
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:24:08Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title
The regulation of starch synthesis by phytochrome A&B,
thioredoxins and plastidial kinases in Arabidopsis thaliana
leaves

Author(s) Han, Xiaozhen

Publication
Date 2017-08-09

Item record http://hdl.handle.net/10379/6686

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


The regulation of starch synthesis by phytochrome 
A&B, thioredoxins and plastidial kinases in 

Arabidopsis thaliana leaves 

 

 

 

Volume I of I 

 

 

 

Xiaozhen Han 

 

 

 
A thesis submitted to National University of Ireland Galway 

For the degree of Doctor of Philosophy 
 

 

Under the supervision of Dr Ronan Sulpice 
College of Science, School of Natural Sciences 

Discipline of Botany and Plant Science 
 

 

 

 

April 2017 

 



Table of Contents 

 
 

 

 2 

 

Table of Contents 

Table of Contents ....................................................................................................... 2 

List of Tables .............................................................................................................. 6 

List of Figures ............................................................................................................. 8 

Declaration ................................................................................................................ 12 

Acknowledgement .................................................................................................... 13 

Abbreviations ........................................................................................................... 14 

Summary of contents ............................................................................................... 17 

Chapter 1: General introduction ............................................................................ 18 

1.1 Overview .......................................................................................................... 19 

1.2 Evolutional connection between glycogen synthesis and starch synthesis ...... 19 

1.3 Current progress in the study of post-translational regulation of glycogen 

synthesis ................................................................................................................. 21 

1.3.1 Kinases/phosphatase controls the deactivation/activation of GS .............. 21 

1.3.2 Scaffold proteins play important roles in the regulation of GS activity .... 22 

1.3.3 Action of insulin in the regulation of glycogen synthesis .......................... 23 

1.3.4 GS is subject to the regulation of allosteric factors of G6P and glycogen 

content ................................................................................................................. 24 

1.3.5 Laforin plays essential roles in the regulation of glycogen synthesis ....... 25 

1.4 Current progress in the study of posttranslational regulation of starch synthesis

 ................................................................................................................................ 26 

1.4.1 Redox regulation of starch synthetic enzymes ........................................... 26 

1.4.2 Involvement of scaffold proteins in the regulation of starch metabolic 

enzymes ............................................................................................................... 28 

1.4.3 Starch synthetic enzymes form complex .................................................... 28 

1.4.4 Regulation of starch synthetic enzymes by 

phospharylation/dephosphorylation and allosteric factors ................................ 29 

1.5 Perspectives ...................................................................................................... 30 

1.5.1 Charaterization of domain and stucture of starch synthetic enzymes  are 

essential to understand their sub organellar distributions and interactions ...... 31 

1.5.2 Light-driven signals have potential roles in the regulation of starch 

synthesis .............................................................................................................. 33 

1.5.3 Plastidial kinases cascade might be involved in the post-translational 

regulation of starch synthesis ............................................................................. 34 



Table of Contents 

 
 

 

 3 

 

Chapter 2: Phytochrome A and phytochrome B regulate primary metabolism in 

Arabidopsis leaves ..................................................................................................... 38 

2.1 Introduction ...................................................................................................... 39 

2.1.1 phytochrome A (PHYA) and phytochrome B (PHYB) regulate light 

induced photomorphogenesis and stress response ............................................. 39 

2.1.2 Cryptochromes (CRYs) regulate plant developments such as hypocotyl 

elongation, pigment synthesis and stomata opening. ......................................... 40 

2.1.3 PHYs and CRYs display synergistic and antagonistic roles in plant 

development. ....................................................................................................... 41 

2.1.4 Brief description of the study ..................................................................... 41 

2.2 Results .............................................................................................................. 42 

2.2.1 Biomass and starch phenotypes of the photoreceptor mutants grown under 

white light ........................................................................................................... 42 

2.2.2 Photosynthetic parameters of the photoreceptor mutants ......................... 45 

2.2.3 Leaf anatomy of phyAB and hy1 ................................................................ 46 

2.2.4 Starch accumulation and metabolite levels in  phyA, phyB and phyAB 

under different white  light conditions ................................................................ 48 

 ............................................................................................................................ 54 

2.2.5 Starch and sugar contents in phyA, phyB and phyAB under 

monochromatic red  ............................................................................................ 55 

2.2.6 Starch accumulation phenotype in the phyAB mutant during different 

vegetative stages ................................................................................................. 57 

2.2.7 The transcript profiles of clock components and starch synthesis enzymes 

genes in deletion of PHYAB ................................................................................ 57 

2.2.8 Starch accumulation phenotype in ndpk2 mutant ...................................... 57 

2.3 Discussion ........................................................................................................ 60 

Chapter 3: Sub-organellar localizations of Thioredoxin f play a regulatory role 

in coordinating different biological functions in chloroplast ............................... 64 

3.1 Introduction ...................................................................................................... 65 

3.1.1 TRX f and m play important roles in photosynthesis and starch metabolism

 ............................................................................................................................ 65 

3.1.2 The target proteins of TRX y, TRX x and TRX z ........................................ 66 

3.1.3 Brief description of the study ..................................................................... 67 

3.2 Result ................................................................................................................ 67 

3.2.1 Starch and growth phenotype in trx f1 is light dependent ......................... 67 

3.2.2 TRX f and TRX m4 show constrasting localization within the chloroplasts

 ............................................................................................................................ 72 



Table of Contents 

 
 

 

 4 

 

3.2.3 Redox activation is not critical for the suborganellar distribution of 

AGPase within the chloroplasts .......................................................................... 75 

3.2.4 TRX f form stable complexes with proteins involved in several major 

plastidial biological functions ............................................................................ 77 

3.3 Discussion ........................................................................................................ 82 

3.3.1 The in vivo regulation of starch metabolism by TRX f1 is light intensity 

and photoperiod dependent ................................................................................ 82 

3.3.2 The sub-organellar localization TRX f in chloroplast is targeted and 

regulated ............................................................................................................. 84 

3.3.3 TRX f affinity chromatography revealed its central role in the metabolic 

homeostasis of the chloroplast ............................................................................ 85 

Chapter 4: Three plastidial kinases are involved in the regulation of starch 

synthesis in Arabidopsis leaves ................................................................................ 87 

4.1 Introduction ...................................................................................................... 88 

4.1.1 Insulin-binding proteins exist in plant species .......................................... 88 

4.1.2 Brief description of this study .................................................................... 89 

4.2 Results: ............................................................................................................. 90 

4.2.1 Potential insulin-interacting targets in Arabidopsis leaves ...................... 90 

 ............................................................................................................................ 93 

4.2.2 Screening of starch phenotype from mutants lacking kinases and clock 

component ........................................................................................................... 94 

4.2.3 Investigation of starch synthesis regulators among potential starch 

granule associated targets ................................................................................ 100 

4.3 Discussion ...................................................................................................... 103 

Chapter 5: Method and material .......................................................................... 106 

5.1 Plant material and growth conditions ............................................................. 107 

5.2 Measurement for starch and soluble sugars.................................................... 109 

5.3 Chlorophyll fluorescence analysis .................................................................. 109 

5.4 Gene expression and genotyping .................................................................... 110 

5.5 Visualization of chloroplast ultrastructure ..................................................... 112 

5.6 Immuno-labelling TEM .................................................................................. 113 

5.7 Co-IP and proteomic analyses ........................................................................ 114 

5.8 starch granule isolation and starch associated protein detection by LC-MS .. 116 

5.9 GC-MS ........................................................................................................... 117 

5.10 Statistics ........................................................................................................ 117 



Table of Contents 

 
 

 

 5 

 

6 General conclusions and future directions ....................................................... 118 

Reference ................................................................................................................. 124 

Publications and Presentations ............................................................................. 144 

Appendices .............................................................................................................. 145 

 



List of Tables 

 
 

 

 6 

 

List of Tables 

Table 1 Comparison of regulation strategies in glycogen synthesis and starch 

synthesis ..................................................................................................................... 29 

Table 2 Scaffold proteins in glycogen and starch metabolism .................................. 32 

Table 3 Homologues of regulators in glycogen metabolism in plants ....................... 36 

Table 4 Glucose levels at ED and EN in photoreceptor mutants and their respective 

wild types grown in LD (16 h light/8 h dark) under white light with PPFD of 115±5 

μmol m
-2

 s
-1

.Whole rosettes were harvested 20 days after sowing, before bolting.... 44 

Table 5 Photosynthetic parameters of photoreceptor mutants and their respective 

wild types grown in LD (16 h light/8 h dark) under white light with with PPFD of 

115±5 μmol m
-2

 s
-1

. .................................................................................................... 45 

Table 6 Characteristics of leaf anatomy and chloroplast ultrastructures in Ler, phyAB 

and hy1 lines ............................................................................................................... 48 

Table 7 Photosynthesis performance and starch accumulation in ndpk2 mutant when 

grown in LD (16 h light/8 h dark) with with PPFD of 115±5 μmol m
-2

 s
-1

. Results are 

mean ±SD, n=3, P < 0.05 (student's t test) ................................................................. 58 

Table 8 Lists of the identified potential interactors that form complex with TRX f 

through Co-IP and LC/MS ......................................................................................... 78 

Table 9 Targets lists of Co-IP with anti-insulin antibody against Arabidopsis leaf 

extracts after identification by LC/MS ....................................................................... 91 

Table 10 Information about the selected chloroplast-distributed kinases and other 

relevant mutants used for starch phenotype screen .................................................... 95 

Table 11 Metabolites levels at ED in cpck2 and ndpk2 mutants and wild type ......... 98 

Table 12 Identification of potential starch granule-associated proteins by LC-MS 100 

Table 13 Information of Arabidopsis mutants used in each chapter ........................ 107 

Table 14 Primer sequences (5’→3’) for quantification of transcripts in each chapter

 .................................................................................................................................. 111 

Table 15 Primers sequences (5’→3’) for genotyping in each chapter ..................... 111 

Appendix Table 1 Leaf metabolites contents at ED in the single phyA, single phyB, 

double phyAB mutants and wild type grown under spectrum1
1
 .............................. 145 

Appendix Table 2 Leaf metabolites contents at ED in the single phyA, single phyB, 

double phyAB mutants and wild type grown under spectrum2
1
 .............................. 146 



List of Tables 

 
 

 

 7 

 

Appendix Table 3 Leaf metabolites contents at ED in the single phyA, single phyB, 

double phyAB mutants and wild type grown under spectrum1
2
 .............................. 148 

Appendix Table 4 Leaf metabolites contents at ED in the single phyA, single phyB, 

double phyAB mutants and wild type grown under spectrum2
2
 .............................. 150 

 
 
 
 
 



List of Figures 

 
 

 

 8 

 

List of Figures 

Figure 1 Growth of photoreceptor mutants in LD (16 h light/ 8 h dark) under white 

light with PPFD of 115±5 μmol m
-2

 s
-1

. A: Biomass of photoreceptor mutants and 

their respective wild types. Whole rosettes were harvested 20 Days after sowing and 

before bolting. Results are mean ±SD, n=10, P < 0.05 (one way ANOVA, 

Turkey’HSD test); B: Pictures taken before harvesting ............................................. 43 

Figure 2 Starch (a) and sucrose (b) contents at ED and EN in photoreceptor mutants 

and their respective wild types grown in LD (16 h light/8 h dark) under white light 

with PPFD of 115±5 μmol m
-2

 s
-1

. Whole rosettes were harvested 20 days after 

sowing, before bolting. Results are mean ±SD, n=5, P < 0.05 (one way ANOVA, 

Turkey’s HSD test) ..................................................................................................... 44 

Figure 3 A: Transverse sections of leaves from photoreceptor mutants and wild type. 

B: Transmission electron microscopy images of chloroplast ultrastructure in 

photoreceptor mutants and wild type. Plants were grown in LD (16 h light/8 h dark) 

with PPFD of 115±5 μmol m
-2

 s
-1

, and the middle parts of fully expanded mature 

leaves were collected for fixation at midday.............................................................. 47 

Figure 4 A: Qualitative spectrum profiles and spectral distribution of the two sets of 

lamps. B: Starch levels at ED in single phyA, single phyB , double phyAB mutants 

and wild type grown under four different light conditions in LD (16 h light/8 h dark). 

The plants were grown under two different sets of lamps (Spectrum 1 and Spectrum 

2), at two different distances from these lamps. Spectrum 1
1
 and 2

1 
conditions have 

PPFD (400nm-700nm) of 251±4 μmol m
-2

 s
-1

, while Spectrum 1
2
 and spectrum 2

2 

have PPFD of 136±3 μmol m
-2

 s
-1

. ............................................................................. 51 

Figure 5 Effects of light spectral content (Factor 1), light intensity (Factor 2) and 

genotype (Factor 3) on the Arabidopsis rosette metabolome (Three-way ANOVA). 

Metabolite profiles were performed on the same samples as in Fig. 4. A: Metabolites 

in amino acid metabolism. B: Metabolites in carbohydrate metabolism. C: 

Metabolites in redox regulation, glyoxylate cycle, lipid metabolism and secondary 

metabolism. D: Others. .............................................................................................. 52 

Figure 6 Correlation between metabolites. Datasets were the same with what were 

used for three-way ANOVA analysis. Significant positive correlations were labelled 

with pink colour while blue colour was used for the negative ones. 1: 2methylmalate;

 ...... 2: Alanine; 3: allo-Threonine; 4: Arginine; 5: Asparagine Aspartate; 6: GABA; 7: 

Glutamate; 8: Glycerate; 9: Glycine; 10: Guanidine; 11: Homoserine; 12: Isoleucine; 

13: Leucine; 14: Lysine; 15: Methionine; 16: OAS;17: ornithine; 18:Phenylalanine; 

19:Proline; 20: Serine; 21:Threonine; 22: Tryptophan; 23: Tyrosine; 24: Urea; 25: 

Valine; 26: 1,6-hydro-glucose;  27: Fructose; 28: Glucose; 29: Glucose-1-phosphate 

30: Maltose; 31:Sucrose; 32:Erythritol; 33:Erythronate; 34:Galactinol; 35: 

file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703672
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703672
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703672
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703672
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703672
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703673
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703673
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703673
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703673
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703673
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703674
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703674
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703674
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703674
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703674
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703675
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703675
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703675
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703675
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703675
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703675
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703675
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703676
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703676
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703676
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703676
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703676
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703676
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677


List of Figures 

 
 

 

 9 

 

Galactonicacid-1,4-lactone; 36:Galactose; 37:myo-Inositol; 38:Raffinose; 

39:Trehalose; 40: Pyroglutamate; 41:Threonate; 42:Ascorbate; 43:Dehydroascorbate 

dimer; 44:Citrate;45: Fumarate; 46:Succinate; 47:Ethanolamine; 48:Glycerol; 

49:Glycerol-3-phosphate; 50:Octadecanoate; 51:Palmitate; 52:3,4-

dihydroxybenzoate; 53: 4-hydroxy-benzoic acid 55: Benzoate; 56:Benzylalcohol; 57: 

Sinapicacid; 58:Nicotinate; 59:Pyruvate; 60:5,6-dihydrouracil;61:beta-Alanine; 

62:Ribulose-5-phosphate; 63:Putrescine; 64:Spermidine 65: Glycolate; 

66:Phosphate; 67:starch ............................................................................................. 53 

Figure 7 Leaf metabolome analysis of WT and the phyA, phyB and phyAB mutants 

using PCA. Plants were grown in four different white light conditions and sampled 

at ED........................................................................................................................... 54 

Figure 8 A: Spectrum profiles of light enriched in red light. B: Glucose, sucrose and 

starch levels at ED and EN under light enriched in red light (a, b, c). Results are 

mean ±SD, n=4, P < 0.05 (one way ANOVA, Turkey’s HSD test) .......................... 56 

