruncated R domain is bound to a regulatoi3-3 4rotein. Red lines indicate cut sites

to produce truncations.

Modification of pumping activity by truncating thet€rminal regulatory domain was
reported inprevious studiefBaunsgaard et al., 1996; Gévaudant et al., 2007; Regenberg et
al., 1995; Speth et al., 201®or example, transgeniicotiana tabacunplants lacking the
regul atory domain (@PMA4) showed increased
growth compared to wild type under saline conditig@evaudant et al., 2007 another
study, Gterminal deletions ofrabidopsis thaliansAHAlandAHA2genes expressed in
yeast led to constitutive pumping activity, higher ATP affinity state and increased enzyme
activity (Baunsgaard et al., 1996; Regenberg et al., 1995gries of Germinal deletions
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in AHA2 ranging from 38 to 104 amino acids were produced and introduced to yeast where
the orthologous gene PMA1l was knocked out .
amino acids resulted in optimal growth of yeast comparable to that when PMA1 was
functional. Although lacking 38 amino acids did not affect the growth positively it was able

to create a high affinity state of the enz
acids and more significantly increased the enzyme ac{iRiigenberg et al., 1995)

Conversely, yeast was not able to grow when transformed with the wildbyp2as yeast

lacks the regulatory 13-3 protein(Regenberg et al., 1995)o conclude, it was

demonstrated that truncations in the regulatory domain ofieen@nus resulted in the

active state of the enzyme adtifferent sizes of deletions had variable effects on enzyme

activity and growth of complemented cells

The H-ATPase OsHAL has been shown to be important for nutrient transfer in
mycorrhizal symbiose@Vang et al., 2014aHowever, when rice is inoculated with AM

fungi under low P supply plants do not have a growth benefit compareedoariated
plants(Wang et al., 2014aYhis is unlikeM. truncatulawhere a significat increase in P
uptake and shoot mass was obselkedjinski et al., 2014; Wang et al., 20148y

applying the same principle of introducing truncations to ther@inus from previous

studies, it might be that increasing OsHA1 activity could increase the proton gradient
across the PAM, further increase the P uptake via arbusndietherefore increase growth.
This would then be directly relevant to farming in fowput agriculture. In this study,

OsHA1 was manipulated using the CRISPR/Ga&ystem to manipulate the regulatory
domain on the @erminus to produce a constitutive pungpactivity Considering the

variable effects on pumping activity resulting from different sizes of truncations in previous
studies(Regenberg et al., 1995}hree different sites upstream of the stop codon were
targeted. By doing so, a series of transgenic plants differing in the length ctehmiGal
truncation were generated. In many cases, the primary transformants showed mutation of
bothOsHAlalleles,i.e. were either biallelic or homozygous mutant. These plants are now
ready for testing. It is expected that they show constitutiveurhping activity across the
periarbuscular membrane, enhanced phosphorus uptake and possibly increased growth in
responséo AM fungi.
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4.2 Materials and methods

Using the CRISPR/Cas9 system, gRNAs were designed to target three regions within the
C-terminus of th@OsHAlgene. The three regions were at 64, 80 and 94 codons upstream of
the stop codon. Codons 64 and 80 arexomel9, whereas codon 94 is in exon 18. A total

of four level M constructs were assembled to ta@gtlAlas follows (target site between
brackets): construct OsHA1(94), OsHA1(80), OsHA1(64) and OsHA1(94)+(64), the latter
with two target sites to increaiee targeting efficiency. Detailed methods for construct
assembly using Golden Gate cloning, rice transformation, and testing the TO generation of
mutant plants are explained in chapter 3 methods. Sequences of gRNAs used to target
OsHA1(Supplementary Tabl3.2). Details of plasmids used for construction of level 1 and
level M plasmids (Supplementary Table 3.3). Primers used for gRNA scaffold
amplification and for diagnostic PCR (Supplementary Table 3.4 and 3.5). For all
constructs, the initial number oflonies sequenced from each plant was five. Ten colonies
were tested for plant sample 1 and 2 only from each construct. However, some were

excluded due to poor sequence quality.

4.2.1Inoculation assays

Three OsHA%truncated TO plants were selected freath of the four constructs. As

control, two plants carrying the construct but showingatylge sequence in the TO
generation were chosen alongside with Nipponbare. Seeds from each TO and control plant
were germinated in sand for one week before 10 sepdfrom each were traesred to a

1:1 mixture of sandnd Terragree(obtained fromhttp://oil-dri.co.uk. Under low P

supply, half of the seedlings were inoculated thizophagus irregulariéharvested from

leek and chive caultures) and half without AM inoculation. In the glasshouse, plants were
supplemented with light to provide a minimum of 12 h daylight; minimum 28 °C day,
minimum 24 °C night temperature. A total of 30 OsHA1 truncatadtpland 15 control

plants were grown under each conditiori (AM inoculation). These plants will be tested

for constitutive pumping activity upon mychorrhizal colonisation, and for a positive effect

on P uptake and growth.
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4.3 Results

4.3.1Construct assembly using Golden Gate cloning

The CRISPR/Cas9 system was used to create double stranded DNA breaks targeted to the
region encoding the regulatoryt€rminus of OsHA1. This aimed to introduce deletions or
indekbased frame shift mutations resultinghie removal of a variable number of amino

acids from the @erminus of the protein. Three different sites upstream of the stop codon in
the Gterminus were targeted in order to disrupt the regulatory domain which comprises the
100 amino acid from the enDifferent target sites were selected to possibly result in

variable effects on pumping activity as shown in previous studies where it was
demonstrated that at least 50 amino acids should be truncated in order to see significant
effects on the enzyme actiyi(Regenberg et al., 1995he target sites in this study were
approximate to the ones in the previous study. The three sigetvere ato4,-80 and

64 codons upstream of the stop codon (Figure 4.2). In addition, simultaneous targeting at
sites-94 and-64 was done to introduce a deletion of about 30 amino acids or simply
increase the likelihood of successfully affectingeasst one of the target sites (Figure 4.2).
Successful cloning of level 1 and M constructs was verified by restriction digests (Figures
4.3 and 4.4). For plasmid map of level M construct see Chapter 3 (Figure 3.12).

TTTGGGTGTACAACATTGTTGTCTACCTTTTGCTAGACCCAATGAAATTCGCCGTGCGATATGGCCTTAGTGGGAAAGCCTGGAACCTTGTCATTGATAACAAGgttagtgcatatactt
N . : : . ! ' L : | " ! N L ; ; . ! " ! : . . !

ARACCCACATGTTGTAACAACAGATGGAAAACGATCTGGGTTACTTTAAGCGGCACGCTATACCEGAATCACCCTTTCGGACCTT6GAACAGTAACTATTGTTCCaatcacgtatatgaa
I e 1O e
[ targetsite (94) |

PAM

agtactagtacctc:ctgtgctgcaggctgcagcatgaagcttgagttgcccatcattttcagGTAGCTTTTACAAACCGGAAAGATTTCGGAAGGGAAGCTCGCGTGGTTGCTTGGGCA

tcatgatcatggagagacacgacgtccgacgtcgtacttcgaactcaacgggtagtaaaagtcCATCGAAAATGTTTGGCCTTTCTAAAGCCTTCCCTTCGAGCGCACCAACGAACCCGT
Tntron . Bonig |

[ target site (80) 1
PAM

CACGAGCAGCGCACACTACACGGGCTGCAGTCTGCTGCAAGCCGGGAGAAAGCTGCATCAACGGAGCTCAACCAAATGGCTGAAGAGGCCAGACGGCGTGCTGAGATTACAAGgtcagtt
: . : f N ! N L : ! N ! ‘ L ; ; N ! N L : . N !

GTGCTCGTCGCGTGTGATGTGCCCGACGTCAGACGACGTTCGGCCCTCTTTCGACGTAGTTGCCTCGAGTTGGTTTACCGACTTCTCCGGTCTGCCGCACGACTCTAATGTTCCagt caa
= = 1ntron =

target site (64 [ ]
PAM

Figure 4.2: Graphical overview illustrating the location of the gRNAs within the region of the
OsHA1gene encoding the-@rminus of the protein and their corresponding PAM sequences.
Double targeting was done using both target sites 94 and 64.
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3912 bp
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940 bp
140bp || 1018bp—
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Figure 43: (A) PCR products after scaffold amplification at expected §i3€100 bp DNA ladder,
(1) TaUBgRNA1- OsHA1(94), (2) TaUgRNA1-OsHA1(80), (3) TaUgIRNA1- OsHA1(64).(B)
Restriction digests witBacl + Ndelfor level 1 plasmids show bands at expected sizes. (L) 1 kb
DNA ladder, (1) gRNA1 cassettesHA1(94), (2) gRNAL cassett@sHA1(80), (3) gRNAL
cassettéDsHAL1(64).

3054 bp— (S — 2855 bp
_— = — il
1018bp— L1495 bp
——496b
506 bp — P

Figure 44: Diagnostic restriction digests to confirm level M constructs. Bands were observed at the
expected sizes after digestion with a combinatioNafl + Sacl (L) 1 kb DNA ladder. Level M
constructs: (1) OsHA1(94); (2) OsHA1(80); (3) OsHAL(64); (4) OsHAK@EY).
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4.3.21dentifying indel mutations in the TO plants

For each construct 10 to 30 plants were regenerated (Table 4.1). Some of these were
obtained from the same callus and could therefore originate from a single transformation
event. 10 to 12 plants for each construct were tested by PCR and sequencingbP¢lén
products to identify mutations. In only one of the lines a deletion large enough to be
detected by PCR was found (Figure 4.5 and 4.6). However, sequencing revealed a high rate
of success in generating small deletions or insertions (Figures 4I71toTéble 4.1).

About 80% of the plants did no longer carry the wt allele of OsHA1. Out of 42 plants tested
a total of 33 appeared either homozygous or biallelic mutant. Targeting two sites
simultaneously did not lead to a further increase in efficientso,Ahere was no obvious
difference in the targeting efficiency or the type of mutation at the three sites. Most
frequent were single base insertions or deletions (Table 4.1). Two plants appeared to be

chimeric, i.e. more than two alleles were isolated.

600 bp—
500 bp—

Figure 45: PCR products for construct OsHA1(94)+(64). (L) 100 bp DNA ladder. Numbers above
lanes indicate plant IDs. Samples of plants 1 and 2 (not shown) gave the same result. The expected
PCR product size for unmodifigdsHA1 was 521 bp. Additional slower moving bands in samples

7, 8 and 10 are most likely due to heteroduplex formation when single stranded PCR products of
different sizes reannealed.
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Figure 46: PCR products for construct: A) OsHA1(94); B) OsHA1(80); C) OsHA1(64). (L): 100 bp
DNA ladder. Numbers above lanes indicate plant IDs. Samples of plants 1 and 2 (not shown) gave
the same result. The expected PCR product size for unmo@seélwas 521 bp. C) The

additional band in sample 10 represents a 54 bp deletion as confirmed by sequencing.
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wt ac TAACCTTGTTATCAATMAMAA - ACAAGGtCcCagy

1 acTAACCTTGTTATCAAT AGAMAMAA - ACAAGGttccagg +1 (2)
acTAACCTTGTTATCAATGTAMMMW - ACAAGGticcagg +1 (5)

2 acTAACCTTGTTATCAAT AWM ACAAGGttccagg wt (10)
3 acTAACCTTGTTATCAAT AGMMA - ACAAGGttccagg wt 3)
4 acTAACCTTGTTATCAAT AWM ACAAGGttccagg  wt (5)
5 acTAACCTTGTTATCAAT AGTAMMM - ACAAGGttccagg +1 4)
6 acTAACCTTGTTATCAATAGTAMMWAA - ACAAGGttccagg +1 (4)
7 acTAACCTTGTTATCAAT AGIAMWMA  ACAAGGttccagg +1 2)
acTAACCTTGTTAT-- A-MMWWA - CAAGGttccagg -6 (2)
8 acTAACCTTGTTAT ---- A~A-AMAWAA . CAAGGttccagg -6 )
9 acTAACCTTGTTATCAAT AGIAMAA  ACAAGGttccagg +1 2)
acTAACCTTGTTATCAATGMAMAM - ACAAGGttccagg +1 2)
10 acTAACCTTGTTAT ---- A-AMAAMA . CAAGGttccagg -6 D
acTAACCTTGTTATCAATGWAMAA - ACAAGGttccagg  wt 4)
11 acTAACCTTGT ------- A- ACTTAGRACAAGGttccagg + 7/ -8(3)
12 acTAACCTTGTTATCAAT "GAMMAM - ACAAGGttccagg +1 4)
acTAACCTTGT------ A- ACTAAGACAAGGttccagg +7/ -8 (1)

Figure 47: Mutations at the 1st target site of OsH84)+(64) in the TO generation. Sequence
corresponding to the gRNA is shown in blue, PAM sequence in bold and underlined. Grey
highlighted circumflex accents added to wiyghe sequence indicate insertions occurred in these
sites. Deletions and insertiongandicated by red dashes and red letters, respectively. Numbers on
the left side indicate plant ID. Numbers on the right side indicate types of mutation and numbers of
nucleotides involved, followed by number of sequence traces in brackets. Planttegeinena the

same callus are 2 and 3; 5 and 6; 7, 8 and 10.
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wt acA CGAGCAGCGCACACTAGGGGtgcagt

1 acACGAGCAGCGCACACTACACGGGctgcagt +1 )
acCACGAGCAGG----- /S agt -18 (5)
2 acACGAGCAGCGCACACTACGGGctgcagt wt (10)
3 acACGAGCAGCGCACACTACACGGGctgcagt wt A3)
4 acACGAGCAGCGCACACTACACGGGctgcagt +1 (4
acACGAGCAGCGCACAGDIMCGGGcetgcagt +1 1)

5 acACGAGCAGCGCACACT"CACGGGctgcagt -1 4)

6 acACGAGCAGCGCACACTACAGSGGctgcagt -1 4)
7 acACGAGCAGCGCACACTACACGGGctgcagt +1 4)
8 acACGAGCAGCGCACACTACACGGGctgcagt +1 (2)

acACGAGCAG------ N---- GGctgcagt -13 (1)
9 acACGAGCAGCGCACACTACACGGGctgcagt +1 4)
10 acACGAGCAGCGCACACTACACGGGctgcagt +1 (2)

acACGAGCAGCGCACACTMMCGGGcetgcagt  wt 3)
11 acACGAGCAGCGCACACTACACGGGctgcagt +1 3)
12 acACGAGCAGCGCACACTACACGGGctgcagt +1 (4)

acACGAGCAGCGCACACTMMCGGGcetgcagt  wt Q)

Figure 48: Mutations at the @ target site of HA194)+(64) in the TO generation. Sequence
corresponding to the gRNA is shown in blue, PAM sequence in bold and underlined. Grey
highlighted circumflex accents added to wiyghe sequence indicate insertions occurred in these
sites. Deletions and insertiongandicated by red dashes and red letters, respectively. Numbers on
the left side indicate plant ID. Numbers on the right side indicate types of mutation and numbers of
nucleotides involved, followed by number of sequence traces in brackets. Planttegeinena the

same callus are 2 and 3; 5 and 6; 7, 8 and 10.
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wt ac TAACCTTGTTATCAATEMA ACAAGGccagy

1  acTAACCTTGTTATCAATGW ACAAGGttccagy wt  (5)

2 acTAACCTTGTTATCAATG ACAAGGttccagg wt  (5)

3 acTAACCTTGTTATCAATG™A ACAAGGttccagg wt (5)

4 acTAACCTTGTTATCAAT AGAM ACAAGGticcagg +1 (1)
acTAACCTTGTF--- A.AM ACAAGGHtcCagg -7 (2)

5 acTAACCTTGTTATCAATAGAM ACAAGGttccagy +1  (2)
acTAACCTTGTTATCAATGMA ACAAGGticcagg +1  (3)

6 acTAACCTTGTTATCAAT AGAM ACAAGGttccagy +1  (2)
acTAACCTTGTTATCAAT MA ACAAGGttccagy -1 (2)

7 acTAACCTTGTTATCAAT AGTM ACAAGGttccagg +1  (2)
acTAACCTTGTTATECATA G ACAAGGttccagg -1 (3)

8 acTAACCTTGTTATCAAT AGAM ACAAGGttccagg +1 (4)

9 acTAACCTTGTTATCAATGTM ACAAGGttccagg +1  (2)
aCTAA------------- N-NCAACAAGGttccagg +2/ -14(3)

10 acTAACCTTGTTATCAAT AGT™M ACAAGGttccagg +1  (4)
acTAACCTTGTTATCAAT- A ACAAGGttccagg -1 (1)

Figure 49: Mutations in the TO generation of HA1(94). Sequence corresponding to the gRNA is
shown in blue, PAM sequence in bold and underlined. Grey highlighted circumflex accents added
to wild-type sequence indicate insertions occuimetthese sites. Deletions and insertions are

indicated by red dashes and red letters, respectively. Numbers on the left side indicate plant ID.
Numbers on the right side indicate types of mutation and numbers of nucleotides involved, followed
by number okequence traces in brackets. Plants 1 and 2 were generated from the same callus.
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10

ac AAACCGGAAAGATTTOI GAAGGG@agcteg

acAAACCGGAAAG-----
acAAACCGGAAAGA:-

AN N

tcg +1/

acAAACCGGAAAG-----
acAAACCGGAAAGA:- tcg +1/
acAAACCGGAAAGATTTCG GAAGGGaagctcg  wt

AN _ N

acAAACCGGAAAGATTTCI TG ------------

acAAACCGGAAAGATTT- M - "GAAGGGaagctcg -2
M -NGAAGGGaagcetcg -5

acAAACCGGAAAGA-

acAAACCGGAAAGATTTCI TG —-------—---

acAAA CCGGAAAGATTTCGIGAAGGGaagctcg +1
M -NGAAGGGaagcetcg -5

acAAACCGGAAAGA-

acAAACCGGAAAGATTTCY GTGAAGGGaagctcg +1
acAAACCGGAAAGATTTCY™ GAGAAGGGaagctcg +1

acAAACCGGAAAGATTT- M - A"GAAGGGaagctcg -2
acAAACCGGAAAGATTT™MEG - AAGGGaagctcg -1

acAAACCGGAAAGATTTCY™ G*GAAGGGaagctcg wt

M . AGAAGGGaagctcg -6

M _AGAAGGGaagctcg - 6

g +2/
acAAACCGGAAAGAT "M G*"GAAGGGaagctcg -3

g +2/
acAAACCGGAAAGAT ~- *GAAGGGaagcetcg -3

(6)
- 15 (2)

(4)
- 15 (2)
(2)

-13 (4)
(2)

(4)
(1)

-13 (3)
(2)

4)
(1)

®3)
4)

(4)
1)

®)

Figure 4.10: Mutations in TO generation of HA1(80). Sequence corresponding to the gRNA is

shown in blue, PAMequence in bold and underlined. Grey highlighted circumflex accents added

to wild-type sequence indicate insertions occurred in these sites. Deletions and insertions are
indicated by red dashes and red letters, respectively. Numbers on the left side plditalD.