Figure 9 Starch levels at ED and EN in the phyAB mutant and wild type at different 

growth stages in LD (16 h light/8 h dark) with PPFD of 125±5 μmol m
-2

 s
-1

. Results 

are mean ±SD, n=3. Asterisks indicate statistically significant differences of starch 

contents at ED or at EN between phyAB and WT (* P<0.05; ** P<0.01). B: Images 

of Ler and phyAB mutant before harvest in different growth stages.......................... 57 

Figure 10 Expression profiles of CCA1, PRR7, GI and FKF1 during the day course 

in phyAB mutant and wild type when grown in LD (16 h light/8 h dark) with PPFD 

of 115±5 μmol m
-2

 s
-1

. Results are mean ±SD, n=3, P < 0.05 (Student's t test). ....... 58 

Figure 11 Expression profiles of GBSS1, APL1, APS1, SS1, SS2 and SS4 during a 

diurnal cycle in phyAB mutant and wild type when grown in LD (16 h light/8 h dark) 

with PPFD of 115±5 μmol m
-2

 s
-1

. Results are mean ±SD, n=3, P < 0.05 (Student's t 

test). ............................................................................................................................ 59 

Figure 12 Starch levels at ED and EN in Arabidopsis rosettes of trxs mutant lines 

and wild type under different growth conditions. (a): LD (16 h light/8 h dark), 160 

μmol m
-2

 s
-1

 ; (b): SD (8 h light/16 h dark), 160 μmol m
-2

 s
-1

; (c): LD (16 h light/8 h 

dark), 100 μmol m
-2

 s
-1

; (d): SD (8 h light/16 h dark), 100 μmol m
-2

 s
-1

; (e): Starch 

synthesis rate of different lines grown in LD (16 h light/8 h dark) with an 

illumination of 160 μmol m
-2

 s
-1

 . Rosettes were harvested after 21days in LD and 28 

days in SD after sowing. Results are mean ±SD, n=5, P < 0.05 (one way ANOVA, 

Turkey's HSD test). Different letters indicate significant differences between 

genotypes. .................................................................................................................. 69 

Figure 13 Sucrose levels at ED and EN in Arabidopsis rosettes of Trxs mutant lines 

and wild type under different growth conditions. (a): LD (16 h light/8 h dark), 160 

μmol m
-2

 s
-1

 ; (b): SD (8 h light/16 h dark), 160 μmol m
-2

 s
-1

; (c): LD (16 h light/8 h 

dark), 100 μmol m
-2

 s
-1

; (d): SD (8 h light/16 h dark), 100 μmol m
-2

 s
-1

. Rosettes 

file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703677
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703679
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703679
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703679
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703680
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703680
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703680
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703680
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703680
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703681
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703681
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703681
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703682
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703682
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703682
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703682
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703683
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703683
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703683
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703683
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703683
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703683
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703683
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703683
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703683
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703684
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703684
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703684
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703684


List of Figures 

 
 

 

 10 

 

were harvested after 21days in LD and 28 days in SD after sowing. Results are mean 

±SD, n=5, P < 0.05 (one way ANOVA, Turkey's HSD test). Different letters indicate 

significant differences between genotypes................................................................. 70 

Figure 14 Rosettes biomass of Trxs mutant lines and wild type under different 

growth conditions. (a): LD (16 h light/8 h dark), 160 μmol m
-2

 s
-1

 ; (b): SD (8 h 

light/16 h dark), 160 μmol m
-2

 s
-1

; (c): LD (16 h light/8 h dark), 100 μmol m
-2

 s
-1

; (d): 

SD (8 h light/16 h dark), 100 μmol m
-2

 s
-1

. Rosettes were harvested after 21days in 

LD and 28 days in SD after sowing. (e): Leaf expansion rate of different trxs lines 

grown in LD (16 h light/8 h dark) with an illumination of 160 μmol m
-2

 s
-1

. Results 

are mean ±SD, n=5, P < 0.05 (one way ANOVA, Turkey's HSD test). Different 

letters indicate significant differences between genotypes. ....................................... 71 

Figure 15 Chloroplast suborganellar localizations of TRX f in Col-0 leaves using 

immuno-gold labelling and TEM. (a): Fraction of TRX f on different sub organelles 

in different conditions.  For each condition, 10 images, obtained from 2 mature 

leaves, were analysed. Examples of images in different conditions are provided in (b), 

(c), (d) and (e). Starch granules were significantly larger at ZT12 than at ZT5 in LD.

 .................................................................................................................................... 73 

Figure 16 Chloroplast suborganellar localizations of TRX m4 in Col-0 leaves using 

immuno-gold labelling and TEM. (a): Fraction of TRX m4 on different sub 

organelles in different conditions.  For each condition, 10 images, obtained from 2 

mature leaves, were analysed. Examples of images in different conditions are 

provided in (b), (c), (d) and (e). Starch granules were significantly larger at ZT12 

than at ZT5 in LD. ...................................................................................................... 74 

Figure 17 Localizations of AGPase in different chloroplast compartments using 

immune-gold labelling and TEM. (a) AGPase localization in Col-0 mature leaves 

under different conditions. (b) AGPase localization in mature leaves of adg1/APS1WT 

and adg1/APS1C81S lines at ZT18 in SD. Examples of images in different conditions 

are provided in (c), (d), (e) and (f). ............................................................................ 76 

Figure 18 Genotyping of pi3kIA, pcap1 and kin2 mutants. (a): Lane 1, ladder; lane 2, 

PI3KIA Col-0 allele; lane 3-4-5-6, PI3KIA alleles from individual pi3kIA seedlings; 

lane 7, PCAP1 Col-0 allele; lane 8 PCAP1 allele from pcap1 mutant. (b): Lane 1, 

KIN2 Col-0 allele; lane 2, KIN2 allele from kin2 mutant; lane 3, ladder. .................. 92 

Figure 19 Starch (a) and sucrose levels (b) in wild type and mutants defective in 

potential insulin antibody-responsive proteins. Plants were grown in LD (16 h light/8 

h dark) with an illumination of 150 μmol m
-2

 s
-1

. Whole rosettes were harvested 20 

days after sowing, before bolting. Results are mean ±SD, n=3, P < 0.05 (one way 

ANOVA, Turkey’s HSD test). .................................................................................... 93 

Figure 20 Genotyping of kinases and clock component mutants. (a): Lane 1, ladder; 

lane 2, CKB3 Col-0 allele; lane 3, CKB3  allele from ckb3 mutant; lane 4, cpCK2  

file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703684
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703684
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703684
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703685
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703685
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703685
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703685
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703685
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703685
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703685
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703685
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703686
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703686
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703686
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703686
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703686
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703686
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703687
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703687
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703687
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703687
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703687
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703687
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703688
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703688
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703688
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703688
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703688
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703689
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703689
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703689
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703689
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703690
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703690
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703690
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703690
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703690
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691


List of Figures 

 
 

 

 11 

 

Col-0 allele; lane 5, cpCK2  allele from cpck2 mutant; lane 6, RP1  Col-0 allele; lane 

7, RP1 allele from rp1 mutant; lane 8, CIPK13  Col-0 allele; lane 9, CIPK13 allele 

from cipk13 mutant; lane 10, AGC2-3  Col-0 allele; lane 11, AGC2-3 allele from 

agc2-3 mutant; lane 12, CSK Col-0 allele; lane 13, CSK allele from csk mutant. (b): 

Lane 1, ladder; lane 2, CDPK2  Col-0 allele; lane 3, CDPK2 allele from cdpk2 

mutant; lane 4, MKK4 Col-0 allele; lane 5, MKK4 allele from  mkk4 mutant; lane 6, 

PDK1 Col-0 allele; lane 7, PDK1 allele from pdk1 mutant. (c): Lane 1, ladder; lane 2, 

NDPK2 Col-0 allele; lane 3, NDPK2 allele from ndpk2 mutant................................ 96 

Figure 21 Biomass (a) and starch levels (b) in selected kinases mutants and wild type. 

Plants were grown in LD (16 h light/8 h dark) with an illumination of 150 μmol m
-2

 

s
-1

. Whole rosettes were harvested 18 days after sowing, before bolting. Results are 

mean ±SD, n=3, P < 0.05 (one way ANOVA, Turkey’s HSD test). ......................... 97 

Figure 22 Genotyping of mutants of potential starch granule-bound proteins. (a): 

Lane 1, ladder; lane 2, EXL4 Col-0 allele; lane 3, EXL4  allele from exl4 mutant; lane 

4,  NDPK3  Col-0 allele; lane 5, NDPK 3 allele from ndpk3 mutant; lane 6,  

AT1G67700  Col-0 allele; lane 7, AT1G67700 allele from the mutant impaired in 

AT1G67700; lane 8, AT3G01670  Col-0 allele; lane 9, AT3G01670  allele from the 

mutant impaired in AT3G01670; lane 10, ladder. (b): Lane 1, ladder; lane 2, PDIL2-3  

Col-0 allele; lane 3, PDIL2-3 allele from pdil2-3 mutant; lane 4,  AT5G65250  Col-0 

allele; lane 5, AT5G65250 allele from the mutant impaired in AT5G65250. (c): Lane 

1, ladder; lane 2, PRX Q  Col-0 allele; lane 3, PRX Q allele from prx Q mutant. ... 101 

Figure 23 Sucrose (a) and starch (b) in mutations of potential starch granule-bound 

proteins and wild type. Plants were grown in LD (16h light/8h dark) with an 

illumination of 150 μmol m
-2

 s
-1

. Whole rosettes were harvested 20 days after 

sowing, before bolting. Results are mean ±SD, n=3, P < 0.05 (one way ANOVA, 

Turkey’s HSD test). .................................................................................................. 102 

Figure 24 Schematic diagram of possible enzymatic regulation of starch synthesis 

via FTR/TRX f1, phytochromes and plastidial kinases. Regulators that are orange-

labelled were investigated or identified in this study, whereas the blue-labelled 

regulators are described in the literature. Blue dashed lines denote hypothesized 

regulation pathway based on published literature. Red lines indicate confirmed 

interaction in Arabidopsis. ....................................................................................... 118 

 
 
 
 
 
 

file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703691
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703692
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703692
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703692
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703692
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703693
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703693
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703693
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703693
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703693
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703693
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703693
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703693
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703693
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703694
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703694
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703694
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703694
file:///E:/viva/Thesis-xiaozhenhan%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy%20-%20Copy.docx%23_Toc487703694


Declaration 

 
 

 

 12 

 

Declaration 

I certify that this thesis is my own work, and that I have not used this work in the 

course of another degree, either at National University of Ireland Galway, or 

elsewhere. 

 

 

Signed: Xiaozhen Han 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgement 

 
 

 

 13 

 

Acknowledgement 

Thanks for the funding body of NUI Galway (the Millennium fund) and Chinese 

Scholarship Council, which make my PhD study in NUIG a reality. 

I also need to be very appreciative to my supervisor Ronan Sulpice and my graduate 

research committee members for their valuable comments to the research. 

I am also very grateful to my colleagues Alberto Abrantes, Kallyne Ambrósio Barros 

and Masami Inaba. Thanks for giving me so much help in the lab.  

I am also thankful to my lovely housemates and other people I have met who have 

been kind to me in these four years.  

In the last, thanks for my family, you always got my back! 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abbreviations 

 
 

 

 14 

 

Abbreviations 

AGL1: Glycogen debranching enzyme  

AGPase: ADP-glucose pyrophosphorylase 

AMPK: AMP-activated protein kinase  

AMY3: α-amylases  

APL1: ADP-glucose pyrophosphorylase  large subunit 1  

APS1: ADP-glucose pyrophosphorylase  small subunit 1  

BE2: Branching enzyme 2  

CBM: Carbohydrate-binding module  

CCA1: Circadian clock associated 1 

CK: Casein kinase   

CO: Constants  

Co-IP: Co-immunoprecipitation 

COP1: Constitutively photomorphogenic1 

cpCK2: Chloroplastic casein kinase 2   

Cry1: Cryptochrome 1  

DP: Degree of polymerization  

ED: at end of day 

EN: at end of night 

EXL1: Exordium-like 1 

FKF1: Flavin-binding, kelch repeat, F-box 1  

FNR: Ferredoxin—NADP(+) reductase  

FTR: Ferredoxin (Fd): TRX reductase  

FW: Fresh weight 

GBSS1: Granule bound starch synthesis 1 
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GI: Gigantea 

GLUT: Glucose transport proteins  

GPBB: Brain isoenzyme of glycogen phosphorylases  

GS: Glycogen synthase  

GSK-3: Glycogen synthase kinase 3  

GTSs: Glycogen-targeting subunits  

GWD: Glucan, Water Dikinase  

ICK: Inhibitor cystine-knot  

IRS: Insulin receptor substrate proteins  

ISA: Isoamylase  

LD: Long-day 

LHCIIb: Light-harvesting chlorophyll a/b complex  

LSF: Like Sex Four  

MAPK: The Ras–mitogen-activated protein kinase  

NASC: Nottingham Arabidopsis Stock Centre 

NDPK: Nucleoside diphosphate kinase  

NTR: NADPH-dependent thioredoxin reductases  

NTRC: NADP-thioredoxin reductase C  

PA1b: Pea seeds 2S Albumin  

PCAP1: Plasma-membrane associated cation-binding protein 1  

PDIL: Protein disulphide isomerase-like protein  

PGM2: phosphoglucomutase 2 

phy: Phytochromes 

PI3K: Phosphatidylinositol 3-kinase  

PIFs: Phytochrome-interacting factors  

PKA: Protein kinases A  



Abbreviations 

 
 

 

 16 

 

PP1: Protein phosphatase 1  

PRR7:  Pseudo response regulator 7 

PrxQ: Peroxiredoxins 

PSII: Photosystem II  

PTST: Protein targeting to starch  

PWD: Phosphoglucan water dikinase 

RGR: Relative growth rate 

SD: Short-day 

SEX4: Starch Excess 4  

SGK1: Serum- and glucocorticoid-inducible kinase 

SNF1: Sucrose non-fermenting 1 kinase  

SnRK1: SNF1-related kinase  

SPA: Suppressor of phyA-105  

SS: Starch synthase 

Tic62: Translocon at the inner envelop membrane of chloroplast 62 

Trol: Thylakoid rhodanese-like  

Trxs: Thioredoxins  

ZT: Zeitgeber time 
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Summary of contents 

Starch is an important storage carbon in many plant leaves which is synthesized 

during the day and degraded at night to maintain cellular maintenance and eventually 

growth. The biosynthesis of starch is a highly regulated process in response to 

photoperiod, carbon availability, environmental stress and so forth. Whereas starch 

synthesis enzymes have been well identified up to now, their regulation is less 

understood.  

In this thesis, we adopted multiple techniques including TEM immunogold labelling, 

co-IP, GCMS-TOF metabolite profiling, starch phenotype screen from mutants, and 

investigated the regulatory role of photoreceptors, TRXs and other identified 

potential mediators of starch synthesis in Arabidopsis leaves.  

It turned out PHYA and PHYB exert a control on starch accumulation and also a 

considerable number of other primary metabolites in Arabidopsis leaves in response 

to light including light spectral content (R:FR ratio) and light intensity. TRX f was 

identified out of six plastidial TRXs in Arabidopsis to influence starch accumulation 

in a light intensity and photoperiod dependent manner. Further in vivo visualization 

of TRX f revealed its suborganellar distribution on thylakoids, stroma and starch 

granules possibly play a regulatory role for its biological functions in chloroplast. In 

a subsequent co-IP experiment, we identified 16 potential TRX f-interacting proteins 

associated with distinct processes, in particular electron transport flow and 

translation. In order to discover new regulators involved in starch synthesis, a starch 

synthesis phenotype screen was performed for a series of Arabidopsis mutants 

defective in potential insulin-responsive targets, plastidial kinases or potential starch 

granule-bound proteins. Loss of three plastidial kinases resulted in reduced starch 

accumulation and/or starch turnover. Altogether, this study shows starch synthesis 

regulation network consists of divergent components which coordinate starch 

metabolism and other physiological activities for optimal overall growth. This study 

expands the current understanding of starch synthesis regulation.  
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1.1 Overview 

Glycogen and starch are major storage polysaccharides in many organisms. The 

comparison of their respective biosynthetic pathways and the evolutionary scenario 

which leads from glycogen to starch has been largely described in a number of 

reviews. However, few have been focusing on the comparison of their respective 

regulatory mechanisms at the post-translational level. In this study, we summarize 

the current knowledge on the regulation of glycogen synthesis in mammalian cells 

and on the lesser understood regulation of starch synthesis in plants. We then 

propose possible regulatory mechanisms of starch synthesis in plants, based on the 

differences and similarities with the regulatory mechanisms of glycogen synthesis in 

mammalian cells.   