Numbers on the right side indicate types of mutation and numbers of nucleotides involved, followed
by number of sequence traces in brackets. Plants generated from the same callus are 1 and 2; 3 and
5. The presence of more than two alleleslamp2 indicate that it is chimeric.
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wt acA CGAGCAGCGCACACTAGGGGtgcagt

1 acACGAGCAGCGCACACTACACGGGctgcagt +1 (5)
2 acACGAGCAGCGCACACTACACGGGctgcagt +1 (5)
3 acACGAGCAGCGCACACTACACGGGctgcagt +1 ®)

acACGAGCAGCGCACAUOTRACGGGcetgcagt +1 @)
4 acACGAGCAGCGCACACTACACGGGctgcagt wt (5)

5 acACGAGCAGCGCACAE ACACGGGctgcagt -2 (5)

6 acACGAGCAGCGCACACTACACGGGctgcagt +1 (©)]

acACGAGCAGCGCACACTACGGGctgcagt -1 Q)
7 acACGAGCAGCGCACACTACACGGGctgcagt +1 (5)
8 acACGAGCAGCGCACACTACACGGGctgcagt -1 3)

acACGAGCAG------ N---- GGctgcagt -13 (1)
9 acACGAGCAGCGCACACTARCACGGGctgcagt +1 (5)
10 acACG -------------- AN---- GGctgcagt -18  (2)

------------------- N-- CGGGctgeagt -54  (3)

Figure 4.11: Mutations in TO generation of HA1 (64). Sequence corresponding to the gRNA is
shown in blue, PAM sequence in bold and underlined. Grey highlighted circumflex accents added
to wild-type sequence indicate insertions occurred in these sites. Deletiomsenidns are

indicated by red dashes and capital letters, respectively. Numbers on the left side indicate plant ID.
Numbers on the right side indicate types of mutation and numbers of nucleotides involved, followed
by number of sequence traces in brackelants generated from the same callus are 1 and 2.
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Table 4.1: Summary of OsHAL1 mutants in TO generation. Number of plants generated for each
construct, mutations in each target site and the overall mutant type. Small letters indicate callus with
more than one plant generated from. (+) @ndrdicate insertions ahdeletions, respectively.
Abbreviations are as follows: wt for wild type, bi forddielic mutant, hom for homozygous

mutants, chim for chimeric plants. Question marks indicate uncertainty due to limited number of
available sequences.

Construct| Plant | Cdlus Site 1 Site 2 overall
1 +1, +1 +1,-18 bi
2 a wit wit wit
3 a wit wit wit
4 wt +1, +1 bi
5 b +1 -1 hom?
6 b +1 -1 hom?
94+64 7 c +1,-6 +1 bi
8 C -6 +1,-13 bi
9 +1, +1 +1 bi
10 C -6, wt +1, wt chim
11 -1 (=7-8) +1 hom?
12 +1,-1 (=7-8) +1, wt bi
1 d wit wt
2 d wit wt
3 wt wit
4 +1,-7 bi
5 +1, +1 bi
94 6 +1,-1 bi
7 +1,-1 bi
8 +1 homo
9 +1,-12 (=214) bi
10 +1,-1 bi
1 e -6,-14 (=115) bi
2 e -6, -14 (=115), wt chim
3 f -3,-11 (=213) bi
4 -2,-5 bi
80 5 f -3,-11 (=213) bi
6 +1,-5 bi
7 +1 hom?
8 +1 hom
9 -2,-1 bi
10 wit wit
1 g +1 hom
2 g +1 hom
64 3 +1, +1 bi
4 wit wit
5 -2 hom
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6 +1,-1 bi
7 +1 hom
8 -1,-13 bi
9 +1 hom
10 -18,-54 bi

4.3.3Protein truncations

The introduction of insertions and deletions ia thutant plants resulted in prature stop
codons and thereby different degrees of truncation at-tieen@nus of the protein (Figure
4.12). These range from 32 to 92 amino acids lost. In some cases only minor changes are
produced, e.g. loss of two amino acids due to the deletiompf Bhree plants from each
construct with different truncation sizes were selected for phenotyping (highlighted in
yellow in figure 4.12). As control, two plants carrying the construct but showingtyyitl
sequence in the TO generation were chosen aldaggth NipponbareSeeds from TO

plants were obtained\ total of 30 OsHAL truncated plants and 15 control plants were
grown under each condition/{AM inoculation) with low P supply. Total number of

plants used in both conditions including control &miicated plants is 90. These plants

will be tested forconstitutive pumping activity upon mychorrhizal colonisation under low P

conditions, and for the positive effect on P uptake and growth (plant mass).
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OsHAL VYLLLDPMRFAVRYGLSGRAWN LVIDNRVAF THRRDFGREARVVAWAHEQRT LHGLO SAASRERAAS TELNOMAFEARRRAR I TR LRELHET LKGRVESVARKLEGID LEDVNNQHY TV 870
(94+64) 1 halA93 VYLLLDPMRFAVRYGLSGEKAWNLVH 878
& halA93 VYLLLDPMRFAVRYGLSGRAWNLVE 878
11 halA93 VYLLLDPMRFAVRYGLSGEAWNLVLSTR 881
(94) 6a halA93 VYLLLDPMRFAVRYGLSGEKAWNLVH 878

&b halA93 VYLLLDPMRFAVRYGLSGRAWNLVLITR 881

5 hald93 VYLLLDPMRFAVRYGLSGRAWNLVE 878
] halA93 VYLLLDPMRFAVRYGLSGRAWNLVE 878
10a halA93 VYLLLDPMRFAVRYGLSGRAWNLVH 878

10b halA93 VYLLLDPMRFAVRYGLSGRAWNLVLITR 881

da halA93 VYLLLDPMRFAVRYGLSGRAWNLVTR 879

4b halA93 VYLLLDPMRFAVRYGLSGRAWNLVH 878

9b halA93 VYLLLDPMRFAVRYGLSGRAWNLVE 878

9a halA93 VYLLLDPMRFAVRYGLSGRAWNLVRSFYRPERFREGSSRGCLGTRAAHT TRAAVOCRPGESCINGAQENG 823
(80) 8 halAB0 VYLLLDPMRFAVRYGLSGRAWN LVIDNRVAPTNRRDFERGSSRGCLGTRAAHTTRAAVCCRPGESCINGAQPNG 927

5a halABl VYLLLDPMRFAVRYGLSGRAWNLVIDNRVAFTNREDLRGSSRGCLGTRAAHTTRAAVCCRPGESCINGAQPNG 526
5b halAB2 VYLLLDPMKFAVRYGLSGKAWN LVIDNEVAFTNRRERGSSRGCLGTRAAHT TRAAVCCKPGESCINGAQPNG 925
6a halABD VYLLLDPMRFAVRYGLSGEAWNLVIDNRVAFTNREDFVREGSSRGCLGTRAAHT TRAAVCCRPGESCINGAQPNG 827
3+ halAs2  VYLLLDPMRFAVRYGLSGEAWNLVIDHRVAFTNREEEGS SRGCLGTRAAHTTRAAVCCRPGESCINGAQFNG 8235
7 halAB0 VYLLLDPMKFAVRYGLSGKAWN LVIDNEVAFTNRRDFVEGSSRGCLGTRAAHT TRAAVCCRPGESCINGAQPNG 927
9a halAgl VYLLLDPMRFAVRYGLSGRAWNLVIDNRVAFTNREDLRGSSRGCLGTRAAHTTRAAVCCRPGESCINGAQPNG 826

E=] halAs0 VYLLLDPMRFAVRYGLSGRAWNLVIDHRVAF THREDFEGKLAWLLGHTSSAHYTGCS LLQAGRRKLEQRS STRWLERFPDGVLRLQG 838

(64) 1 halAéd VYLLLDPMKFAVRYGLSGKAWN LVIDNEVAFTNRRKDFGREARVVAWAHEQRTLSRAAVCCRPGESCINGAQPNG 927
3 haldéd VYLLLDPMRFAVRYGLSGEAWNLVIDNERVAF TNREDFGREARVVAWAHEQRTL SRAAVCCREPGESCINGAQPNG 827
9 halded VYLLLDPMRFAVRYGLSGEAWNLVIDHRVAF THREDFGREARVVAWAHEQRTLSRAAVCCRPGESCINGAQPNG 827
7 halAéd VYLLLDPMKFAVRYGLSGKAWN LVIDNEVAFTNRRKDFGREARVVAWAHEQRTLSRAAVCCRPGESCINGAQPNG 927
5 halsed VYLLLDPMRFAVRYGLSGEAWNLVIDHRVAFTNREDFGREARVVAWAHEQRTPRAAVCCEPGESCINGAQENG 926

6a halAéd VYLLLDPMKFAVRYGLSGKAWN LVIDNEVAFTNRRDFGREARVVAWAHEQRTLSRAAVCCRPGESCINGAQPNG 927
6b haldéd VYLLLDPMRFAVRYGLSGEAWNLVIDHRVAFTNREDFGREARVVAWAHEQRTLTGCS LLOACRRLEQRS STREWLERPDGVIRLQG 538
8a halAs7 VYLLLDPMRFAVRYGLSGRAWN LVIDNRVAFTNREDFGREARVVAWAHEQGCS L LQAGREIHQRS STRWLERPDGVLRLOG 934

8b halAéd VYLLLDPMEFAVRYGLSGEKAWN LVIDNEVAFTNRRDFGREARVVAWAHEQRTLTGCS LLOQAGRKLHQRS STRWLEKRPDGVIRLOG 938

Figure 4.12 C-terminal truncations expected in the different mutant lines. Numbers between
brackets indicate construct name, followed by plant ID and numbers of amino acids deleted from
the original sequence of OsHAL. Small a and b letters correspond to differin pruncations in

the same plant in a biallelic situation. The numbers on the right end of each line indicate the length
of the predicted protein, includingt€rminal variation caused by reading frame shift. Grey

highlight indicates amino acids iderdldo the original sequence. Plants lines labelled in red were
selected for phenotyping.
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4.4 Discussion

In my study, about 80% of the plants did no longer carry the wt all€ésidALl Out of 42
plants tested a total of 33 appeared either homozygdialtalic mutant. This is in an
agreement with other studies where the high efficiency of the CRISPR/Cas 9 system was
reported. A mutation rate of 85.4% with biallelic and homozygous mutations was obtained
when CRISPR/Cas9 with optimised components wad imsgce(Ma et al., 2015)
Furthermore, the CRISPR/Cas9 system was efficient to produce simultaneous knockouts
for multiple genes in rice and Arabidop§Ma et al., 2015)This system was also efficient

to produce large deletions in rice chromosomes up to 24Zlidu et al., 2014)
CRISPR/Cas9 targeting 11 rice genes revealed that it is specific, efficient and produces
heritable mutationgZhang et al., 2014bYhe genotypes obtained in TO generation
indicated that the CRISPR/Cas9 system was effective as editingextewen before the

first cell division in more than half of cells. Also homozygous mutants were obtained in the
TO generation and stably inherited to the next generation following Mendelian genetics
(Zhang et al., 2014bAnother study on rice demonstrated the high efficiency of
CRISPR/Cas9 system when targeting two ge€é€1 and LAZY1, where the efficiency

of producing mutants in the T1 generation was 83.3 % and 91.6%, respectively, whereby
13.3% and 50% wereaillelic mutants, respectivelyin et al., 2013)Mutation frequency
produced by CRISPR/Cas9 system on rice and Arabidopsis varied between 28 and 84 %
(Feng et al., 2013Also mutation frequencies in TO wheat plants were about 65%, where
48.2% of all mutants (either homozygousabelic, or heterozygous atants) were stably

transmitted to the T1 generation with no additional mutatf¥asg et al., 2017a)

Once the desired mutations are obtained in the transgenic plants it is desirable to eliminate
the inserted CRISPR/Cas9 cassette by segregation in the following generation (T1
Continued presence of CRISPR/Cas9 would increase the likelihood of Cas9 cutting the
genome at offarget sites, hence leading to unwanted mutations. It is expected that TO
plants are heterozygous fofDNA insertion(s). Hence, upon selfing 25% of the T1
generation plants are expected to be transgene free (in case of single locus insertion of the
T-DNA).
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Another problem that we might encounter with the strategy to introduce frameshift
mutations into th®©sHAlgene is the potential degradation of mMRNAthg nonsense
mediated decay paway. This may result from pmeature stop codons that are not in the
last exon(Amrani et al., 2006; Stephanie and Allan, 2012)erefore, it is vital to test the
expression level of truncatésHAlupon AM inoculation.

A question that remains to be answered is whether constitutive activation gt &EPidse
would be detrimental to cell hiction. However, give®@sHALin specifically expressed

only in arbusculeontaining cells in the root cortex, we consider any negative effects on
general plant health much less likely than in the case of a proton pump expressed
throughout the planis different truncation sizes of the OsHA1 protein were produced in
my experiment, they are expected to differently affect the enzyme activity. Therefore, there
is the potential for some of the mutant lines performing better than others.

In conclusion, a largproportion of the TO plants were successfully mutated using
CRISPR/Cas9 technique resulting in different sizes of truncations which are believed to
result in constitutive pumping activity, and in increased P uptake and potentially plant
growth. If plants wth truncated OsHA1 showed significant growth benefits this would be a
novel achievement and could be exploited in-loput farming where nutrients, especially

phosphorus, are not supplied in sufficient amounts.
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Chapter 5: General Discussion

Producing ntrient efficient crops has become essential for food seckHifigient

genotypeshat perform well under nutrient stress of single elements have been identified in
the past. However, in terms of observing morphological deficiency symptoms and
interpretng the interaction between nutrients without confusieducing N, P and K in

parallel rather than single elements provides a short cut to isolate efficient genotypes with
direct relevance to reducing NPK fertilizer input. Although deficiency in all thiesaents

does not resemble the conditions in agricultural fields and it might be that it is not very
common to find one field that suffers from NPK stress, NPK fertilizers are heavily applied
for optimum growth and yield. It should be noticed that redythne three elements to the
same level regardless the amount required by plants for each element is not ideal, as P was
far less limiting than N and K in the initial growth medium used in this study. Therefore, it
is fair to say that the genotypes ideweiifihere are more related to tolerance in low N and K
conditions rather P limitation. In future studies one might reduce the different elements in
parallel but to different extents taking into account the amount required by plants and the
concentrations thare considered limiting for each element. It would be interesting to test
these genotypes for yield and grain production, or other desirable traits. Information
obtained from this study can be used to conduct similar studies in other crops that share a

monophyletic origin with ricéltoh et al., 2005)

Since other macrand micreelements were included in this study beside NPK,

researchers interested in studying other elements and interacti@ebetlements could

use these results as a basis for future studies. Also, differences in shoot content of different
elements between genotypes, could be potentially important not only to improve nutrient

use efficiency and nutrient deficiency toleranag, dso to improve other important traits.

For example, due to the role of K in response to biotic and abiotic stress, high K genotypes
identified in this study could be tested for pest and disease resistance in rice and other crops
(Amtmann et al., 2008/Vang et al., 2013). Also, these genotypes can be tested for drought
and salinity tolerance as positive effect of K under salt stress has been reported (Cheng et
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al., 2015; Gazipur, 2004; Sun et al., 2015). High N genotypes might be exploited to
improve waer use efficiency and tolerance to osmotic stress (Brueck, 2008; Brueck and
Senbayram, 2009; Guo et al., 2008; Ren et al., 2015).

Identification of NPK efficient genotypes has a great potential to increase crop productivity
with less input and to achiegestainable agriculture. Previous work has explored nitrogen,
potassium and phosphorus use efficiency in rice (Aluwihare et al., 2016; Duan et al., 2007;
Yang et al., 2003), but the novelty of this study involves studying the effect of reducing
NPK in paallel and identifying efficient genotypes for 3 major elements at the same time.
Also, this study was done for the first time on diverse and large number of rice genotypes.
The better performing genotypekentifiedunder low NPK in this study are bfr e e der s 6
interest due to their potential in reducing NPK fertilizer inputs and hence the cost of
production. Alsocan be tested under other conditions such as single or combined nutrient
deficiencies, salt, drought and water stress conditions. Reseancigtit use these lines to
apply genetic studies, and try to understand the physiological and molecular mechanisms
behind the tolerance of these varieties under such conditions. These genotypes can be
introduced to breeding programs as parental genotgpgsnierate more efficient lines

under varying condition€senetic variation among rice cultivars has been reported for
nitrogen (Ju et al., 2006; Namai et al., 2009; Samonte et al., 2006), potassium (Fageria et
al., 2013b; Liu et al., 2009; Yang et al. 0&) and phosphorus (Fageria and Baligar, 1997,
Fageria et al., 2013a, 2014; Wissuwa and Ae, 2001), and high levels of variation between
inefficient and efficient cultivars have been reported. Such a diversity could be exploited in
breeding programs to imgve the use efficiency of crops. This can be achieved by

selecting elite cultivars owing desirable traits for propagation, or producing new varieties
by crossing. Additionally, identifying molecular markers through genome mapping
techniques and testing abset of lines for the allelic effect on genes controlling a

particular trait can be used in marker assisted breeding to improve nutrient use efficiency
and other traits. Plant breeding is important to ensure food security through the production
of toleran crops under varying environmental stresses. Rice with over 127,000 diverse
accessions, has a great potential to be exploited by researchers and breeders to achieve

sustainable agriculture and increase food security.
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This GWAS study revealed novel andyaorisly known QTLs for the use efficiency of N,

P and K.Complex gene networks are controlling the use efficiency of NPK, starting from
genes in the root responsible for efficient nutrient uptake, to genes responsible for the
translocation of these nutrisnfrom root to shoot, and the genes involved in the re
mobilization of the nutrients, and finally transcription factors and regulatory genes
modulating cellular processes. As any of these genes can be potentially important, it is

difficult to determine wkth genes are more likely to be responsible for the efficiency.