1.2 Evolutional connection between glycogen synthesis and starch 

synthesis 

Transient starch is known as the major transient storage form of reduced carbon in 

plant leaves of many species (Kindel, 1983). Another storage form of reduced carbon 

is glycogen, which is found in bacteria, archaea, and many eukaryotes such as 

animals, yeast and fungi (Ball and Morell, 2003). The organisms that make starch 

and those that make glycogen share the same ancestors and reviews are discussing 

how soluble glycogen in cytosol evolved into insoluble cytosolic starch in the 

Archaeplastida by recruiting new enzymes to facilitate crystallization/de 

crystallization of ɑ-glucan (Cencil et al., 2014) and finally into plastid-located starch 

during plastid endosymbiosis (Ball et al., 2011). Regulation of glycogen synthesis in 

mammals becomes better understood due to the discovery of insulin signalling 

pathway (Cohen et al., 1977; Peak et al., 1998; Friedrichsen et al., 2013). 

Intriguingly, the existence of insulin-like proteins have been suggested in 

cyanobacteria, red algae, fungi, and several plant species using ELISA assays and 

Western blotting (Silva et al., 2002). A study of insulin-like proteins in leaves of 

Bauhinia variegata suggests they are mainly localized in chloroplasts (Azevedo et al., 

2006). Although the existence of insulin-like proteins in higher plants need to be 

further confirmed and identified, it is possible that there is much more similarity 
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between glycogen and starch regulation metabolism than originally anticipated 

(Sangeetha and Vasanthi, 2009).   

Laforin is a phosphatase that plays an important regulatory role in glycogen 

synthesis, and its deficiency can increase glycogen content and causes the formation 

of Lafora bodies which are formed of phosphorylated, insoluble and abnormally 

branched intracellular glycogen inclusions in lafora disease patients (Tagliabracci et 

al., 2007). Laforin is present in all vertibrates. Orthologs are also present in a 

subclass of protists, the unicellular red alga Cyanidioschyzon merolae and the sea 

anemone Nematostella vectensis (Gentry and Pace, 2009). STARCH EXCESS 4 

(SEX4) in Arabidopsis thaliana encodes a laforin-like phosphatase (Kerk et al., 

2006). Two other plastidial SEX4-like phosphatase, LIKE SEX FOUR1 (LSF1) and 

LIKE SEX FOUR2 (LSF2) were also identified in Arabidopsis thaliana (Kerk et al., 

2006; Santelia et al., 2011). Double mutant sex4/lsf2 have reminiscent phenotype 

with Lafora disease patients which are characterised as increased phosphate-bound 

starch (Sokolov et al., 2006; Santelia et al., 2011). Unlike SEX4 and LSF2, LSF1 has 

no measurable phasphatase activity, but lsf1 mutant has elevated starch content 

(Comparot-Moss et al., 2010). Interestingly, human and mouse laforins have affinity 

for both glycogen and starch (Chan et al., 2004), and laforin targeted to the 

chloroplast of SEX4-deficient plants rescued the sex4 mutant phenotype (Gentry et 

al., 2007).  

Starch synthesis rate is an highly regulated process and is controlled both by 

environmental and internal cues. A large genetic variability in starch accumulation at 

the end of the light period has been previoulsy observed when ca 100 Arabidopsis 

thaliana accessions were grown in different growth conditions such as short days, 

long days, or nitrogen deficiency (Sulpice et al., 2009; Sulpice et al., 2013). In 

response to environmental changes, such as photoperiods, the rate of starch synthesis 

will be adjusted that plants get enough carbon for night requirements. As a result, the 

rate will be high in short light periods (and long nights) , and will decrease while day 

length increases and nights get shorter (Sulpice et al., 2014). This adjustement of the 

rate of starch synthesis is very rapid. Indeed, transient starch synthesis rate is 

accelerated when transferred from long (12 h light/12 h dark) to short day conditions 
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by a single extention of the night (6 h) (Gibon et al., 2004). Interestingly, the rate of 

starch synthesis is not drastically modified when plants encounter a sudden change in 

thermocycle regime in the light period (from  24 °C/24 °C to 12 °C/12 °C) (Pyl et al., 

2012). But starch synthesis rate will be drastically reduced by a sudden decrease in 

light intensity (Pilkington et al., 2015). 

Taken altogether, plants can adjust rapidly their starch synthesis rate in response to 

environmental changes, which suggests that the regulation of transient starch 

synthesis rate is at least partially achieved through post-translational modification of 

the enzymes involved in starch synthesis (Gibon et al., 2004; Stitt et al., 2007).  

While the starch biosynthesis enzymes are biochemically well described (Ball and 

Morell, 2003; Tetlow et al., 2004), how the overall regulation of starch synthesis rate 

is achieved remains largely unclear. Excellent reviews have been made on the 

regulation of starch metabolism, largely focusing on the transcriptional and 

posttranslational regulation of enzymes involved in starch synthesis and degradation 

(Tetlow et al., 2004; Kotting et al., 2010; Geigenberger, 2011). However, these 

reviews only succinctly discussed the sensors and regulatory cascades necessary for 

integration of environmental changes into the fine tuning of the regulation of starch 

metabolism , due to lack of literature. Furthermore, (Ball and Morell, 2003) 

compared the functional role of main enzymes involved in bacterial glycogen 

metabolism and plant starch metabolism. In this chapter, we chose to focus on the 

regulation of glycogen synthesis in animals, in particular the regulation of 

GLYCOGEN SYNTHASE (GS), the function of insulin and the roles of laforin-

malin complex. Then we briefly summarise current knowledge about the regulation 

of key enzymes in starch biosynthesis in higher plants. And last, we propose several 

perspectives for future research in order to better understand the regulation of starch 

synthesis in higher plants based on its similarity with glycogen synthesis. 

1.3 Current progress in the study of post-translational regulation of 

glycogen synthesis 

1.3.1 Kinases/phosphatase controls the deactivation/activation of GS 

Glycogen synthesis is mostly under the control of GS, which is the main flux control 

enzyme. GS activity in mammals is regulated by sequential 
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phosphorylation/dephosphorylation. Four out of the nine phosphorylation sites 

present on GS are considered to have an influence on GS activity:  Ser
7
, Ser

10
, Ser

641
 

and Ser
645

; Ser
7
 and Ser

10
 are located in the NH2 terminus while Ser

641
 and Ser

645
 are 

near to the COOH terminus (Roach, 2002; Palm et al., 2013). Ser
7
 can be 

phosphorylated by AMP-ACTIVATED PROTEIN KINASE (AMPK), PROTEIN 

KINASES A (PKA) and C (PKC) and other kinases, which leads to sequential 

phosphorylation of Ser
10 

by casein kinase-1 (Kuret et al., 1985). Ser
641

 and Ser
645

 on 

GS are phosphorylated by GLYCOGEN SYNTHASE KINASE 3 (GSK-3) (Cohen 

et al., 1997). The phosphorylated form of GS is inactive. PROTEIN 

PHOSPHATASE 1 (PP1) is a serine/threonine phosphatase that can dephosphorylate 

and then activate GS (Cohen, 1993). 

1.3.2 Scaffold proteins play important roles in the regulation of GS activity  

PP1 interacts with GS via the formation of a complex with GLYCOGEN-

TARGETING SUBUNITS (GTSs): GM (PPP1R3A) (Chen et al., 1994), GL 

(PPP1R3B) (Doherty et al., 1995), PTG (PROTEIN TARGETING TO GLYCOGEN, 

PPP1R3C) (Doherty et al., 1996; Printen et al., 1997), PPP1R6 (PPP1R3D) 

(Armstrong et al., 1997) and PPP1R3E (Munro et al., 2005). These subunits have 3 

conserved domains: a PP1C (PP1 catalytic subunit) binding motif (Cohen, 2002), a 

glycogen-binding domain (Wu et al., 1998; Munro et al., 2005) and a PP1-substrate 

binding domain (Munro et al., 2005). Thus, those GTSs play essential roles in the 

regulation of GS activity by PP1. Phosphorylation of Ser
67

 on GM results in 

dissociation of PP1 from GM and glycogen and then reduces GS activity (Hubbard 

and Cohen, 1989). GL has a conserved unique phosphorylase a binding region at the 

C terminus (Armstrong et al., 1998). Increased glucose level can remove the 

interaction between GL and phosphorylase a thus causing PP-1 activation and 

consequently increased GS activity;  Reduced glucose levels results in binding of 

activated phosphorylase to GL and allosteric inhibition of PP1 and sequential 

decreased GS activity (Brady and Saltiel, 2001). Pharmacological inhibition of the 

interaction between phosphorylase a and GL could induce the dephosphorylation and 

activation of GS (Cohen, 2006). Furthermore, overexpression of the subunits GM, 

PTG, GL and PPP1R6 stimulated GS activity and resulted in increased glycogen 
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content in cultured human myotubes (Lerin et al., 2000; Lerin et al., 2003; Montori-

Grau et al., 2007; Montori-Grau et al., 2011). In addition, those GTSs also influence 

the molecular size and subcellular location of glycogen particles in myotubes 

(Montori-Grau et al., 2011).  

The regulation of GS in yeast share similar mechanisms as in mammals with 

involvement of  phosphorylation/dephosphorylation process and glycogen targeting 

subunits (Aggen et al., 2000; Brady and Saltiel, 2001; Wilson et al., 2010; Roach et 

al., 2012). For example, protein kinase Pho85p controls the phosphorylation and 

deactivation status of GS2 in yeast through interacting with glycogen targeting 

subunit cyclins Pcl10p, and Type 1 protein phosphatase Glc7p dephosphorylate and 

activate GS2 in yeast via interaction with glycogen targeting subunit Gac1p (Wilson 

et al., 2010).   

1.3.3 Action of insulin in the regulation of glycogen synthesis   

Insulin signalling pathway is an important pathway regulating glycogen synthesis in 

mammals (Ykijarvinen et al., 1987). Although insulin and insulin-like molecules 

haven’t been identified in yeast, human insulin can have significant effects of on the 

glucose metabolism in the yeast Saccharomyces cerevisiae under conditions of 

growth limitation (Müller et al., 1998). And Further study showed mammal and 

yeast share the key regulatory mechanism involved in the transduction of the insulin 

signal from the respective receptor systems to GS (Muller et al., 2000). 

The insulin signalling is triggered by binding of insulin to the INSULIN 

RECEPTOR (IR) on the cell surface and subsequent activation of INSULIN 

RECEPTOR SUBSTRATE PROTEINS (IRS). Two main pathways constitute the 

signalling network following the IRS activation: the PHOSPHATIDYLINOSITOL 

3-KINASE (PI3K)–AKT/ PKB pathway, which is mainly responsible for the 

metabolic actions of insulin; The MITOGEN-ACTIVATED PROTEIN KINASE 

(MAPK) pathway, which regulates gene expression and cooperates with the PI3K-

AKT/PKB pathway to control cell growth and differentiation (Taniguchi et al., 2006). 

Insulin can transduce signal to regulate glycogen synthesis via different downstream 

pathways. Insulin can lead to the phosphorylation and activation of PP1, and 
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interference with which will decrease the magnitude of insulin's effect on 

downstream metabolic processes (Ragolia and Begum, 1998). A recent study 

suggests p-Akt-Thr
308

 and Akt2 activity but not IRS-1-PI3K activity was positively 

associated with insulin-stimulated GS activity and negatively with NH2-terminal GS 

phosphorylation in human skeletal muscle (Friedrichsen et al., 2013). Insulin-

stimulated PKB inactivates GSK3(Cross et al., 1995). However, insulin-stimulated 

glycogen synthesis and the levels of glycogen in skeletal muscle were similar in 

GSK3ɑ/ẞS21A/S21A/S9A/S9A knockin mice which express constitutively active 

GSK3 with wild-type (McManus et al., 2005), suggesting dephosphorylation of GS 

mediated via GSK3 is not required for normal glycogen synthesis in skeletal muscle 

with insulin (Bouskila et al., 2008). Moreover, the SERUM- AND 

GLUCOCORTICOID-INDUCIBLE KINASE (SGK1), which belongs to the 

downstream regulator of PI3K-Akt pathway signalling, can phosphorylate 

GLUCOSE TRANSPORT PROTEINS (GLUT1 and GLUT4) and promote their 

trafficking to the plasma membrane and thus increase glucose uptake to facilitate 

glycogen synthesis (Palmada et al., 2006; Jeyaraj et al., 2007; Sadler et al., 2013) . 

1.3.4 GS is subject to the regulation of allosteric factors of G6P and glycogen 

content  

The allosteric activation of GS by G6P is essential for insulin function in vivo. 

Substitution of R
582

 with alanine on GS retained most of its properties including 

solubility, expression and insulin induced dephosphorylation, but abolished the 

allosteric regulation by G6P (Bouskila et al., 2010). Interestingly, a remarkable 

reduction in glycogen levels and insulin-stimulated glycogen synthesis rates were 

observed in GS
R582A/R582A 

mice skeletal muscle (Bouskila et al., 2010). 

High glycogen content in muscle can inhibit GS fractional activity through reduced 

PP1 activity instead of increased GSK-3 activity (Nielsen et al., 2001; Jensen et al., 

2006; Lai et al., 2007). High glycogen content increased phosphorylation of Ser
7
 and 

Ser
641

 on GS whereas low glycogen decreased phosphorylation of these sites (Lai et 

al., 2007). Insulin cannot activate GS in muscles with high glycogen content but still 

activates PI3K and PKB and increase glucose uptake (Jensen et al., 2006), and then 
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the excess glucose is metabolised via the hexosamine biosynthetic pathway 

(Copeland et al., 2008).  

1.3.5 Laforin plays essential roles in the regulation of glycogen synthesis  

Laforin is a glucan phosphatase and can dephosphorylate glycogen in vivo 

(Tagliabracci et al., 2007). Besides, laforin can also down regulate some glycogen 

synthetic enzymes, affect glucose uptake and respond to intracellular energy status.  

GSK3 can inhibit GS activity through phosphorylation at multiple sites. And laforin 

can activate GSK3 by dephosphorylating it at Ser
9
 to suppress GS activity (Lohi et 

al., 2005). Malin, encoded by theNHLRC1 gene, is an E3 ubiquitin ligase in human 

(Chan et al., 2003). Deficiency of malin or laforin can both cause lafora disease 

(Tagliabracci et al., 2007; DePaoli-Roach et al., 2010). Further study showed full 

length laforin can interact with malin in vitro as well as in vivo (Gentry et al., 2005). 

Elevated accumulation of GS is detected on lafora bodies, and further study 

demonstrates that GS is a target to proteasomal degradation by laforin-malin 

complex (Liu et al., 2014). It proves that the full degradation of lafora bodies in 

mammalian cells not only requires laforin and malin, but also needs the presence of 

the GLYCOGEN DEBRANCHING ENZYME (AGL1) and BRAIN ISOENZYME 

OF GLYCOGEN PHOSPHORYLASES (GPBB), and knockdown of one of the four 

enzymes causes an inefficient degradation (Liu et al., 2014).  