Therefore, genes identified from GWAS canflseher characterised. Evaluating candidate
genes from GWAS by producing knock out mutants is one of the approaches to
functionally analyse genel some cases, where the presence of RsSMthin the gene

led to a prenature stop codon and hence loss of function, this can resemble the approach of
producing KO mutants. However, knock outs do not replace allelic variance. Another way
to test candidas is by comparing a number of tolerant and sensitive genotypes to check if
a certain allele is dominant. This can be done by using available databases for genomic
variation such adce variation map databagatp://ricevarmap.ncpgr.gnHowever,

information is limited to a certain number of genotypes and information on a large number
of the genotypes from RDP1 was not found. Alternatively, genes from high and low
tolerance plants can Isequenced to check folele differences. If variation were found,

the interesting loci from one cultivar can be introduced to another cultivar by different
approacheddowever, validation of any QTL identified by GWAS is required before it is
allowed to be used for markardedselection (MAS) which is applied in breeding
programgCollard and Mackill, 2008 Another approach isy direct allele swapping of

small pieces using the CRISPR/Cas9 system combinedhwaitiology directed repair using
variant alleles as template. Alternatively, novel techniques based on fusion of Cas9 with
base editing enzymes open the possibility to introduce sequence variants more directly and
without the need of homologous recombinatihich is relatively inefficient in plants

(Andrew, 2017.

Tolerant and sensitive lines rice accessions may differ ilette of expression of genes

within the QTLs rather than amino acid sequence variation within the encoded proteins.
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Therefore, future experiments should systematically analyse the expression level of the
genes by QPCR, both under high and low nutrientlgupp between tolerant and

sensitive lines.

GWAS has contributed in increasing crop production by establishing associations with the
aim of finding the genetic factors underlying important phenotypic traits such as grain yield
and resistance to biotic and abiotic stresses. It also contributedriovingprice by

increasing its nutrient efficiency, tolerance to nutrients deficiency and enhancing its
adaptability to different environmental conditigipdcCouch et al., 2016; Teng et al., 2017;
Zhao et al.2011) The GWAS of complex rice traits has improvacer time due to the
advancement of sequencing technologies which have utilized all the available SNP data to
identifying genesGWAS provides a high resolution as it is usually conducted in diverse
panels, and results in narrower QTLs encompassing fesmasgcompared to QTL

mapping. This gives GWAS an advantage especially in the identification of novel QTLs as
well as genes of potential importance. Overlap between QTLs and genes identified from
GWAS with previous studies gives confidence and suggesefféativeness of this
method.Previous GWAS studies on different phenotypes revealed associations that were
subspecies specific (Zhao et al., 2011), suggesting that it is importantua the GWAS

based on suppecies and sypopulation level, takingni account the population structure of

Oryza sativaand the divergence between groups (Gatrris et al., 2005).

The CRISPR/Cas9 system was successfully applied to manipulate a couple of candidate
genes identified by GWAS. Single knockout for HKT#4ds successfully obtained.

However, more genotyping is required to confirm the achievement of double knockouts for
OsHKT1;1 and OsHKT1;4Transgenic plants can be phenotyped under low NPK

conditions. Since more genes from the same family were idengfied simultaneous

knock out can be performed using CRISPR/Cas9. In addition, trur@atéd1with

variable deletion sizes was obtained. These plants are now being tested for the benefit of P
uptake and growth under AM colonisation. Overall, a high mdtagtiency of around

80% was obtained using the CRISPR/Cas9 system on all three targets, OsHKT1;1,
OsHKT1;4 and OsHAL. It is interesting to note the mutation efficiency was very high even

141



though Cas9 was not codoptimised for rice and the gRNAs were exgsed from a wheat

U6 promoter. Although obtaining large deletions using the CRISPR/Cas system was
reported(Zhou et al., 2014)smaller indels are more frequent as reported in some studies
where deletions ranging from3Il bp, and insertions of3 bp with some point mutations
were obtained (Feng et al., Z)Diang et al., 2013). In some cases, insertions and deletions
occurred at the same time (Jiang et al., 2013). This might suggest that Cas9 does not cut
simultaneously at both cut sites. A CRISPR studyetuniashowed thathe frequency of
obtaining dedtions between the two cut sites of Cas9 was very(lvang et al., 2016)
Therefore, the pattern of mutants obtained in my study are in general agreement with
those reported by otherGonsidering the efficiency of the system, a smaller number of
plants can be generated in future experimdhpdants with truncated OsHA1 showed
significant growth benefits this would be a novel achievement and could be exploited in
low-input farming where nutrients, especially phosphorus, arsupglied in sufficient

amounts.
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Supplementary Figure 2: Average final dry weight distribution among 294 accessions grown in 1
and 0.1 NPK conditions. Total DW (A), shoot DW (B), shoot to root DW ratio (C) and Root DW
(D) were significantly diferent in the two treatments. The significance was identified bytailed
t-test (P < 0.05). The transparent colour indicates overlaps between the two treatments.
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Supplementary Figure 2: (A) Average relative growth rate distribution was significantly different
in 1 and 0.1 NPK conditiongwo-tailed ttest; P < 0.05). The transparent colour indicate overlaps
between the two treatments. (B) Percentage of growth reductions in 0.1 NPKrplative to

control plants.
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Supplementary Figure 3: Average reduction in growth rates in tolerant lines was significantly
smaller than sensitive lines under 0.01 NPK condition (Tailed ttest,P <0.05). Mean £ SE (n =
45 tolerant, 33 sensitive).

144



[=] — (=]
o o (= —_—
W 1NPK
o | O 0.1NPK o
@ @
> >
g 8 g g - | 1NPK
g g O 0.1NPK
g o _| g o _|
r v r v
o _| o _|
™~ ™~
[ = o -~
T T T T T ] T T T T
100 200 300 400 500 600 0 20 40 60 80 100
Shoot N concentration (umol g~ FW) Shoot P concentration (umol g~' FW)

B 1NPK

Frequency
100
1

I T T
50 100 150 200

Shoot K concentration (pmol g'1 FW)

Supplementary Figure 4. Shoot concentration of elements based on fresh weight in 0.1 NPK
plants compared to 1 NPK plants. Significant redudtioifA) average N concentration; (B)
average P concentration; (C) average K concentration. The significance was identifieetdnjetivo
t-test (P < 0.05). The transparent colour indicates overlaps between the two treatments.
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Supplementary Figure 8: Shoot concentration of elements based on fresh weight in 0.1 NPK
plants compared to 1 NPK plants. Significant increase in the average concentration of: (A) Ca, (B)
Na, (C)Fe, (D) Mg, (E) Zn, (F) B, (G) C. The significance was identified by-tavied ttest (P <

0.05). The transparent colour indicates overlaps between the two treatments.

Supplementary Table 2: Top ten accessionsifhighest and lowest use efficiency for N, P and K

under low treatment. Genotypes underlined overlapped between high and low treatment for low
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PUE. Genotypes in italic overlapped between high and low treatment for high PUE. Genotypes in
bold overlapped leeen high and low treatment for low KUE.

70 301175 463 301163 110 301157
67 301059 344 301180 109 301163
64 301064 330 301414 100 301160
62 301075 308 301157 96 301158
62 301015 296 301199 89 301047
High
62 301006 292 301225 84 301266
62 301069 291 301160 80 301219
62 301072 282 301067 80 301191
61 301076 279 301266 80 301050
61 301001 275 301213 78 301109
36 301406 74 301210 42 301343
36 301418 73 301205 42 301318
36 301336 73 301179 42 301370
36 301316 73 301189 41 301353
35 301420 73 301212 41 301321
Low
35 301409 72 301005 40 301350
34 301079 67 301079 39 301361
34 301342 66 301206 39 301359
33 301317 65 301138 39 301369
32 301416 64 301100 36 301360
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Supplementary Figure B: Means under control condition for: A) P concentration on DW basis; B)

P concentration on FW basis; C) P use efficidocyeach rice supopulation. Letterabove
boxplotsdenote statistically significant differences betweenpubp ul at i ons

(Tukeyds

significant test HSD, P<0.05). Syiopulation abbreviations are as follows: ADM for admixed,

AUS for Audralis, IND for Indica, ADI for Admixed Indica, ARO for Aromatic, TEJ for

Temperate Japonica, TRJ for Tropical Japonica, and ADJ for Admixed Japonica.
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Supplementary Figure Z: Correlation matrix summarising relationshipsvibeen element
concentrations on dry weight basis under 1 NPK and 0.1 NPK condition. Correlationsvaitiep
> 0.01 are crossedbbreviations are as follows: CT for control treatment (1 NPK), LT for low
treatment (0.1 NPK), N for nitrogen, P for phospi®K for potassium, Ca for calcium, Na for
sodium, Mg for magnesium, Zn for zinc, Fe for iron, B for boron and C for carbon.
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Supplementary Figure 8. Correlation matrix summarising relationships between ion
concentrations on fresh weight basis under 1 NPK and 0.1 NPK conditiorelations with p

value > 0.01 are crossed. Abbreviations are as follows: CT for control treatment (1 NPK), LT for
low treament (0.1 NPK), N for nitrogen, P for phosphorus, K for potassium, Ca for calcium, Na for
sodium, Mg for magnesium, Zn for zinc, Fe for iron, B for boron and C for carbon.
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Supplementary Figure 2: Correlationmatrix summarising relationships between nutrient
efficiency ratios under 1 NPK and 0.1 NPK conditi@orrelations with pralue > 0.01 are crossed.
Abbreviations are as follows: CT for control treatment (1 NPK), LT for low treatment (0.1 NPK),
UE for nutient use efficiencylN for nitrogen, P for phosphorus, K for potassium, Ca for calcium,
Na for sodium, Mg for magnesium, Zn for zinc, Fe for iron, B for boron and C for carbon.
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Supplementary Figure 20: Correlation matrix summarising relationships between shoot element
content and growth reduction for tolerant lines under 0.1 NPK cond@immelations with pralue

> 0.01 are crossed. Abbreviations are as follows: LT for low treatment (0.1 NPK), RGRRED
relative growth rate reduction, N for nitrogen, P for phosphorus, K for potassium, Ca for calcium,
Na for sodium, Mg for magnesium, Zn for zinc, Fe for iron, B for boron and C for carbon.
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Supplementary Figure 21: Correlation matrix summarising relationships between ion content and
growth reduction for sensitive lines under 0.1 NPK condit@@rrelations with pralue > 0.01 are
crossed. Abbreviations are as follows: LT for low treatment (0.1 NPK), RGRRBE(I&tive

growth rate reduction, N for nitrogen, P for phosphorus, K for potassium, Ca for calcium, Na for
sodium, Mg for magnesium, Zn for zinc, Fe for iron, B for boron and C for carbon.
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Supplementary Figure 22: Average RGR based on genotype under varying NPK treatments.

Mean N SE (n = 3 Nip, 21 tolerant, 18 sensiti
test HSD, P<0.05). The total number of plantsaahetreatment was 42 with 3 plants for each

genotype (including 3 Nip, 7 tolerant and 6 sensitive).
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Supplementary Figure 23 Percentage of growth reduction based on genotype under varying NPK
treatments. MeaRl S E (n = 3 Nip, 21 tolerant, 18 sensi
significant test HSD, P<0.05). The total number of plants in each treatment was 42 with 3 plants for
each genotype (including 3 Nip, 7 tolerant and 6 sensitive).

Supplementy Table 3.1: Primers used for genotyping mutant HKT1;1.

Primer name Primer sequence5 8 6

OsHKT1;1F GATCCCGCAGATTCTAGCAG

OsHKT1;2R GGCAATTCGGATTTTCAGTG

Rice ActintF TATCCTCCGGTTGGATCTTG

Rice ActintR AGCAATTCCAGGAAACATGG
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Supplementary Table 3: Sequences of the (20 nt) gRNAs for each target gene and their
corresponding (PAM) sequence.

Target gRNA 1 PAM | gRNA 2 PAM
HKT1:4 GAACACCTCCATCTCGACGG TGG GCCGACGAACGAGAACATGG TGG
HKT1;1 and ACTCGATTAGCAGAGCACTG TGG

HKTZ1;4 (HKT1;1)

HKT1;1 and GAACACCTCCATCTCGACGG TGG

HKTZ1;4 (HKT1;4)

OsHA1(97)+(65)| TAACCTTGTTATCAATGACA | AGG | ACGAGCAGCGCACACTACAC | GGG
OsHA1 (97) TAACCTTGTTATCAATGACA | AGG

OsHAL1 (80) AAACCGGAAAGATTTCGGAA | GGG

OsHAL1 (65) ACGAGCAGCGCACACTACAC | GGG

Supplementary Table 3: Plasmids from the Golden Gate cloning toolbox for plants used in
plasmid construction. P with a number indicates the position of level 1 plasmids in the final level M
construct. Abbreviations are as follows: UTR for untranslated region, @ryaa satva, At for
Arabidopsis thalianaZm for Zea maysTa for Triticum aestivumSp forStreptococcus pyogenes
CAMV = Cauliflower mosaic virus.

Plasmid Produced Acceptor Donor Plasmids (promoter, coding sequence, terminator)
pICSL80036 pICH41414
Hptll Level 1(P1) | pICHA47732 pICSL12009 Hygromycin CAMV35S +
Zm Ubiquitin + 5’UTR .
phosphotransferase 3UTR
pICH41421
pICSL12014 pICSLI0004 At nopaline

Cas9 Level 1(P2)| pICH47742 SpCas9 + nuclear

Os Actin + 5'UTR o . synthase +
localisation signal 3UTR
gRNAL Levell pICSL90003 pICSL90010 i
(P3) pICHA7751 Taué gRNA sequence
gRNA2 Level 1 pICSL90003 pICSL90010 i
(P4) piCHA47761 TaU6 gRNA sequence
Level M pAGM8031 Level 1(P% P4) and pICH50900 End linker
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Supplementary Table &: Primers used for gRNA scaffold amplification and the expected resulting
amplicon. Starting with forward primer containing a unique transcription start site for TaU6
promoter (underlined), followed by 20 bp sgRNéquence indicated in red, gRNA scaffold is
highlighted in grey, ending with complementary sequence for the reverse primer. Bsal restriction
sites in blue.

Primer name Primer sequence5 8 6
OsHKTLLE | TGTGGTCTCACTT(GIACTCGATTAGCAGAGCACTAGTTTAAGAGCT
’ ATGCTGGAAACAG
OsHKTL4F. 1 | TGTGGTCTCACTTGAACACCTCCATCTCGACG@TTTAAGAGCTAT
’ GCTGGAAACAG
OSHKTL4F. 2 | TGTGGTCTCACTTGCCGACGAACGAGAACATGASTTTAAGAGCTA
’ TGCTGGAAACAG
OsHAL(4)F | TCTGCTCTOACTT(G)TAACCTTGTTATCAATGACAGTTTAAGAGCT
ATGCTGGAAACAG
OsHALBO)E | TGTCGTCTAACTT(G)AAACCGGAAAGATTTCGGAAGTTTAAGAGC
TATGCTGGAAACAG
OsHAL(E5)F | TCTGGTCTOACTT(GACGAGCAGCGCACACTACAGTTTAAGAGC
TATGCTGGAAACAG
gg@féfs"; TGTGGTCTCTAGCGAAAAAAAGCACCGACTCGGTGCCAC

Supplementary Table B: Primers used to amplify targeted region in TO plants.

Primer name Primer sequence5 3 6
OsHKT1;: F GATCCCGCAGATTCTAGCAG
OsHKTL;: R GGCAATTCGGATTTTCAGTG
OsHKT1;4 F TGCGTGCTCCAATATGCCC
OsHKT1;4 R AGTTGGAGAACGTCGACACC
OsHAL- F GTGTTAGCTGCCATTGCCAC
OsHAL- R TTCGTGAGCAGCAGATCGAG
T7 universal primer for sequencint TAATACGACTCACTATAGGG
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Supplementary Table 8: Summary of quantitative trait loci (QTL&)entified in this study using
GWAS of rice under 0.1 NPK condition. The table shows: the number of QTLs identified in each
chromosome, QTL coordinates, and the traits associated with that QTL. Multiple traits indicate
overlapping between QTLAbbreviatims are as follows: CT for control treatment (1 NPK), LT for
low treatment (0.1 NPK), FW for fresh weight, SFW for shoot fresh weight, RFW for root fresh
weight, FWSR for fresh weight shoot to root ratio, DW for dry weight, SDW for shoot dry weight,
RDW for root dry weight, FWDR for dry weight shoot to root ratio, RGR for relative growth rate

and RGRRED for relative growth rate reducti®kD for reductionN for nitrogen, P for

phosphorus, K for potassium, Ca for calcium, Na for sodium, Mg for magnesiuior, Zinc, Fe
for iron, B for boron and C for carbon, UE for use efficienaytier information on traits are listed
in (Chapter 2, table 2).

Chr

QTL No.