Besides GS, PTG and AGL are also substrates of laforin-malin complex for 

proteasome-dependent degradation. In the absence of malin or laforin, PTG levels 

are increased, which causes GS to be hyperactive (Worby et al., 2008). Hyperactive 

GS is one component driving the formation of Lafora bodies in Lafora disease 

patients. AGL, which is also involved in glycogen synthesis (Shen and Chen, 2002) 

becomes overactive, resulting in less branched glycogen (Cheng et al., 2007). In 

addition, loss of laforin or malin results in increased activity and abundance of 

glucose transporters (Glut1, Glut3, and Glut4) in the plasma membrane and thus 

causes excess glucose uptake (Singh et al., 2012). A recent report suggests that this 

might be due to a significant increase of the phosphorylated SGK1 in the laforin or 

malin-deficient cell line and animal models (Singh et al., 2013).  
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Laforin itself is also one of the substrates of the malin E3 ubiquitin ligase, and 

degradation of laforin by malin was enhanced under conditions of glucose 

deprivation. AMPK is a serine/threonine protein kinase that acts as an energy-

starvation sensor, and low intracellular ATP level can rapidly activates 

AMPK  (Hardie, 2007). Further experiment showed the action of SUCROSE NON-

FERMENTING 1 (Snf1)/AMPK strengthens the interaction of malin-laforin 

complex and mediates the degradation of laforin by malin under glucose deprivation 

(Solaz-Fuster et al., 2008; Roma-Mateo et al., 2011; Singh et al., 2012). However, 

active AMPK is no longer unable to promote the degradation of laforin when cellular 

ATP levels are high, so the malin-mediated degradation of laforin is dependent on 

both AMPK activity and cellular ATP levels (Singh et al., 2012).   

Increased glycogen content can increase the localization of laforin in the cytoplasm 

while depletion of glycogen leads to translocation of laforin into the nucleus (Singh 

et al., 2012); Laforin mutants with dysfunctional glycogen binding domains were 

localized predominantly in the nucleus even under high glycogen level, suggesting 

laforin’s glycogen-binding ability is determining for its subcellular localization 

(Singh et al., 2012). 

1.4 Current progress in the study of posttranslational regulation of 

starch synthesis 

1.4.1 Redox regulation of starch synthetic enzymes 

ADP-GLUCOSE PYROPHOSPHORYLASE (AGPase) catalyses the conversion of 

glucose-1-phosphate and ATP to ADPGlc and PPi, which is the first and major rate-

controlling step of starch synthesis pathway in plant leaves (Sanwal et al., 1968; 

Neuhaus et al., 1990; Geigenberger, 2011). AGPase in higher plants is a 

heterotetramer that contains two large regulatory subunits (APL) and two small 

catalytic subunits (APS) (Okita et al., 1990). The dimer state of AGPase is joint by 

an intermolecular disulfide bond in conserved Cys residues on APS at Cys81 

(Hadrich et al., 2012), which can be reduced by several plastidial thioredoxin 

isoforms to convert AGPase into the active monomeric state in response to light or 

sucrose (Hendriks et al., 2003; Thormahlen et al., 2013). The transgenic Arabidopsis 

line adg1/APS1(C81S) containing a constitutively reduced plant AGPase had elevated 
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ADPGlc and maltose levels, altered starch turnover and decreased APS1 protein 

(Hadrich et al., 2012).  

GLUCAN WATER DIKINASE (GWD) is responsible for the C6-phosphorylation 

of glucose residues on starch granule, which can be recognised by phosphoglucan 

water dikinase (PWD) sequentially catalysing the C3-phosphorylation of glucose 

residues on starch (Ritte et al., 2006). In contrast with C6-phosphorylation, C3-

phosphorylation is important for amylopectin helix unwinding and local 

solubilization of surface glucans in order to facilitate the action of starch degrading 

enzymes like ẞ-amylases or debranching enzymes (Edner et al., 2007; Hansen et al., 

2009; Blennow and Engelsen, 2010). GWD was conventionally considered to be 

involved only in starch degradation (Edner et al., 2007). However, a recent report 

indicates that starch synthesis is affected as well as degradation when GWD levels 

are reduced by 70% via RNAi induction (Skeffington et al., 2014). Reduction of the 

intramolecular disulfide bridge formed at C1004-C1008 is essential for the activation 

of recombinant potato GWD (Mikkelsen et al., 2005). However, gwd mutant lines 

which contain permanently active GWD construct have normal starch turnover as 

control lines (Skeffington et al., 2014). 

SEX4 and LSF2, in counteracting with GWD and PWD, release phosphate at the C6-

position and the C3-position of Glc moiety respectively to allow complete 

degradation by β-amylase, as β-amylase activity is inhibited by presence of a 

phosphate group (Takeda and Hizukuri, 1981; Kotting et al., 2009). Redox reduction 

of catalytic center cysteine (C198) is not only critical for the activity of SEX4 but 

also for its binding activity to starch (Sokolov et al., 2006). Although SEX4 was 

proposed to function in starch degradation, immunolocalization of SEX4 suggests 

that SEX4 binds to starch during the day and dissociates at night in vivo, and further 

phosphatase assay also showed SEX4 is a major active phosphatase bound to 

transitory starch in the day but not in the night (Sokolov et al., 2006). 

Several other starch metabolic enzymes (STARCH SYNTHASE 1 (SS1), SS3, 

BRANCHING ENZYME 2 (BE2)) have been proposed to be redox activated in vitro 

in Arabidopsis thaliana (Glaring et al., 2012; Thormahlen et al., 2013). 
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1.4.2 Involvement of scaffold proteins in the regulation of starch metabolic 

enzymes 

At5g39790 was first found to be located in chloroplast and preferentially bind to 

amylase (Lohmeier-Vogel et al., 2008). Besides previously demonstrated 

carbohydrate-binding domain, it contains a well conserved coiled-coil domain, 

which indicates it might interact with other coiled-coil domain containing starch 

metabolic enzymes like PHOSPHOGLUCOMUTASE 2 (PGM2), GRANULE 

BOUND STARCH SYNTHESIS 1 (GBSS1), SS2, SS3, SS4, α-AMYLASES 

(AMY3) and GWD1 (Lohmeier-Vogel et al., 2008). At5g39790 was named as 

PROTEIN TARGETING TO STARCH (PTST) in a recent study, and found to 

interact with GBSS1 as a scaffold protein;  Loss of PTST in Arabidopsis thaliana 

leads to the absence of amylose in starch granules (Seung et al., 2015). 

ISOAMYLASEs (ISAs) are debranching enzymes required for amylopectin 

biosynthesis (Streb et al., 2008). ISA1 and ISA2 function cooperatively in a 

heteromultimeric complex in rice endosperm, with ISA1 being the catalytic subunit 

and ISA2 being the scaffold subunit (Utsumi and Nakamura, 2006). Arabidopsis isa1, 

isa2 and isa1/isa2 mutants abolished the isoamylase acitivity and exhibited  identical 

starch phenotype (Delatte et al., 2005).   

1.4.3 Starch synthetic enzymes form complex 

Five isoforms of SS are present in plants: GBSS1 and SS1, SS2, SS3, SS4; GBSSI is 

mainly responsible for the amylose synthesis while SS1, SS2, SS3 and SS4 take part 

in the synthesis of amylopectin (Ball and Morell, 2003). The chain-length 

distribution of amylopectin is rearranged in terms of degree of polymerization (DP) 

in SS1, SS2, SS3 mutants in Arabidopsis leaf (Delvalle et al., 2005). SS4 is less 

important for the building of the amylopectin structure (Zhang et al., 2008).  

In contrast with SS1 and SS2, SS3 in plants has a conserved unique SS3 Homology 

Domain (SS3HD), which includes three starch-binding domains and two predicted 

coiled-coil domain (Li et al., 2000; Dian et al., 2005). SS3 interacts with several 

starch synthesis enzymes such as SS2, BE2 and AGPase in amyloplasts of Zea mays 

in vivo (Hennen-Bierwagen et al., 2009). Interestingly, loss of SS3 increased the 

starch content at end of the day which was accompanied by an increase in starch 
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phosphate content, while loss of SS1, SS2 and SS4 decreased the starch 

accumulation during the light period in Arabidopsis leaf (Zhang et al., 2005; 

Szydlowski et al., 2009). SS4 is attached to the plastoglobules on the thylakoids 

forming a complex with fibrillin and other unidentified protein through coiled-coil 

structures, and is involved in the starch granule initiation and control of the number 

of starch granules per chloroplast (Gamez-Arjona et al., 2014).  

1.4.4 Regulation of starch synthetic enzymes by 

phospharylation/dephosphorylation and allosteric factors  

14 of the 43 Arabidopsis proteins involved in starch metabolism were shown to be 

phosphorylated (Kotting et al., 2010).  Among the 14 phosphoproteins, 7 enzymes 

were starch synthetic enzymes and one is glucose transporter, with most 

phosphorylation sites at serine residues (Kotting et al., 2010).   

Measurement of BE activity in amyloplasts and chloroplasts showed that the 

phosphorylation of BE2a (and BE2b in amyloplasts) activated the enzymes, whereas 

dephosphorylation using alkaline phosphatase reduced the catalytic activity of both 

enzymes in wheat (Tetlow et al., 2004). Three phosphorylation sites at Ser residues 

(Ser
649

, Ser
286

, and Ser
297

) were identified to be essential for BE2b activity, and two 

plastidial protein kinases showed peaks in phosphorylating BE2b in maize 

endosperm (Makhmoudova et al., 2014).  

AGPase, which is located in plastids, is subject to allosteric regulation by activators 

such as 3-phosphoglyceric acid (3-PGA) and inhibitors such as inorganic phosphate 

(Pi) (Kleczkowski, 1999). Arabidopsis GlgC-TM line, expressing a bacterial 

AGPase with reduced sensitivity to allosteric factors lost the capacity of accelerating 

starch synthesis rate in short photoperiod or when there is an unexpected extension 

of night (Mugford et al., 2014).  

Table 1 Comparison of regulation strategies in glycogen synthesis and starch 

synthesis 

 glycogen synthesis starch synthesis  
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Enzyme 

activities 

Dephosphorylation/phosphorylatio

n  

(GS) 

 

 

(1). Reduction/oxidation 

(AGPase, SEX4, SS1, SS2, BE2) 

(2). 

Dephosphorylation/phosphorylation  

(BE2a) 

 

Enzyme 

localization 

Scaffold subunits recruit GS on 

glycogen 

(1). Scaffold protein PTST recruit 

GBSS1 on starch granule;  

(2). Reduction of SEX4 leads to 

binding with starch granule;  

(3). Light to dark transition facilitates 

the binding of GWD with starch.      

Enzyme 

/scaffold 

proteins  

Laforin tags GS, AGL1 and PTG 

for ubiquitination by malin and 

degradation by proteasome 

Unknown regulation metabolism for 

PTST whose protein levels fluctuate 

diurnally  

AMPK (1). AMPK can phosphorylate GS 

at Ser
7
 

(2). AMPK tags laforin for 

ubiquitination by malin and 

degradation by proteasome; 

Unknown metabolism for 

activation of AGPase by AMPK 

signal  

Glycogen/ 

starch   

(1). Reduced dephosphorylation of 

GS by PP1 under high glycogen 

content;  

(2). laforin localization in 

cytoplasm positively correlates 

with glycogen content, which is 

dependent on its CBM domain;  

(3). AMPK activity negatively 

correlates with glycogen content, 

which is dependent on its CBM 

domain;  

(4). Insensitivity to insulin 

stimulation under high glycogen 

content;  

 

(1). Similar levels of starch content 

were found in a wide range of 

photoperiods, suggesting starch 

content might be tightly controlled.   

(2). Many mutants including sex1, 

sex4, kin10/kin11and trx f1 have 

starch excess or starch deficiency 

phenotype.  

Transporters  (1). SGK1 (down-stream regulator 

of PI3K-Akt pathway) can 

phosphorylate glucose transporters 

and promote their trafficking to the 

plasma membrane;  

(2). Laforin deficiency cause 

increased phosphorylated SGK1 

and increased abundance of 

glucose transporters  in plasma 

membrane 

Glucose transporter1 and  maltose 

transporter are phosphoproteins  in 

Arabidopsis, but their regulations are 

unknown  

Allosteric 

factors 

allosteric regulation of GS by G6P  allosteric regulation of AGPase by 3-

PGA and Pi 

1.5 Perspectives 
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1.5.1 Charaterization of domain and stucture of starch synthetic enzymes  are 

essential to understand their sub organellar distributions and interactions    

Scaffold proteins, which have no measurable enzymatic activity but play important 

regulatory roles, are present in both glycogen and starch metabolism. Those scaffold 

proteins have common feature by possessing the CBM domain (Table 2). For 

example, GTSs in glycogen metabolism have conserved CBM domain, recruiting 

GS/phosphorylase to the glycogen particles and acting as a ‘switch’ to turn on/off 

GS activity by recruiting the phosphatase PP1. In starch metabolism, LSF2 is a 

chloroplastic phosphoglucan phosphatase located on starch but does not have a 

carbohydrate binding module. However, LSF1 has no a glucan phosphatase activity 

but possesses a CBM domain, and was suggested as the scaffold protein of 

LSF2. Indeed, if starch synthetic enzymes need to bind to starch to function, they 

need to either have their own starch binding domain or need to have scaffold proteins 

to facilitate the binding or form complex with CBM-harbouring enzymes. In starch 

synthesis metabolism, GWD from the Solanum tuberosum and AMY3 from the 

Arabidopsis thaliana contain CBM45 domains, which are low affinity starch binding 

domains and might have a role in facilitating reversible binding (Glaring et al., 2011). 

SEX4 have CBM48s domain, which had high affinity towards starch (Gentry et al., 

2007). SS3 possess CBM21 domain (Machovic and Janecek, 2006).  

Inside chloroplasts, where starch is accumulated, can be divided in three parts, i.e. 

the thylakoids, the stroma and the starch granules. And some starch synthetic 

enzymes have been found located in more than one compartment. For example, 

binding of GWD to starch granule is mostly present in dark-adapted leaves and less 

in light-adapted leaves (Ritte et al., 2000). LSF2 was found in both starch granules 

and soluble fraction (Santelia et al., 2011). The enzymes involved in starch 

metabolism could change their location in chloroplasts, thus affecting their function. 

While the localization in stroma is expected as most enzymes are soluble, we cannot 

exclude specific bindings which could allow regulation of starch synthesis. Indeed, 

the enzymes could bind to thylakoids or starch through specified binding domain or 

interaction with other proteins, thus modifying the starch synthesis rate by 

channeling or priviledged access to reducing power when they are bound to 

thylakoids. While one possible factor influencing the shuttling of starch synthetic 
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enzymes among different sub-organelles is internal environment like pH or redox in 

chloroplast, the post-translational modification of the enzymes by 

phosphorylation/dephosphorylation or reduction/oxidation or allosteric 

activators/inhibitors could be other strategies for regulating their subcellular 

localization. In addition, the scaffold proteins might also be modulated to affect the 

function of starch synthtic enzymes. In the future, studies of the subcellular 

localization of enzymes involved in starch synthesis and elucidation of the 

mechanisms might provide new ideas about how starch synthesis is regulated.        

Table 2 Scaffold proteins in glycogen and starch metabolism 

Name  Conserved 

domain 

function phenotype 

mammal    

GM (1). PP 1 

binding motif;  

(2). CBM; (3). 

PP1-substrate 

binding 

domain 

Phosphorylation of 

Ser
67

 on GM results in 

dissociation of PP1 

from GM and 

glycogen and then 

reduces GS activity 

Overexpression increase 

glycogen content. 

GL (1). PP 1 

binding motif;  

(2). CBM; (3). 

PP1-substrate 

binding 

domain; (4). 

phosphorylase 

a binding 

region 

(1). The interaction 

between 

phosphorylase a and 

GL could 

allosterically regulate 

PP1 activity and 

further GS activity; 

(2). The phosphatase 

activity associated 

with it is regulated by 

insulin ; 

Overexpression increase 

glycogen content. 

PTG (1). PP 1 

binding motif;  

(2). CBM; (3). 

PP1-substrate 

binding 

domain 

(1).It is  a substrate of 

Laforin-malin for 

degradation; (2). It 

formed complexes 

with phosphorylase 

kinase, phosphorylase 

a, and GS; (3). The 

phosphatase activity 

associated with it is 

regulated by insulin 

Overexpression enhance cellular 

glycogen levels; deletion of the 

PTG gene in mice have reduced 

glycogen stores and cause 

insulin resistance 

PPP1R6 (1). PP 1 

binding motif;  

(2). CBM; (3). 