Start (bp)

End (bp)

Traits

Chr 1

1

10934895

11163946

Na(DW).r, Na(FW)r, Na(DW)/RGRY,
Na(FW)/RGRr

11211845

11463442

NaUBE T

22091548

22307857

Na(DW).r , Na(FW)+

24843730

25058195

Mg(FW)LT

29119761

29411376

K(DW)RED, 1, K(FW)RED.t

37595071

37816775

P(FW)/RGRr

42265021

42471850

SFWREDT

42893220

43217883

FWL.TRED

Chr 2

573100

785217

N(DW)/RGR.r, N(FW)/RGR

5270236

5489303

P(DW)r, P(FW)r

8446601

8652677

N(FW).r

8801325

9007486

N(DW)/RGR 1

20529472

20737331

K(FW).7, K(DW)/RGR 1, K(FW)/RGR~

21014447

21228732

C(FW).r

21676343

21906350

C(DW)/RGR+

22741363

22962964

Na(FW)/RGRr

29190864

29401373

C(DW)/RGR+

Chr 3

16449347

16658820

SFWr

NP O|OINOO|OARWIN|IFRPIONOIOH A WIN

30711515

31318395

N(DW)RED.t, N(FW).r, N(FW)REDT,
N(FW)/RGRr, N(DW)/RGR 1

31566050

31781418

FeUERT

Chr 4

12707862

12924649

C(FW).t

13760606

13980162

P(DW).r, P(FW) 1, P(DW)/RGRy, P(FW)/RGRy

14605163

15008150

C(FW).r

21319617

21543010

Mg(DW).7, Mg(FW).1

30361878

30584308

RGR., C(DW)/RGR~

30594184

30797525

RGR.r

31078200

31290910

FW.r, Mg(FW)REDr

Chr 5

542156

750554

SFWREDT

1306921

1511375

N(DW)/RGR 1

8195720

8509519

C(FW)r, SFW

15985378

16203195

C(DW)/RGR7

23688669

23896522

C(DW)/RGR 1, N(FW)/RGR+

26485812

26704758

P(FW)/RGRr

~N|OOHAIWINIRFR|INOOTAIWIN|FPIW

27886608

28105340

K(DW)RED.t
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Chr 6

6605479

6832750

Na(FW)/RGRr

9916482

10124422

FWSR

10168713

10399253

Na(FW)/RGRr

10900608

11111357

FWSRREDR+

13230119

13444616

Zn(FW)/RGR7

15877891

16092042

FeUE

21708951

21922891

FW.r

22119339

22328915

Na(DW).r, Na(DW)/RGR7

OO NO|UA|WINF

24866897

25081930

FWLr

27003385

27247638

BUE.T

27962690

28181494

K(FW)/RGR

28448779

28667855

C(DW)/RGR7

29347847

29667372

Na(FW)r, NaUE, Na(DW) 1, Na(DW)/RGRr,
Na(FW)/RGRr

Chr7

945207

1152196

C(DW)/RGR, K(FW)/RGR«

19210632

19413252

RGR.r

23235649

23457800

K(DW)RED. 1

Chr 8

2895035

3105447

FWir, SFW T

3337751

3576347

Na(FW)RED+

3657275

3880233

K(DW)RED.t

5145632

5366503

BUELr

7102049

7313705

Na(FW) 1, Na(FW)/RGRr

7488653

7719211

Mg(FW)RED1

8497671

8715936

NaUE T

9069082

9333729

Na(DW).r, Na(DW)/RGR~, Na(FW)/RGRy,
Na(FW).r

9493241

9692541

RGR, K(FW)/RGR+, C(FW)/RGRr,
C(DW)/RGR

10227523

10473165

P(FW)1, P(DW)r, P(FW)/RGR7, P(DW)/RGRt

17320537

17678691

Na(FW)RED+

26968542

27200388

Na(DW).r, Na(FW)r, Na(DW)/RGRt,
Na(FW)/RGRr

Chr9

7370444

7574210

Na(FW) r

10246899

10560001

K(FW)/RGR 1

19074054

19296109

C(DW)/RGR

Chr 10

3710

192593

K(DW)/RGR.1

2018955

2224867

FWSR

7712328

7930183

N(FW).r

13142398

13362322

NUE.T

15531669

15742308

P(FW)r, P(FW)/RGRr

16192110

16408077

P(DW).r, P(DW)/RGR7

16426002

16626573

SFW.r

17018922

17237006

FWiLr, RFWLr

20449092

20654875

RGR.r

21406868

21636806

Na(DW).r

Chr 11

1931410

2141398

Mg(FW)RED.

17561346

17774719

N(FW).r

23806463

24013588

K(FW)/RGR 1

Chr 12

RPWINIFP P OOINOOOHRAWINIFLPIWIN|F

19338780

19637985

Mg(DW)LT
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21020481 | 21210286 | Fe(FW) 1, C(FW)+
21557424 | 21766337 | RGR 1
21889585 | 22133896 | BUE.T
24163373 | 24391419 | K(DW)RED.
25953540 | 26184989 | BUE.
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Supplementary Figure 39: Genomewide Rvalues from the mixed model method based on total final fresh
weight in 0.1 NPK plants. The-Axis shows the location of the identified SNPs along the 12 chromosomes of
the rice genome, the -#xis indicates thelogl0 (Rvalue) which deterines the significance of the
association between SNPs and traits. The horizontal line indicates the geidemggnificance threshold
(FDR <10%).To the right, QQ plot for the corresponding trait shows the distribution of the observed P

values alongsidtheir expected values.
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Supplementary Figure 3. 2: Genomae Rvalues from the mixed model method based on shoot fresh
weight in 0.1 NPK plants. The-Axis shows the location of the identified SNPs along the 12 chromosomes of
the rice genome, the -a&xs indicates the-logl0 (Rvalue) which determines the significance of the
association between SNPs and traits. The horizontal line indicates the gememggnificance threshold
(FDR <10%).To the right, QQ plot for the corresponding trait shows thetdbution of the observed-P

values alongside their expected values.
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Supplementary Figure 3. 3: Genomae Rvalues from the mixed model method based on root fresh weight
in 0.1 NPK plants. The »axis shows the location of the identified SNPs along the 12 chromosomes of the
rice genome, the ¥xis indicates thelogl0 (Rvalue) which determines the significance of the association
between SNPs and traits. The horizontal line indicates the gewalaesignificance threshold (FDR <10%).
To the right, @Q plot for the corresponding trait shows the distribution of the obserweduBs alongside

their expected values.
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Supplementary Figure 3. 4: Genomale Pvalues from the mixed model method based on fresh weight
shootto-root ratio in 0.1 NPK plants. The-Xxis shows the location of the identified SNPs along the 12
chromosmnes of the rice genome, theaXis indicates thdog10 (Rvalue) which determines the significance
of the association between SNPs and traits. The horizontal line indicates the gedensgnificance
threshold (FDR <10%)To the right, QQ plot for thecorresponding trait shows the distribution of the

observed Rralues alongside their expected values.
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Supplementary Figure 3. 5: Genomae Rvalues from the mixed model method based on dry weight in 0.1
NPK plants. The Xaxis shows the location dhe identified SNPs along the 12 chromosomes of the rice
genome, the Yaxis indicates theloglO (Rvalue) which determines the significance of the association
between SNPs and traits. The horizontal line indicates the gewalaesignificance threshold R <10%).
To the right, @Q plot for the corresponding trait shows the distribution of the obserweduBs alongside

their expected values.
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Supplementary Figure 3. 6: Genomale Rvalues from the mixed model method based on shoot dry weight
in 0.1 NPK plants. The »xis shows the location of the identified SNPs along the 12 chromosomes of the
rice genome, the Mxis indicates thelogl0 (Rvalue) which determines the significance of the association
between SNPs and traits. The horizontal line indicates the gewaaesignificance threshold (FDR <10%).
To the right, QQ plot for the corresponding trait shows the distribution of the obserweduBs alongside

their expected values.
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Supplementary Figure 3. 7: Genomale Rvalues from the mixed model method based on root dry weight in
0.1 NPK plants. The »axis shows the location of the identified SNPs along the 12 chromosomes of the rice
genome, the Yaxis indicates theloglO (Rvalue) which determines the significance of the association
between SNPs and traits. The horizontal line indicates the gewalaesignificance threshold (FDR <10%).
To the right, @Q plot for the correspondingait shows the distribution of the observedidues alongside

their expected values.
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Supplementary Figure 3. 8: Genomae Pvalues from the mixed model method based on dry weight-shoot
to-root ratio in 0.1 NPK plants. The -Xxis shows the locationfahe identified SNPs along the 12
chromosomes of the rice genome, thaxXis indicates thdog10 (Rvalue) which determines the significance
of the association between SNPs and traits. The horizontal line indicates the gedensgnificance
threshold(FDR <10%).To the right, QQ plot for the corresponding trait shows the distribution of the

observed Rralues alongside their expected values.
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Supplementary Figure 3. 9: Genoméale Pvalues from the mixed model method based on relative growth
rate reduction in 0.1 NPK plants. The-aXis shows the location of the identified SNPs along the 12
chromosomes of the rice genome, thaxXis indicates th-log10 (Rvalue) which determines the significance
of the association between SNPs and traits. The horizontal line indicates the gedensgnificance
threshold (FDR <10%)To the right, QQ plot for the corresponding trait shows the distribution haf t

observed Rralues alongside their expected values.
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Supplementary Figure 3. 10: Genomile Rvalues from the mixed model method based on shoot nitrogen
content on dry weight basis (umoles/gDW) in 0.1 NPK plants. TaiX shows the location of the identified