PP1-substrate 

binding 

domain 

It tends to produce 

smaller glycogen 

particles than PTG 

and GM  

Overexpression increase 

glycogen content.  
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PPP1R3E (1). PP 1 

binding motif;  

(2). CBM; (3). 

PP1-substrate 

binding 

domain 

The phosphatase 

activity associated 

with it is regulated by 

insulin and slightly 

higher than that 

associated with PTG  

unknown 

Arabidopsis    

SS3 (1). CBM;  

(2). CC 

domain 

Amylopectin synthesi 

s and starch granule 

initiation 

Excessive starch accompanied 

with a higher phosphate content 

in ss3 mutant 

PTST (1). CBM (2). 

CC domain 

targeting GBSS to 

starch 

amylose-free starch and reduced 

granule-bound GBSS protein in 

ptst mutants 

LSF1 (1). CBM (2). 

DSP domain 

scaffold protein 

regulating starch 

degradative enzymes  

Excessive starch in lsf1 mutant  

ISA2 6 of 8 key 

active-site 

amino acids is 

changed in 

catalytic 

domain 

ISA2 forms a 

heteromultimer with 

ISA1, which are 

required for normal 

amylopectin 

biosynthesis 

Isa2 mutant had identical 

phenotype with isa1, isa1/isa2 

mutants, which is reduced starch 

and presence of phytoglycogen 

in leaves.  

 

1.5.2 Light-driven signals have potential roles in the regulation of starch 

synthesis  

Unlike mammal, plants make use of light to produce energy for life activities 

through photosynthesis. Therefore, the energy status in plants is crucially influenced 

by light intensity, light quality and light cycle. It turns out plant also possess 

different cascades that sense/transmit light signals and adjust the physiology 

accordingly to accommodate the energy status. In this regards, starch synthesis, the 

main process of carbon storage, might be subject to the regulation of those light-

driven signals.  

The FERREDOXIN-THIOREDOXIN REDUCTASE (FTR)/ TRX pathway, which 

exclusively depends on light driven photosynthetic electron transport, can reduce and 

activate a series of target enzymes involved in different metabolisms. Indeed, 

AGPase which is the rate limiting enzyme in starch synthesis is a downstream target 

of FTR/TRX pathway, and reduced starch content were observed in the trx f1 mutant 

(Thormahlen et al., 2013). Besides, several starch synthetic enzymes are susceptible 

to redox signals in vitro (Glaring et al., 2012), whereas their regulation in vivo has 

not yet been demonstrated and the upstream regulator remained unclear. Further 
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investigation of the role of different plastidial TRXs in starch synthesis, especially 

under different light conditions, will shed more light on the mechanisms about the 

light responsive adjustment of starch synthesis rate. 

Photoreceptor proteins in plants are another class of proteins that are activated upon 

exposure to light of specific wavelength and trigger a myriad of biological events 

(Briggs and Olney, 2001; Fankhauser and Staiger, 2002; Moglich et al., 2010). 

Hence, It is  also worth investigating if photoreceptor proteins can affect starch 

synthesis.  

1.5.3 Plastidial kinases cascade might be involved in the post-translational 

regulation of starch synthesis 

It has been predicted that at least 80 protein kinases are located in the chloroplast 

(Richly and Leister, 2004). However, to date only 15 chloroplast-located protein 

kinases have been confirmed in plant species (Bayer et al., 2012). Reversible 

phosphorylation mainly mediated by kinases is an important post-translational 

modification in plants and can affect protein function, subcellular localization, 

interacting partners and stability (Ranjeva and Boudet, 1987). There is very little 

study about the connection between chloroplast kinases and starch synthesis up to 

date, but the fact that several enzymes in are phosphoproteins suggests that kinases 

in chloroplast might be involved in the regulation of starch synthesis, especially 

when considering their crucial importance for the regulation of glycogen metabolism 

in animals and existence of homologues in plants (Table 3). 

SNF1-RELATED PROTEIN KINASE (SnRK1) are homologues with AMPK in 

animals and SNF1in yeast (Alderson et al., 1991; Emanuelle et al., 2015). As has 

been described, AMPK interacts with laforin and mediate the degradation of laforin 

by an E3 ubiquitin ligase called malin (Solaz-Fuster et al., 2008).  Similarly, one 

Arabidopsis recombinant plastidial catalytic subunit of SnRK1 (AKIN11) interacts 

with SEX4 via the KIS domain in vivo or in vitro in the yeast two-hybrid system on 

starch granules (Fordham-Skelton et al., 2002). Secondly, laforin can inhibit GS 

activity through dephosphorylation and activation of GSK3 (Lohi et al., 2005). And 

GSK-like MsK4 from Medicago sativa is found localized on starch granules and 

regulates starch metabolism in response to salt stress (Kempa et al., 2007). Thirdly, 
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AMPK activity has been found to be inhibited by glycogen depending on the 

glycogen binding domain on AMPK ẞ isoform, and AMPK was suggested to act as 

a glycogen sensor in mammals (McBride et al., 2009; McBride and Hardie, 2009); 

Reduced glycogen levels and failure of glycogen breakdown in response to exercise 

were observed in  skeletal muscles of AMPK β2-deficient mice (Dasgupta et al., 

2012). Starch excess phenotype in Arabidopsis leaf was observed in the knockout 

mutant deficient in both plastidial SnRK1.1 and SnRK1.2 (also known as AKIN10/ 

At3g29160 and AKIN11/At3g01090) (Baena-Gonzalez et al., 2007). Furthermore, it 

failed to accumulate to the same level of starch as control in response to external 

supply of glucose in SnRK1.1 overexpressing lines (Jossier et al., 2009). 

NUCLEOSIDE DIPHOSPHATE KINASE (NDPK) in mammal is a direct 

downstream target of AMPK, which can inhibit the activity of NDPK via the 

phosphorylation at serine 120 to conserve energy (Onyenwoke et al., 2012).  NDPKs 

are conserved from bacteria to human (Ishikawa et al., 2003). In plants, the isoforms 

of NDPK2 is exclusively located in chloroplast while other isoforms are in (Bolter et 

al., 2007).  AtNDPK2 can be induced by light and H2O2 (Moon et al., 2003; Shin et 

al., 2004), and ndpk2 mutant showed a defect in red light-induced greening of the 

cotyledon and elevated ROS and H2O2 levels compared to the wild type (Choi et al., 

1999; Moon et al., 2003). CASEIN KINASE (CK) in mammal including CK1 and 

CK2 play important roles in regulation of GS (Kuret et al., 1985; Grande et al., 

1989). And CK2 in plants is a Ser/Thr kinase which contains two ẞ regulatory 

subunits and two ɑ catalytic subunits; Four ɑ subunit genes and four ẞ subunit genes 

were found in Arabidopsis; One ɑ subunit (ɑcp) harbors a specific putative 

chloroplastic destination peptide and is located in chloroplast, other three ɑ subunits 

were found in nucleus; ẞ subunits were found in either nucleus or cytosol (Salinas et 

al., 2006). Chloroplast CK2 (cpcK2) has fairly amount of identified or potential 

phosphorylation targets involved in chloroplast gene expression and photosynthesis 

(Baginsky and Gruissem, 2009), and recent study showed expression of some stress-

responsive nuclear genes were also reduced due to knockout of cpCK2 (Wang et al., 

2014). It has been reported the kinase activities of cpCK2 are regulated by redox 

(Baginsky et al., 1999; Turkeri et al., 2012).  In the future, it will be very interesting 



Chapter 1: General introduction 

 
 

 

 36 

 

to investigate if AtNDPK2 and cpCK2 will exert an influence in starch metabolism 

considering their specific existence and multifunction in chloroplast. 

Existence of insulin-like protein in higher plants has been reported especially in 

seeds of some species (Komatsu and Hirano, 1991; Watanabe et al., 1994), but 

confirmation and identification of insulin homologues in other plant species are still 

needed. Considering the major importance of insulin and insulin-triggered kinases 

cascade in the regulation of glycogen synthesis, the existence of a similar mechanism 

in starch synthesis regulation in plants should not be neglected. 

Table 3 Homologues of regulators in glycogen metabolism in plants 

Name Function  Phenotype  

Glycogen 

metabolism 

  

GSK3 Phosphorylate  Ser
641

 and 

Ser
645

 on GS and 

significantly decrease GS 

activity  

Normal insulin-stimulated glycogen 

synthesis  in 

GSK3ɑ/ẞS21A/S21A/S9A/S9A Knockin 

mice 

 Homologue 

in plants 

  

MsK4  Maintain starch storage under 

high salt stress 

MsK4-over-expressing plants had more 

starch storage under salt stress 

Glycogen 

metabolism 

  

CK (1). CK1 phosphorylate  Ser
10

 

on GS and slightly decrease 

GS activity;  

(2). CK2 Phosphorylate  Ser
5
 

on GS; And 

inactivation/activation of 

CK2 by hormones correlates 

with the 

activation/inactivation of GS 

unknown 

Homologue  

in plants 

  

cpCK2  unknown unknown 

Glycogen 

metabolism 

  

AMPK (1). Phosphorylate  Ser
7 
on 

GS and decrease GS activity;  

(2). Mediate the degradation 

of laforin. 

(3). Glycogen sensor 

Reduced glycogen levels and failure of 

glycogen breakdown in response to 

exercise in  skeletal muscles of AMPK β2-

deficient mice  

Homologue in 

plants 

  

SnRK1  Modify AGPase activity with (1). Starch excess phenotype in 
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unknown metabolism snrk1.1/snrk1.2 double mutant; (2). 

Significant decrease in starch 

accumulation in response to exogenous 

supply of glucose in SnRK1.1 

overexpression lines. 

Glycogen 

metabolism 

  

NDPK Downstream target of 

AMPK; AMPK can 

phosphorylate it at Ser
10

 and 

thus inhibit its activity 

unknown 

Homologue in 

plants 

  

AtNDPK2 Predominantly located in 

chloroplast with unknown 

function in starch metabolism 

unknown 

Glycogen 

metabolism 

  

Insulin Insulin can stimulate GS 

activity through different 

pathways 

Insulin deficiency or resistance can cause 

impaired glycogen synthesis 

Homologue in 

plants 

  

Insulin-like 

protein 

unknown unknown 

Glycogen 

metabolism 

  

laforin (1). Dephosphorylate GSK3 

at Ser
9
 and then modify its 

localization;  

(2). Form complex with 

malin and degrade GS, PTG 

and AGL;  

(3). Degrade in response to 

AMPK;  

(4). Influence glucose 

transporters translocation 

through modification of 

SGK1. 

(5). Its localization in 

cytoplasm is regulated by 

glycogen content. 

(1). Mutant had elevated glycogen content 

and increased phosphorylated, insoluble 

and abnormally branched intracellular 

glycogen.  

Homologue in 

plants 

  

Sex4, 

LSF2, 

LSF1 

Release phosphate at the C6-

position and the C3-position 

of Glc moiety of starch 

respectively 

(1). Excessive starch and elevated glucan-

bound phosphate levels in sex4/lsf2 

mutant; (2). Increased starch content in 

lsf1 mutant; (3). Reduced α-amylase 

AMY3 activity in sex4 mutant. 
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2.1 Introduction 

Phytochromes (PHYs) and cryptochromes (CRYs) are red/far-red and 

blue/ultraviolet-A light receptors, respectively (Furuya and Schafer, 1996; Cashmore 

et al., 1999). These photoreceptors regulate many physiological processes in plants 

(Briggs and Olney, 2001; Fankhauser and Staiger, 2002; Moglich et al., 2010).  

2.1.1 phytochrome A (PHYA) and phytochrome B (PHYB) regulate light induced 

photomorphogenesis and stress response 

Phytochromes are formed of a chromophore and an apoprotein (Jones et al., 1986). 

They have two photoconvertible forms: the red absorbing form Pr which absorbs at 

667 nm and the far-red form Pfr which absorbs at 730 nm (Lagarias and Rapoport, 

1980). In addition, PHYs weakly absorb in the blue light region and regulate 

numerous physiological responses under blue light (Shinomura et al., 1996; Chun et 

al., 2001; Usami et al., 2004; Castillon et al., 2009). In Arabidopsis, there are five 

phytochrome isoforms, A, B, C, D and E (Clack et al., 1994). PHYA appears to act 

primarily as a far red sensor (Parks and Quail, 1993),whereas PHYB is the 

predominant red sensor (Reed et al., 1993; Franklin et al., 2003). Pfr form of PHYA 

is unstable, with a short half-life of 1-2 hours while its Pr form is very stable with a 

half-life of ca. 1 week (Clough and Vierstra, 1997). Furthermore, the stability of the 

Pfr form of PHYA is highly dependent upon red light intensity, making PHYA a 

potential irradiance sensor (Franklin et al., 2007). 

Both PHYA and PHYB have been extensively studied for their roles in the 

regulation of light-dependent induction of photomorphogenesis. The Pfr form of 

PHYA and PHYB disrupt the interaction between CONSTITUTIVELY 

PHOTOMORPHOGENIC1 (COP1) and SUPPRESSOR OF phyA-105 (SPA) to 

prevent the degradation of positive regulators of photomorphogenesis like LONG 

HYPOCOTYL IN FAR-RED1 (HFR1) and LONG AFTER FAR-RED1 (LAF1) 

(Yang and Wang, 2006; Sheerin et al., 2015). Moreover, red light activated PHYs 

can promote the phosphorylation, ubiquitination, and degradation of negative 

regulators of photomorphogenesis and growth, such as phytochrome-interacting 

factors (PIFs) (Shen et al., 2008; Shin et al., 2009). However, PHYA and PHYB 

seem to have distinct roles in some plant development processes, such as flowering. 
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phyA mutant flowers later than wild-type plants in long photoperiod (Neff and Chory, 

1998), and the expression of CONSTANS (CO) is down regulated in phyA mutant 

(Yanovsky and Kay, 2002). In contrast, the phyB mutant flowers earlier than the wild 

type in both long photoperiod and short photoperiod conditions (Mockler et al., 

1999).  

Phytochromes are involved in the regulation of a large number of additional 

biological functions. A recent investigation of PHYA associated genes revealed that 

twice more genes were involved in hormone, stress and defence responses than in 

morphogenesis. For example, the Pr form of PHYA can activate the expression of an 

abscisic acid (ABA) dependent transcription factor NAC019 by directly binding its 

promoter region, thus regulating a cascade of abiotic stress related responses (Chen 

et al., 2014). The Pr form of PHYA can also improve the cold tolerance of tomato 

plants by stimulating the accumulation of abscisic acid and jasmonic acid and 

activating stress signalling genes, whereas Pfr form of PHYB displayed an 

antagonistic effect (Wang et al., 2016).  

HY1 encodes a plastid heme oxygenase necessary for phytochrome chromophore 

biosynthesis, so the hy1 mutant has significantly lowered levels of photoreversibly 

phytochrome A, B, C, D, E, thus reduced sensitivity to far-red and red light (Chory 

et al., 1989; Muramoto et al., 1999). It leads to hy1 mutant exhibiting dramatic 

phenotypic alterations, such as a decrease by around 50% of the number of 

chloroplasts per mesophyll cells (Davis et al., 2001).  

2.1.2 Cryptochromes (CRYs) regulate plant developments such as hypocotyl 

elongation, pigment synthesis and stomata opening. 