SNPs along the 12 chromosomes of the rice genaime ‘Yaxis indicates thelog1l0 (Rvalue) which
determines the significance of the association between SNPs and traits. The horizontal line indicates the

genomewide significance threshold (FDR <10%)o the right, QQ plot for the corresponding traih@ws

the distribution of the observedvRlues alongside their expected values.
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Supplementary Figure 3. 11: Genomile Pvalues from the mixed model method based on shoot
phosphorus content on dry weight basis (umoles/gDW) in 0.1 NPK plants. -Bkis Xhows the location of
the identified SNPs along the 12 chromosomes of the rice genome;akis Wdicates thelog10 (Rvalue)
which determines the significance of the association between SNPs and traits. The horizontal line indicates
the genomavide significance threshold (FDR <10%J.0 the right, @Q plot for the corresponding trait

shows the distribution of the observed&ues alongside their expected values.
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Supplementary Figure 3. 12: Genomigle Rvalues from the mixed model method basadsboot potassium
content on dry weight basis (umoles/gDW) in 0.1 NPK plants. THaiX shows the location of the identified
SNPs along the 12 chromosomes of the rice genome, thgisYindicates thelogl0 (Rvalue) which
determines the significance diet association between SNPs and traits. The horizontal line indicates the
genomewide significance threshold (FDR <10%)o the right, QQ plot for the corresponding trait shows

the distribution of the observedwlues alongside their expected values.
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Supplementary Figure 3. 13: Genomigle Pvalues from the mixed model method based on shoot sodium
content on dry weight basis (umoles/gDW) in 0.1 NPK plants. TaiX shows the location of the identified

SNPs along the 12 chromosomes of the rice genothe ¥Yaxis indicates thelogl0O (Rvalue) which
determines the significance of the association between SNPs and traits. The horizontal line indicates the

genomewide significance threshold (FDR <10%jo the right, QQ plot for the corresponding trashows

the distribution of the observedwRlues alongside their expected values.
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Supplementary Figure 3. 14: Genomile Rvalues from the mixed model method based on shoot zinc
content on dry weight basis (umoles/gDW) in 0.1 NPK plants. THaiX shows the location of the identified
SNPs along the 12 chromosomes of the rice genohee,Yiaxis indicates thelogl0 (Rvalue) which
determines the significance of the association between SNPs and traits. The horizontal line indicates the
genomewide significance threshold (FDR <10%)o the right, QQ plot for the corresponding trait shows

the distribution of the observedwlues alongside their expected values.
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Supplementary Figure 3. 15: Genomile Pvalues from the mixed model method based on shoot iron
content on dry weight basis (umoles/gDW) in 0.1 NPK plants. THaxiX showghe location of the identified
SNPs along the 12 chromosomes of the rice genome, thgisYindicates thelogl0 (Rvalue) which
determines the significance of the association between SNPs and traits. The horizontal line indicates the
genomewide significance threshold (FDR <10%].0 the right, QQ plot for the corresponding trait shows

the distribution of the observedwRlues alongside their expected values.
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Supplementary Figure 3. 16: Genomigle Rvalues from the mixed model method based on shoainbo
content on dry weight basis (umoles/gDW) in 0.1 NPK plants. THaiX shows the location of the identified
SNPs along the 12 chromosomes of the rice genome, thgisYindicates thelogl0 (Rvalue) which
determines the significance of the associati@tween SNPs and traits. The horizontal line indicates the
genomewide significance threshold (FDR <10%)o the right, QQ plot for the corresponding trait shows

the distribution of the observedwlues alongside their expected values.
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Supplementy Figure 3. 17: Genomeide Rvalues from the mixed model method based on shoot carbon
content on dry weight basis (umoles/gDW) in 0.1 NPK plants. TaiX shows the location of the identified
SNPs along the 12 chromosomes of the rice genome, tharisYindicates the-logl0 (Rvalue) which
determines the significance of the association between SNPs and traits. The horizontal line indicates the
genomewide significance threshold (FDR <10%]jo the right, QQ plot for the corresponding trait shows

the distibution of the observed-Palues alongside their expected values.
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Supplementary Figure 3. 18: Genomile Pvalues from the mixed model method based on shoot
magnesium content on dry weight basis (umoles/gDW) in 0.1 NPK plants. FxésXhows the kmation of
the identified SNPs along the 12 chromosomes of the rice genome;akis Wdicates thelog10 (Rvalue)
which determines the significance of the association between SNPs and traits. The horizontal line indicates
the genomavide significance treshold (FDR <10%)To the right, QQ plot for the corresponding trait

shows the distribution of the observed&ues alongside their expected values.
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Supplementary Figure 3. 19: Genomigle Pvalues from the mixed model method based on shoot calcium
content on dry weight basis (umoles/gDW) in 0.1 NPK plants. TaiX shows the location of the identified
SNPs along the 12 chromosomes of the rice gendhee Y-axis indicates thelogl0 (Rvalue) which
determines the significance of the association between SNPs and traits. The horizontal line indicates the
genomewide significance threshold (FDR <10% o the right, QQ plot for the corresponding trait ®hs

the distribution of the observedwRlues alongside their expected values.
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Supplementary Figure 3. 20: Genomigle Rvalues from the mixed model method based on shoot nitrogen
content on fresh weight basis (umoles/gFW) in 0.1 NPK plants. Tiais{ shows the location of the
identified SNPs along the 12 chromosomes of the ricomenthe Yaxis indicates thelogl0 (Rvalue)

which determines the significance of the association between SNPs and traits. The horizontal line indicates
the genomavide significance threshold (FDR <10%lo the right, QQ plot for the corresponding trait

shows the distribution of the observed&ues alongside their expected values.
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Supplementary Figure 3. 21: Genomile Pvalues from the mixed model method based on shoot
phosphorus content on fresh weight basis (umoles/gFW) in 0.1 NPK plantX.-akie shows the location of
the identified SNPs along the 12 chromosomes of the rice genome;akis Wdicates thelog10 (Rvalue)
which determines the significance of the association between SNPs and traits. The horizontal line indicates
the genomavide significance threshold (FDR <10%lo the right, @Q plot for the corresponding trait
shows the distribution of the observed&ues alongside their expected values.
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Supplementary Figure 3. 22: Genomigle Rvalues from the mixed model method édsn shoot potassium
content on fresh weight basis (umoles/gFW) in 0.1 NPK plants. Tiais{ shows the location of the
identified SNPs along the 12 chromosomes of the rice genome,-thés Yndicates thelogl0 (Rvalue)

which determines the significamof the association between SNPs and traits. The horizontal line indicates

the genomavide significance threshold (FDR <10%lo the right, QQ plot for the corresponding trait

shows the distribution of the observed&ues alongside their expected value
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Supplementary Figure 3. 23: Genomigle Pvalues from the mixed model method based on shoot sodium
content on fresh weight basis (umoles/gFW) in 0.1 NPK plants. TaiX shows the location of the
identified SNPs along the 12 chromosomes of fthe genome, the “xis indicates thelogl0 (Rvalue)
which determines the significance of the association between SNPs and traits. The horizontal line indicates
the genomavide significance threshold (FDR <10%lo the right, QQ plot for the correspondintrait

shows the distribution of the observed&ues alongside their expected values.
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Supplementary Figure 3. 24: Genomile Rvalues from the mixed model method based on shoot zinc
content on fresh weight basis (umoles/gFW) in 0.1 NPK plants. Tiais{ shows the location of the
identified SNPs along the 12 chromosomes of the rice genthraeY-axis indicates thelogl0 (Rvalue)
which determines the significance of the association between SNPs and traits. The horizontal line indicates
the genomavide significance threshold (FDR <10%lo the right, QQ plot for the corresponding trait

shows the distribution of the observeevBlues alongside their expected values.
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Supplementary Figure 3. 25: Genomile Pvalues from the mixed model method based on shoot iron
content on fresh weight basis (umoles/gFW) in 0.1 NPK plants. TaiX siows the location of the
identified SNPs along the 12 chromosomes of the rice genome,-thés Yndicates thelogl0 (Rvalue)

which determines the significance of the association between SNPs and traits. The horizontal line indicates
the genomavide sigrificance threshold (FDR <10%])lo the right, @Q plot for the corresponding trait

shows the distribution of the observed&ues alongside their expected values.

Supplementary Figure 3. 26: Genomigle Rvalues from the mixed model method based oroshoron
content on fresh weight basis (umoles/gFW) in 0.1 NPK plants. Teis( shows the location of the
identified SNPs along the 12 chromosomes of the rice genome,-thés Yndicates thelogl0 (Rvalue)
which determines the significance of the asstion between SNPs and traits. The horizontal line indicates
the genomavide significance threshold (FDR <10%l0o the right, @Q plot for the corresponding trait

shows the distribution of the observed&ues alongside their expected values.
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