Three genes encode for cryptochromes in Arabidopsis (Kleine et al., 2003). Among 

them, cryptochrome 1 (cry1) mutant was the first identified due to its insensitivity to 

blue light stimulated inhibition of hypocotyl elongation (Ahmad and Cashmore, 

1993). This mutant has also decreased anthocyanin levels, likely due to reduced 

expression of anthocyanin biosynthetic enzymes (Ahmad et al., 1995). In contrast 

with the cry1 mutant which shows an inhibition of hypocotyl elongation across a 

wide range of blue light fluence rates, cryptochrome 2 (cry2) mutant exhibits such 

phenotype only under low blue light fluence rate. This is explained by high blue light 
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intensity down regulating the expression of CRY2 gene as well as inducing 

degradation of the CRY2 protein (Ahmad et al., 1998; Lin et al., 1998). CRY1 and 

CRY2 function additively with Phototropins 1 and Phototropins 2 in promoting blue 

light induced stomata opening, and CONSTITUTIVELY 

PHOTOMORPHOGENIC1 (COP1) acts as an important negative downstream 

regulator in the process (Mao et al., 2005). The interaction between blue light 

activated CRY2 and SUPPRESSOR OF phyA-105 (SPA) can attenuate the activity 

of CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1), which then relieves 

the CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1)-mediated CO 

degradation and promotes floral Initiation (Liu et al., 2008; Zuo et al., 2011).  

2.1.3 PHYs and CRYs display synergistic and antagonistic roles in plant 

development.  

Chlorophyll synthesis in roots is almost abolished in either phyAphyB or cry1cry2 

mutants under blue light, which suggests synergestic roles of PHYs and CRYs in 

root greening (Usami et al., 2004). Mutation of phytochrome interacting factor 

1(PIF1) showed larger cotyledon angle and shorter hypocotyl under diurnal blue 

light conditions, and it turned out both PHYs and CRYs can transduce blue light 

signal to phytochrome interacting factor 1(PIF1): blue light activated PHYs 

promoted the degradation of PIF1 through the ubi/26S proteasomal pathway while 

blue light activated CRY 1 and 2 play roles in stabilizing it (Castillon et al., 2009).  

2.1.4 Brief description of the study 

Transient leaf starch provides energy and carbon blocks for growth and maintenance 

activities at night. Since phytochromes and cryptochromes play important roles in 

plant development and light signalling, we investigated their role in the regulation of 

starch metabolism. Starch is the major source of carbon at night for Arabidopsis 

plants, and its metabolism is tightly linked to the whole primary metabolism (Sulpice 

et al., 2009). Here, we firstly performed a starch phenotype screen among seven phys 

or crys mutants. phyAB but not cry1 and cry2 showed impairment in starch 

accumulation despite the absence of a growth phenotype. Then we investigated the 

changes in starch and other primary metabolites in single phyA, single phyB and 

double phyAB compared with WT by growing the plants under light conditions 
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varying in light intensity and light spectral content. The results suggest that PHYA 

and PHYB signalling play important roles in the regulation of starch and many other 

primary metabolisms in plant leaves, being influenced by not only light intensity but 

also light spectral content. 

2.2 Results 

2.2.1 Biomass and starch phenotypes of the photoreceptor mutants grown under 

white light 

The phyAB mutant had different leaf shape with longer petioles but didn’t show 

obvious change in biomass compared with Ler (Figure 1). In contrast, hy1, hy1/cry2, 

hy1/cry1 and hy1/cry1/cry2 displayed green-yellow leaves and severely reduced 

growth biomass (Figure 1). The cry1 mutant did not show any significant difference 

in its growth phenotype, while cry2 had slightly lowered biomass (Figure 1).  

Single cry1 and single cry2 mutants showed normal starch accumulation at the end 

of the day (ED) and degradation, which is represented by the difference between 

starch at ED and EN, respectively (Figure 2). Double phyAB mutant and single hy1 

accumulated similar amounts of starch at ED, which were noticeably lower than wild 

type (Figure 2). The triple mutant hy1/cry1/cry2 has a similar starch phenotype to 

single hy1 mutant, which suggests that knockout of both CRY1 and CRY2 does not 

have any significant influence on starch accumulation or degradation (Figure 2). In 

line, starch accumulation in hy1/cry1 and hy1/cry2 was not significantly different 

from the single hy1 mutant (Figure 2). However, starch accumulation in hy1/cry2 

mutant was significantly higher than in the hy1/cry1 mutant (Figure 2).  
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Figure 1 Growth of photoreceptor mutants in LD (16 h light/ 8 h dark) under 

white light with PPFD of 115±5 μmol m
-2

 s
-1

. A: Biomass of photoreceptor 

mutants and their respective wild types. Whole rosettes were harvested 20 Days 

after sowing and before bolting. Results are mean ±SD, n=10, P < 0.05 (one way 

ANOVA, Turkey’HSD test); B: Pictures taken before harvesting 

 

A 

B 

hy1/cry1/cry2 Col-4 cry2 cry1Col-0

Ler hy1/cry2hy1/cry1phyAB hy1
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Table 4 Glucose levels at ED and EN in photoreceptor mutants and their respective 

wild types grown in LD (16 h light/8 h dark) under white light with PPFD of 115±5 

μmol m
-2

 s
-1

.Whole rosettes were harvested 20 days after sowing, before bolting.  

 Glucose at ED Glucose at EN 

Ler  0.20±0.04b 0.21±0.05a 

phyAB 0.34±0.06a 0.24±0.18a 

hy1 0.15±0.02b 0.20±0.05a 

hy1/cry1 0.13±0.04b 0.17±0.03a 

hy1/cry2 0.16±0.01b 0.28±0.17a 

hy1/cry1/cry2 0.15±0.05b 0.17±0.08a 

Col-4 0.32±0.05a 0.22±0.04a 

Cry2 0.26±0.04ab 0.35±0.11a 

Col-0 0.28±0.03ab 0.25±0.04a 

Cry1 0.26±0.03ab 0.26±0.06a 

Results are mean ±SD, n=5, P < 0.05 (one way ANOVA, Turkey’s HSD test) 

Interestingly, the phyAB mutant did not show any clear impairment in starch 

degradation because the decrease in starch accumulation at ED was accompanied by 

a similar decreased level of starch at EN (Figure 2). On the other hand, all the 

mutants containing dysfunctional HY1 showed a decrease in the amounts of starch 

degraded at night, with the hy1/cry1 mutant exhibiting the most severe phenotype 

(Figure 2).      

Figure 2 Starch (a) and sucrose (b) contents at ED and EN in photoreceptor mutants 

and their respective wild types grown in LD (16 h light/8 h dark) under white light 

with PPFD of 115±5 μmol m
-2

 s
-1

. Whole rosettes were harvested 20 days after 

sowing, before bolting. Results are mean ±SD, n=5, P < 0.05 (one way ANOVA, 

Turkey’s HSD test) 
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Sucrose levels at ED and EN in all photoreceptor mutants were not different from 

their respective wild types (Figure 2). Glucose levels were also unaffected in the 

mutants, with the exception of phyAB which accumulated more glucose than wild 

type at ED (Table 4).    

2.2.2 Photosynthetic parameters of the photoreceptor mutants 

As the starch accumulation phenotype in the mutants could be explained by an 

impaired photosynthesis, the photosynthetic parameters were measured. Fv/Fm was 

higher than 0.780 for all the lines indicating they didn’t suffer from stress (Table 5). 

Y(II), which reflects the relative photosynthetic efficiency, was significantly 

decreased in the hy1/cry1 and hy1/cry1/cry2 mutants, but remained unchanged in 

other photoreceptor mutants when compared with their corresponding wild types 

(Table 5). Only hy1/cry1 and hy1/cry1/cry2 mutants were significantly higher for 

Y(NPQ), which means more energy was dissipated by regulated heat dissipation in 

those mutants compared to their respective wild types (Table 5). Y(NO), which 

indicates the light energy dissipated by non-regulated heat dissipation and 

fluorescence emission, didn’t  show dramatic changes in any of the mutants in 

regards to their respective wild types (Table 5). 

Table 5 Photosynthetic parameters of photoreceptor mutants and their respective 

wild types grown in LD (16 h light/8 h dark) under white light with with PPFD of 

115±5 μmol m
-2

 s
-1

. 

 Fv/Fm Y(II) Y(NPQ) Y(NO) 

Ler 0.798±0.010abc 0.387±0.015b 0.313±0.010c 0.300±0.006ab 

phyAB 0.788±0.006bc 0.392±0.011b 0.312±0.010c 0.296±0.013ab 

hy1 0.798±0.001abc 0.392±0.017b 0.296±0.036cd 0.303±0.028ab 

hy1/cry1 0.787±0.004c 0.266±0.023c 0.37±0.033ab 0.340±0.030a 

hy1/cry2 0.802±0.001ab 0.391±0.010b 0.330±0.024bc 0.278±0.016b 

hy1/cry1/cry2 0.785±0.001c 0.267±0.018c 0.373±0.034a 0.357±0.028a 

Col-4 0.793±0.001abc 0.448±0.018a 0.248±0.022de 0.304±0.005ab 

cry2 0.803±0.003a 0.455±0.026a 0.246±0.024de 0.299±0.023ab 

Col-0 0.789±0.009bc 0.491±0.008a 0.195±0.007e 0.314±0.0070ab 

cry1 0.794±0.002abc 0.453±0.015a 0.238±0.024de 0.310±0.017ab 

Results are mean ±SD, n=4, P < 0.05 (one way ANOVA, Turkey’s HSD test) 
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2.2.3 Leaf anatomy of phyAB and hy1 

Leaf anatomy is strongly regulated by light intensity (Olsen et al., 2013). 

Modifications in leaf anatomy can lead to modifications in carbon fixation by 

influencing CO2 uptake, water use efficiency, and drought tolerance (Terashima et 

al., 2011; Giuliani et al., 2013; Xiong et al., 2015). A deficit in starch accumulation 

was particularly prominent for phyAB and hy1 mutants, so we investigated the leaf 

structure of the two mutants. phyAB showed no significant difference with Ler for 

leaf thickness, number of cell layers in palisade (2) and spongy mesophyll (3-4) 

(Table 6 and Figure 3A). In contrast, the leaves of the hy1 mutant were significantly 

thinner than the wild type, which can be explained by a reduced number of cell 

layers (Table 6 and Figure 3A). It was difficult to categorise the second cell layer in 

the hy1 mutant as it had a structure between palisade mesophyll and spongy 

mesophyll (Table 6 and Figure 3A). In addition, in this mutant, the cell organization 

of the palisade mesophyll was relatively loose with more apoplastic space between 

cells compared with wild type (Table 6 and Figure 3A).  

Since starch resides in chloroplasts, we investigated possible modifications in the 

chloroplast ultrastructure of phyAB and hy1 mutants. The hy1 mutant displayed 

smaller chloroplasts (Table 6 and Figure 3B). Both phyAB and hy1 mutants showed 

decreased numbers of plastoglobules per chloroplast, the decrease being particularly 

large in phyAB mutant (Table 6 and Figure 3B). The number of starch granules per 

chloroplast did not vary from wild type in phyAB and hy1 mutants (Table 6 and 

Figure 3B).  

Because the hy1 mutant showed severe growth impairment with light green/yellow 

leaves and large modifications in its leaf structure, with thinner leaves, less cell 

layers and undefined palisade mesophyll, which could lead to confounding effects 

and thus a difficulty to interpret our starch results. Then we decided to avoid using 

this mutant for the next experiments.  
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A 

B 

Figure 3 A: Transverse sections of leaves from photoreceptor mutants and wild 

type. B: Transmission electron microscopy images of chloroplast ultrastructure in 

photoreceptor mutants and wild type. Plants were grown in LD (16 h light/8 h 

dark) with PPFD of 115±5 μmol m
-2

 s
-1

, and the middle parts of fully expanded 

mature leaves were collected for fixation at midday.  
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Table 6 Characteristics of leaf anatomy and chloroplast ultrastructures in Ler, phyAB 

and hy1 lines 

Results are mean ±SD, n=10, P < 0.05 (one way ANOVA, Turkey’s HSD test). 

 

2.2.4 Starch accumulation and metabolite levels in  phyA, phyB and phyAB under 

different white  light conditions  

In order to answer if the starch phenotype observed in double phyAB mutant was due 

to PHYA and/or PHYB, we then included the single phyA and single phyB mutant 

for further investigation. As the function of PHYA is related to red light irradiance 

and that the phytochromes sense R:FR ratio (Clough and Vierstra, 1997; Franklin et 

al., 2007), we decided to grow the plants in four different white light conditions, 

varying in light intensity and/or light spectral content (Figure 4A). Spectrum1 and 2 

were obtained from different lamp sets. Qualitatively, spectrum 1 have lower R:FR 

and PSS than spectrum 2 (Figure 4A). In order to separate the effects of light 

intensity on starch accumulation from those related to light quality, plants were 

grown at two similar light intensities for both spectral conditions with 251±4 µmol 

m
-2 

s
-1

 and 136±3 µmol m
-2 

s
-1

, respectively. 

Wild type plants accumulated similar amounts of starch when grown under the same 

light intensity (Figure 4B). There was significantly less starch accumulated at ED in 

phyAB mutant compared with wild type under all of the four light conditions (Figure 

4B). The phyA mutant had equivalent starch accumulation with phyAB when grown 

under spectrum 2
1
 and 2

2
, yet accumulated the same level of starch as wild type for 

spectrum 1
1
 and 1

2
 (Figure 4B). As such, the phyA mutant shows a deficit in starch 

accumulation when growth light has qualitatively higher R:FR ratio (Figure 4). By 

 Ler phyAB hy1 

Leaf thickness 129.9±8.0a 134.6±6.4a 102.8±5.4b 

Palisade cell layers 2 2 null 

Spongy cell layers 3-4 3-4 null 

Palisade/spongy:  1.09±0.08a 1.0±0.09ab 4 (total cell 

layers) 

Chloroplast size (μm
2
):  16.1±5.8a 16.8±6.3a 11.5±2.9b 

Thylakoids/granum:  4±1.5a 4.4±2.1a 3.2±0.8a 

Plastoglobules:  34.8±3.1a 12±3.5c 20.7±3.9b 

Starch number:  3.6±1.5a 3.3±1.3a 3.0±1.6a 
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contrast, the phyB mutant did not exhibit any significantly different starch phenotype 

from wild type (Figure 4B).  

In order to find out if changes of starch accumulation in those mutants in different 

light conditions were associated with changes in other metabolites, GC-MS profiles 

were obtained for the same leaf samples. 66 compounds were quantified (Table 7, 8, 

9, 10). To isolate the effects of genotype, light intensity and spectral content on 

starch and other metabolites levels, we then performed a three way ANOVA (Figure 

5). Spectral content, light intensity, and genotype all have significant influences on 

starch accumulation individually, and genotype had interacting effects with both 

light intensity and spectral content on starch accumulation (Figure 5B). Among the 

66 compounds detected by GC-MS, 31, 45 and 42 compounds showed significant 

dependence for light spectral content, light intensity and genotype, respectively 

(Figure 5). Besides, spectral content, light intensity and genotype also have 

interactive effects for many compounds (Figure 5). The genotype effect was 

markedly high for spectrum1
1
, with 23 metabolites being significantly different in 

mutants compared to WT, while 11 in spectrum2
1
, 10 in spectrum1

2
 and 8 in 

spectrum2
2
 were different from WT in the mutants (Appendix Table 1, 2, 3, 4).  

In spectrum1
1
, 10 amino acids were down regulated in phyAB, 14 in phyA and 8 in 

phyB. Besides, Erythritol and Galactose, involved in carbohydrate metabolism, were 

significantly decreased in phyAB and phyB mutants in spectrum1
1
. The levels of 

threonate involved in redox regulation, and citrate and succinate involved in the 

glyoxylate or TCA cycles were lower in phyAB and phyA mutants in spectrum1
1
. 

Ethanolamine and octadecanoate in lipid metabolism were drastically reduced in 

phyAB, phyA and phyB mutants, while putrescine and spermidine, involved in 

polyamine metabolism, were only decreased in phyB mutant in spectrum1
1
. 

(Appendix Table 1) 

In spectrum2
1
, two amino acids (aspartate and homoserine) were reduced in phyAB, 

and two (glycerate and homoserine) in phyB. Glucose and fructose levels were 

higher in phyAB while glucose-1-phosphate was lower than WT in phyB in spectrum 

2
1
. Decreases of threonate and dehydroascorbate were observed in phyAB and phyB 

respectively in spectrum 2
1
. Moreover, citrate declined in phyAB, and ethanolamine 
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was significantly lower in phyB in spectrum 2
1
. By contrast, spermidine was up-

regulated in phyA in spectrum 2
1
. (Appendix Table 2) 

In spectrum1
2
, aspartate was down-regulated in phyAB but up-regulated in phyB, and 

glycine was up-regulated in phyAB. Fructose was higher in phyA whereas glucose 

was higher in phyB compared to wild type in spectrum1
2
. Threonate levels were 

increased in phyB while ascorbate and dehydroascorbate decreased in phyB in 

spectrum1
2
. Citrate levels dropped in phyAB while succinate contents increased in 

phyB in spectrum1
2
. Sinapic acid was decreased in phyAB in spectrum1

2
. (Appendix 

Table 3) 

In spectrum2
2
, increased amount of GABA, leucine and tryptophan, reduced 

threonine and increased glucose were found in phyB. Furthermore, increased myo-

Inositol and raffinose and reduced citrate amounts were seen in phyAB in spectrum2
2
. 

(Appendix Table 4) 

We next performed a correlation analysis using all data available for all genotypes 

and growth conditions in order to unravel the metabolic network (Figure 6). Starch 

amounts were positively correlated with threonate and succinate (Figure 6). Besides, 

a large number of amino acids correlated together. Also several lipid and secondary 

metabolites correlated with one another (Figure 6). 

Next, we performed a principal component analysis (PCA) (Figure 7). PC2 separated 

WT (Ler) and phyA from phyB and phyAB, which suggests that PHYB exerts a major 

control on primary metabolism. A tendency was also observed for separating based 

upon high and low light intensity in the first component (PC1). phyB and phyAB 

tended to show an opposite response to light intensity compared to WT and phyA: 

phyB and phyAB had lower PC1 factor scores when they were grown under high 

light intensity than grown under low light intensity, whereas WT and phyA seemed 

to have higher PC1 factor scores when they were grown under high light intensity 

than grown under low light intensity. These combined results suggest PHYB may 

play an important role in the regulation of primary metabolism in response to light 

intensity.  
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Figure 4 A: Qualitative spectrum profiles and spectral distribution of the two 

sets of lamps. B: Starch levels at ED in single phyA, single phyB , double phyAB 

mutants and wild type grown under four different light conditions in LD (16 h 

light/8 h dark). The plants were grown under two different sets of lamps 

(Spectrum 1 and Spectrum 2), at two different distances from these lamps. 

Spectrum 1
1
 and 2

1 
conditions have PPFD (400nm-700nm) of 251±4 μmol m

-2
 s

-

1
, while Spectrum 1

2
 and spectrum 2

2 
have PPFD of 136±3 μmol m

-2
 s

-1
.  

B 

R:FR: 11.8±0.6 

PSS: 0.855±0.001 

 

R:FR: 14.3±0.2 

PSS: 0.864±0.001 

Spectrum 1 

Spectrum 2 

A 
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Figure 5 Effects of light spectral content (Factor 1), light intensity (Factor 2) and 

genotype (Factor 3) on the Arabidopsis rosette metabolome (Three-way ANOVA). 

Metabolite profiles were performed on the same samples as in Fig. 4. A: Metabolites 

in amino acid metabolism. B: Metabolites in carbohydrate metabolism. C: Metabolites 

in redox regulation, glyoxylate cycle, lipid metabolism and secondary metabolism. D: 

Others. 
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Figure 6 Correlation between metabolites. Datasets were the same with what were used 

for three-way ANOVA analysis. Significant positive correlations were labelled with 

pink colour while blue colour was used for the negative ones. 1: 2methylmalate; 2: 

Alanine; 3: allo-Threonine; 4: Arginine; 5: Asparagine Aspartate; 6: GABA; 7: 

Glutamate; 8: Glycerate; 9: Glycine; 10: Guanidine; 11: Homoserine; 12: 

Isoleucine; 13: Leucine; 14: Lysine; 15: Methionine; 16: OAS;17: ornithine; 

18:Phenylalanine; 19:Proline; 20: Serine; 21:Threonine; 22: Tryptophan; 23: Tyrosine; 

24: Urea; 25: Valine; 26: 1,6-hydro-glucose;  27: Fructose; 28: Glucose; 29: Glucose-1-

phosphate 30: Maltose; 31:Sucrose; 32:Erythritol; 33:Erythronate; 34:Galactinol; 

35: Galactonicacid-1,4-lactone; 36:Galactose; 37:myo-Inositol; 38:Raffinose; 

39:Trehalose; 40: Pyroglutamate; 41:Threonate; 42:Ascorbate; 43:Dehydroascorbate 

dimer; 44:Citrate;45: Fumarate; 46:Succinate; 47:Ethanolamine; 48:Glycerol; 

49:Glycerol-3-phosphate; 50:Octadecanoate; 51:Palmitate; 52:3,4-dihydroxybenzoate; 

53: 4-hydroxy-benzoic acid 55: Benzoate; 56:Benzylalcohol; 57: Sinapicacid; 

58:Nicotinate; 59:Pyruvate; 60:5,6-dihydrouracil;61:beta-Alanine; 62:Ribulose-5-

phosphate; 63:Putrescine; 64:Spermidine 65: Glycolate; 66:Phosphate; 67:starch  
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Figure 7 Leaf metabolome analysis of WT and the phyA, phyB and phyAB mutants 

using PCA. Plants were grown in four different white light conditions and sampled 

at ED. 
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2.2.5 Starch and sugar contents in phyA, phyB and phyAB under monochromatic 

red  

Phytochromes absorb mainly red and far red light, we then grew the mutants and 

wild type under Red light (PPFD: 44±1 µmol m
-2

 s
-1

; R:FR:14.8; PSS: 0.870) . phyA, 

phyB and phyAB had significantly reduced starch accumulation under red light 

(Figure 8). Under red light, the largest decrease in starch accumulation was observed 

for phyAB, phyB and phyA exhibiting intermediate starch accumulation. When plants 

were grown under red light, the levels of of sucrose in phyB and phyAB at ED and 

glucose at both ED and EN were significantly higher than in Ler, while phyA did not 

show any significant difference.  
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R:FR: 14.8 

PSS: 0.870 

 



Chapter 2: Phytochrome A and phytochrome B regulate primary metabolism in Arabidopsis leaves 

 
 

 

 56 

 

 

B 

Figure 8 A: Spectrum profiles of light enriched in red light. B: Glucose, 

sucrose and starch levels at ED and EN under light enriched in red light 

(a, b, c). Results are mean ±SD, n=4, P < 0.05 (one way ANOVA, 

Turkey’s HSD test) 



Chapter 2: Phytochrome A and phytochrome B regulate primary metabolism in Arabidopsis leaves 

 
 

 

 57 

 

2.2.6 Starch accumulation phenotype in the phyAB mutant during different 

vegetative stages 

Because phytochromes regulate plant development, and the amount of starch may 

vary during the growth of the plants, we determined starch amounts in phyAB and 

wild type during their vegetative growth. The phyAB mutant had consistently less 

starch than wild type, both at ED and EN. As a result, its starch turnover was similar 

to wild type during the development of the plants (Figure 9). Interestingly, the starch 

accumulated at ED decreased in both of the mutant and wild type while the plants 

aged, this decrease being concomitant to a decrease at EN. Therefore, the turnover of 

starch remained relatively stable in both wild type and the mutant during vegetative 

growth (Figure 9). 

2.2.7 The transcript profiles of clock components and starch synthesis enzymes 

genes in deletion of PHYAB 

 CCA1 was mainly expressed in the first 8 hours and peaked at zeitgeber time 0 (ZT0) 

in Ler (Figure 10). The Transcripts of CCA1 in the phyAB mutant had a similar 

profile but were significantly higher than Ler at ZT0 (Figure 10). The levels of the 

transcripts of PRR7, GI and FKF1 were not significantly different between the 

mutant and wild type. Among starch synthesis genes, only APS1 showed significant 

differences in expression amplitude between phyAB and wild type (Figure 11).  

2.2.8 Starch accumulation phenotype in ndpk2 mutant 

NDPK2 and PIFs are the primary signal transducers of phytochromes (Choi et al., 

1999; Castillon et al., 2007). Mutation of PIF4 does not lead to a deficit in starch 

accumulation (Mugford et al., 2014). However, the ndpk2 mutant showed a starch 

deficit phenotype at ED (Table 7).  

 

 

 

 

Figure 9 Starch levels at ED and EN in the phyAB mutant and wild type at 

different growth stages in LD (16 h light/8 h dark) with PPFD of 125±5 μmol m
-2

 

s
-1

. Results are mean ±SD, n=3. Asterisks indicate statistically significant 

differences of starch contents at ED or at EN between phyAB and WT (* P<0.05; 

** P<0.01). B: Images of Ler and phyAB mutant before harvest in different 

growth stages. 
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Table 7 Photosynthesis performance and starch accumulation in ndpk2 mutant when 

grown in LD (16 h light/8 h dark) with with PPFD of 115±5 μmol m
-2

 s
-1

. Results are 

mean ±SD, n=3, P < 0.05 (student's t test) 

 Fv/Fm Y(II) Starch at ED 

Col-0 0.787±0.006a 0.345±0.011a 40.0±0.8a 

ndpk2 0.790±0.006a 0.341±0.018a 32.1±1.3b 

 

 

 

Figure 10 Expression profiles of CCA1, PRR7, GI and FKF1 during the day 

course in phyAB mutant and wild type when grown in LD (16 h light/8 h dark) 

with PPFD of 115±5 μmol m
-2

 s
-1

. Results are mean ±SD, n=3, P < 0.05 

(Student's t test). 
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Figure 11 Expression profiles of GBSS1, APL1, APS1, SS1, SS2 and SS4 during a 

diurnal cycle in phyAB mutant and wild type when grown in LD (16 h light/8 h 

dark) with PPFD of 115±5 μmol m
-2

 s
-1

. Results are mean ±SD, n=3, P < 0.05 

(Student's t test). 
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2.3 Discussion 

Photoreceptors regulate many developmental processes in plants (Briggs and Olney, 

2001; Millar, 2004). In this study, we investigated the role of photoreceptors in the 

regulation of primary metabolism, with a particular emphasis on starch accumulation. 

The single cry1 and cry2 mutants did not show any significant difference in starch 

accumulation from wild type, and also did not show impaired photosystem II and 

retarded growth phenotype. By contrast, hy1/cry1, hy1/cry2 and hy1/cry1/cry2 all 

exhibited decreased starch accumulation, being invariant from the hy1 single mutant. 

Thus it is likely that the HY1 mutation is responsible for the decrease in starch 

accumulation observed in all these mutants. Moreover, the knockout of HY1, which 

is characterised by largely dysfunctional phytochromes (Muramoto et al., 1999), 

didn’t show reduced photosynthetic performance but exhibited a wide array of other 

phenotypes such as severely impaired growth, altered leaf structure, modified 

chloroplast size and ultrastructure. It was therefore difficult to conclude if the 

decrease in starch content observed was due to a direct effect on starch metabolism 

and/or major developmental defects. By contrast, the phyAB mutant neither 

displayed growth and photosynthesis impairment, nor any aberrant leaf structure 

phenotype and damaged chloroplast organelles except decreased plastoglobule 

numbers, but exhibited a decrease in the amount of starch accumulated at ED. Thus 

we decided to avoid hy1 and focus on the phyAB mutant. The rationale was that 

phyAB showed a starch phenotype but displayed less other phenotypes under our 

growth conditions which could have led to confounding pleiotropic effects.  

Plastoglobules are lipo-protein particles in chloroplast whose number tend to 

increase in response to oxidative stress and during senescence (Austin et al., 2006). 

The observation of reduced number of plastoglobules in phyAB in this study is 

consistent with the recent report about the involvement of PHYA and PHYB in 

stress responses (Cerrudo et al., 2012; Gonzalez et al., 2012; Rusaczonek et al., 

2015). 

The ndpk2 mutant acts downstream of phytochromes and shows defects of cotyledon 

opening and greening in response to red light (Choi et al., 1999). A deficit in starch 

accumulation was observed in the ndpk2 mutant in this study, suggesting that the 
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regulation of starch metabolism by PHYAB might be transmitted via this protein. 

Considering the specific sub-cellular localization of NDPK2 in chloroplast (Bayer et 

al., 2012), we speculate that the regulation of starch accumulation exerted by 

NDPK2 might occur via post-translational modifications of some starch synthetic 

enzymes that have previously been identified as subjected to phosphorylation in 

Arabidopsis such as AGPase and SS3 (Kotting et al., 2010). If so, this regulatory 

cascade comprising PHYAB, NDPK2 and starch synthetic enzymes would allow 

plants to control starch synthesis under fluctuating light conditions in addition to the 

FTR/Trx pathway (Thormahlen et al., 2013). A recent study (Chen et al., 2014) 

identified a wide range of genes regulated by PHYA in Arabidopsis seedlings 

exposed to 3 h of far-red irradiation, and among them several genes involved in 

starch metabolism were PHYA-induced including APS1, APL1, SS4, BE2 and ISA2. 

In this study, we observed a decrease in APS1 transcripts in phyAB compared to WT 

when plants were grown under white light with PPFD around 115±5 μmol m
-2

 s
-1

, 

suggesting that PHYAB can induce APS1 expression in response to both far-red and 

white light. APS1 transcript levels were only lower at one time-point (ZT8) over the 

day course in phyAB than WT, suggesting that the regulation of APS1 by PHYAB is 

dynamic and might be subject to the control of circadian clock.  

We then grew single phyA and phyB mutants together with the double phyAB mutant 

under red light and white light conditions with different light intensities and light 

spectral contents. Both of phyA and phyB displayed intermediate starch phenotype 

between WT and phyAB mutant when they were grown in presence of red light 

(PPFD: 44±1 μmol m
-2

 s
-1

, R:FR: 14.8, PSS: 0.870), implying both PHYA and 

PHYB contribute to the regulation of starch accumulation in this condition. Under 

white light conditions of spectrum2
1
 and spectrum2

2
, phyA mutant showed the same 

degree of decrease in starch content at ED with phyAB compared with WT, and phyB 

had no starch phenotype. This suggests PHYA but not PHYB likely has a control 

over starch accumulation in this condition. Under spectrum1
1
 and spectrum1

2
, 

neither phyB nor phyA showed starch phenotype. However, phyAB displayed a 

decrease in starch accumulation compared with WT, indicating PHYA and PHYB 

have complementary roles in the regulation of starch accumulation in this condition. 
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The difference between those conditions lies in their spectral content or light 

intensity: spectrum2
1
 and spectrum2

2
 have higher R:FR and PSS than spectrum1

1
 

and spectrum1
2
, and also contrastingly higher light intensity than Red light. 

Therefore, these combined results suggest PHYA may participate in the regulation of 

starch accumulation in all the examined light conditions, but PHYB may only has a 

role under relatively lower R:FR (11.8±0.6) and PSS (0.855±0.001) or low light 

intensity (44±1 μmol m
-2

 s
-1

). The starch phenotype in phyAB in this study is 

opposite to the higher starch accumulation at ED observed in phyABDE compared to 

WT (Yang et al., 2016). This discrepancy strongly suggests that PHYD and/or 

PHYE may have roles in inhibiting starch accumulation. Besides, the starch content 

at EN in phyAB is lower than WT in this study under white light, which differs from 

Yang et al. (2016) who find an identical starch content at EN in phyABDE and WT. 

Because the starch degradation rate is influenced by starch ED and also the length of 

night (Scialdone et al., 2013; Sulpice et al., 2014), the inconsistency of starch 

contents at EN between both studies might be related to both factors. Indeed, the 

starch content at ED is different between our study and Yang et al. (2016). And the 

16 h light/8 h dark cycle is used in this study whereas a 12 h light/12 h dark 

photoperiod is used in Yang et al. (2016).   

Interestingly, under red light (PPFD: 44±1 μmol m
-2

 s
-1

), both phyAB and phyB, but 

not phyA over-accumulated sucrose and glucose, in agreement with (Yang et al., 

2016) where the authors observed the same phenotype for phyBD and phyABDE 

grown under white light at low fluence (100 µmol m
-2

 s
-1

). Under white light, we did 

not observe any change in sucrose content. Moderate increases in glucose were only 

observed in phyB at PPFD of 136±3 μmol m
-2

 s
-1 

in both spectral conditions 

(spectrum1 and spectrum2). Thus PHYB might have a role in the regulation of sugar 

metabolism at low light intensities. This could explain the over accumulation of 

sucrose and glucose observed by Yang et al. (2016) as they grew their plants at a 

PPFD of 100 µmol m
-2

s
-1

.  

PHYA and PHYB did not regulate solely major carbohydrate metabolism. Our 

metabolic study also revealed that PHYA and PHYB affect a wide range of primary 

metabolites, in a coordinated manner, as previously observed for other phytochrome 
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mutants (Yang et al., 2016). However, in contrast to Yang et al. (2016), the 

reorganisation of the metabolic network did not lead to a striking growth phenotype 

in this study. The PCA analysis in this study suggests PHYB but not PHYA exerts 

the major control over the leaf metabolic states of plants grown across the four white 

light conditions with PPFD beyond 136±3 μmol m
-2

 s
-1

, in agreement to a number of 

previous studies which showed a predominant role of PHYB in the regulation of 

developmental events when plants were grown under relatively high light intensity. 

For example, phyB showed an equivalent impairment in its stomata development to 

phyAB while phyA displayed no effect under a 250 μmol m
-2

 s
-1

 of white light 

(Boccalandro et al., 2009). Inhibition of hypocotyl elongation was severely impaired 

in phyAB but not in phyB under less than 50 μmol m
-2

 s
-1

 of red light, but an 

intermediate phenotype of hypocotyl elongation between WT and phyAB appeared in 

phyB when red light irradiance was elevated (Franklin et al., 2007). Moreover, phyB 

exhibits exclusive enhanced hyponasty compared with WT and phyA under high 

irradiance of 200 µmol m
–2

 s
–1

 (Trupkin et al., 2014). Besides, PCA analysis in this 

study indicates light intensity also has an impact on the metabolic states, which is 

consistent with the alteration of a large number of metabolites in leaves of plants 

exposed to different light intensities (Florez-Sarasa et al., 2012).  

In conclusion, PHYAB is essential for a proper control of starch accumulation. The 

signalling cascade might involve the plastidial NDPK2 and APS1. PHYA likely 

promotes starch accumulation across a wide range of light conditions while PHYB 

tends to have a role in relatively low R:FR (11.8±0.6) and PSS (0.855±0.001) or low 

light intensity (44±1 μmol m
-2

 s
-1

).  PHYB has major control on the overall primary 

metabolic status of plants.   
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3.1 Introduction 

Thioredoxins (TRXs) are ubiquitous small (approximately12 kD) thiol:disulphide 

oxidoreductases, and are present in different cellular compartments in plants 

(Schurmann and Jacquot, 2000; Gelhaye et al., 2005). In plastids, TRXs are reduced 

through the ferredoxin/thioredoxin system, and 10 TRXs isoforms (f1, f2, m1, m2, 

m3, m4, x, y1, y2 and z) have been identified in Arabidopsis thaliana (Schurmann 

and Jacquot, 2000; Gelhaye et al., 2005; Arsova et al., 2010). Among them, TRX m 

and TRX f are the most abundant, accounting for 69.1% and 22.2% respectively of 

the total amount of TRXs. However, TRX m3 is present in very low amount in 

leaves. Among TRX f, TRX f1 is the most abundant in Arabidopsis leaves (Okegawa 

and Motohashi, 2015).   

3.1.1 TRX f and m play important roles in photosynthesis and starch metabolism 

TRX f and TRX m play important roles in the regulation of photosynthesis. Previous 

in vitro assays have shown that TRX f can more effectively activate several plastidial 

enzymes than TRX m such as NADP malate dehydrogenase (NADP-MDH), 

fructose-1,6-biphosphatase (FBPase) and sedoheptubse-1,7- biphosphatase (SBPase) 

(Nishizawa and Buchanan, 1981; Collin et al., 2003). However, a recent in vivo 

study shows that SBPase and NADP-MDH are less reduced in trx m124 triple 

mutant but not in trx f1, whereas FBPase is less active in both trx f1 and trx m124 

(Okegawa and Motohashi, 2015).  TRX f can physically interact with magnesium 

(Mg) chelatase CHLI subunit in vitro. However, virus-induced gene silencing VIGS-

Trx f/m lines but not VIGS-Trx f lines showed a significant reduction in Mg 

chelatase activity, 5-aminolevulinic acid synthesizing capacity and chlorophyll 

content in pea plants. Thus TRX f and m have complementary roles in the 

tetrapyrrole biosynthesis pathway (Luo et al., 2012). TRX f  and TRX m also have a 

role in the regulation of electron transport chain, the trx f1/f2 (Naranjo et al., 2016) 

and trx m124 (Okegawa and Motohashi, 2015) mutants exhibiting decreases in 

electron transport rate across a wide range of light intensities and  increases in 

regulated non photochemical quenching at relatively low light intensities. In vitro 

and in vivo study revealed TRX m4 controls a cyclic electron flow by down-
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regulating the NADH dehydrogenase-like complex-dependent plastoquinone 

reduction pathway (Courteille et al., 2013). Moreover, protein amounts of several 

chloroplast-encoded PSII core subunits (D1, D2, CP43, and CP47) and nucleus-

encoded subunits (oxygen evolving complex, the light-harvesting complex II and 

PSI antenna protein) were significantly reduced in both trx m124 T-DNA mutants 

and VIGS-Trx m plants in Arabidopsis (Wang et al., 2013; Okegawa and Motohashi, 

2015).  

Starch metabolism in chloroplast is a tightly regulated process. Several enzymes 

involved in starch metabolism (starch synthase 1, starch synthase 2, branching 

enzyme 2) are redox activated in vitro in Arabidopsis thaliana  (Glaring et al., 2012). 

ADP-glucose pyrophosphorylase (AGPase) is the first committed step in starch 

synthesis by converting Glc-1-P and ATP to ADP-Glc and inorganic pyrophosphate 

(PPi). In Arabidopsis leaves, AGPase exerts a major control on the regulation of the 

rate of starch synthesis (Neuhaus et al., 1990). AGPase is a heterotetramer that 

contains two large (APL; 51 kD) and two slightly smaller (APS; 50 kD) subunits in 

higher plants. In vitro, TRX f and TRX m can more efficiently activate AGPase by 

reducing the intermolecular Cys bridge in APS compared to TRX x and y isoforms  

(Thormahlen et al., 2013), and trx f1 exhibited decreased starch contents at the end 

of day (ED) and at the end of night (EN) in Thormahlen et al. (2013) and 

Thormahlen et al. (2015).  

3.1.2 The target proteins of TRX y, TRX x and TRX z 

TRX y1 is mainly expressed in nonphotosynthetic organs, and the protein could not 

be detected in Arabidopsis leaves (Collin et al., 2004; Okegawa and Motohashi, 

2015).  In vitro assays showed that plastidial TRX y2 is a poor activator for FBPase, 

but can partially activate NADP-MDH and fully reduce Prx Q (Collin et al., 2003; 

Collin et al., 2004). In vitro, TRX x cannot reduce FBPase and NADP-MDH, but is 

effective to reduce 2-Cys peroxiredoxin (Collin et al., 2003). TRX z  in Arabidopsis 

can mediate fructokinase-like proteins (FLNs) redox state changes in vivo during 

light/dark transitions, and regulate plastid-encoded RNA polymerase-dependent 

transcription in chloroplasts (Arsova et al., 2010).  
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3.1.3 Brief description of the study 

In this study, we analysed starch contents at ED and EN in a collection of 

chloroplastic trx mutants grown under four different light conditions. No trxs 

mutants showed a starch phenotype, with the exception of trx f1 where a decrease in 

starch content at ED but no change in starch synthesis rate was observed when 

grown in moderate light and LD. In addition, trx f1 didn’t show impaired chlorophyll 

fluorescence parameters. In order to assess how TRX f coordinate photosynthesis 

and starch synthesis in vivo, sub-organellar localization of TRX f was then 

investigated, and compared to TRX m4. As TRX f can reduce the rate-limiting 

enzyme of AGPase in starch synthesis (Balmer et al., 2004; Thormahlen et al., 2013; 

Yoshida and Hisabori, 2016), we also examined the sub-organellar distribution of 

AGPase. Unexpectedly, AGPase displayed a dual localization between thylakoids 

and starch granules, its redox status not modifying its distribution. Finally, co-IP was 

performed for TRX f to find its interacting targets. Interestingly, we identified not 

only proteins involved in electron transport flow but also a series of proteins 

involved in other biological functions. Overall, this study suggests that TRX f 

regulates a wide range of biological functions within the chloroplasts, and that its 

sub-organellar localization may has a regulatory role. 

3.2 Result 

3.2.1 Starch and growth phenotype in trx f1 is light dependent  

In order to test if light conditions could exert influences on the starch phenotype in 

the trxs mutants, the plants were grown under LD and SD with a relatively low light 

intensity of 100 μmol m
-2

 s
-1

 and a moderate light intensity of 160 μmol m
-2

 s
-1

.  

When all lines were grown under LD and moderate light (160 μmol m
-2

 s
-1

), only trx 

f1 showed a significant decrease in starch content at ED (Figure 12). All the other 

trxs mutant lines showed similar starch levels at ED and EN compared to Col-0 

(Figure 12). Surprisingly, none of the mutant lines including trx f1 showed 

significant differences in starch contents compared to wild-type under other three 

conditions (Figure 12). 
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We then investigated if there were differences in the rates of starch synthesis 

between mutant lines and wild type under LD and moderate light. All lines, 

including trx f1 didn’t show clear changes in their starch synthesis rate when 

compared with wild type (Figure 12).  

Sucrose levels of all the trx mutants lines were not significantly different from wild 

type in the four light conditions (Figure 13).   

In LD and moderate light, trx m4, trx f1, trx f2, trx y1/y2 exhibited higher biomass at 

harvest (Figure 14). In SD and moderate light, trx y1/y2 showed higher biomass than 

Col-0 while other trxs mutants had equivalent FW with Col-0 (Figure 14). In LD and 

low light, the biomass of trx f1, trx f2, trx x and trx m1/m2 were higher than Col-0 

(Figure 14).  However, all the trxs mutants had lower biomass than wild type in SD 

and low light with an exception for trx m1/m2 (Figure 14).  

The higher biomass phenotype for the four trxs mutants under LD and moderate light  

might be related to a difference in growth rate. To verify this, the leaf expansion 

rates in the day and night were measured for the trxs mutant lines grown under that 

condition. The relative growth rates (RGR) were not significantly different between 

all genotypes, likely because the difference in biomass at harvest between trx lines 

and Col-0 was not so high, especially considering plants grow in an exponential 

manner.  Thus growth rates were not drastically affected by the mutations and only 

slightly non-significant higher growth rates could be observed in daytime for the 

mutant lines exhibiting higher biomass than Col-0 (Figure 14) 
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Figure 12 Starch levels at ED and EN in Arabidopsis rosettes of trxs mutant 

lines and wild type under different growth conditions. (a): LD (16 h light/8 h 

dark), 160 μmol m
-2

 s
-1

 ; (b): SD (8 h light/16 h dark), 160 μmol m
-2

 s
-1

; (c): LD 

(16 h light/8 h dark), 100 μmol m
-2

 s
-1

; (d): SD (8 h light/16 h dark), 100 μmol 

m
-2

 s
-1

; (e): Starch synthesis rate of different lines grown in LD (16 h light/8 h 

dark) with an illumination of 160 μmol m
-2

 s
-1

 . Rosettes were harvested after 

21days in LD and 28 days in SD after sowing. Results are mean ±SD, n=5, P < 

0.05 (one way ANOVA, Turkey's HSD test). Different letters indicate 

significant differences between genotypes. 



Chapter 3: Sub-organellar localizations of Thioredoxin f play a regulatory role in coordinating 
different biological functions in chloroplast 

 
 

 

 70 

 

  

 

 

 

 

 

 

 

 

 

 

  Figure 13 Sucrose levels at ED and EN in Arabidopsis rosettes of Trxs mutant 

lines and wild type under different growth conditions. (a): LD (16 h light/8 h 

dark), 160 μmol m
-2

 s
-1

 ; (b): SD (8 h light/16 h dark), 160 μmol m
-2

 s
-1

; (c): 

LD (16 h light/8 h dark), 100 μmol m
-2

 s
-1

; (d): SD (8 h light/16 h dark), 100 

μmol m
-2

 s
-1

. Rosettes were harvested after 21days in LD and 28 days in SD 

after sowing. Results are mean ±SD, n=5, P < 0.05 (one way ANOVA, 

Turkey's HSD test). Different letters indicate significant differences between 

genotypes. 
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Figure 14 Rosettes biomass of Trxs mutant lines and wild type under different 

growth conditions. (a): LD (16 h light/8 h dark), 160 μmol m
-2

 s
-1

 ; (b): SD (8 h 

light/16 h dark), 160 μmol m
-2

 s
-1

; (c): LD (16 h light/8 h dark), 100 μmol m
-2

 

s
-1

; (d): SD (8 h light/16 h dark), 100 μmol m
-2

 s
-1

. Rosettes were harvested 

after 21days in LD and 28 days in SD after sowing. (e): Leaf expansion rate of 

different trxs lines grown in LD (16 h light/8 h dark) with an illumination of 

160 μmol m
-2

 s
-1

. Results are mean ±SD, n=5, P < 0.05 (one way ANOVA, 

Turkey's HSD test). Different letters indicate significant differences between 

genotypes. 
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3.2.2 TRX f and TRX m4 show constrasting localization within the chloroplasts 

As TRX f regulate not only starch metabolism but also photosynthesis (Thormahlen 

et al., 2015; Naranjo et al., 2016), we decided to determine its localization inside the 

chloroplasts, which might play an important functional role in vivo. We used 

immunogold labelling to detect and quantify the presence and distribution of 

plastidial TRXs within chloropoplasts and considered that the antibodies raised 

against pea TRX f (Hodges et al., 1994) mainly allowed detection of TRX f1 in 

Arabidopsis (Thormahlen et al., 2013). TRX f proteins were localized at two harvest 

times in LD and SD. At ZT5 (Zeitgeber time 5) in LD (5 h after dawn), the size of 

the starch granule was relatively small and nearly 89% of TRX f proteins were 

located on thylakoids with a small fraction ditributed between the stroma and starch 

granules (Figure 15). However, a partial re-localization of TRX f proteins from 

thylakoids to starch granule was observed at ZT12 in LD when the starch granules 

became larger, the stromal fraction remaining unchanged (Figure 15). In SD at ZT3 

when the starch granule size was similar with that at ZT5 in LD, TRX f still 

dominantly localized on thylakoids (around 83%), while at ZT20 in SD (after 12 h 

dark) its localization in the stromal fraction increased by 20% with an equivalent 

decrease in the thylakoids localization (Figure 15).  

To assess whether TRX f localization was common to other TRXs, we examined the 

localization of TRX m4 in the same conditions, TRX m4 showing similar protein 

level with TRX f (Okegawa and Motohashi, 2015). The distribution patterns of TRX 

m4 on thylakoids and starch granules at ZT5 in LD, ZT3 and ZT20 in SD (starch 

granules of similar sizes) were not significantly different. TRX m4 protein was 

evenly distributed between the two sub-organellar localizations while marginally 

present in the stroma (ca 2%-5% for all conditions investigated) (Figure 16). Like 

TRX f, the fraction present on the starch granules increased when granule size 

increased (at ZT12 in LD) (Figure16).  
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(b). TRX f LD-ZT5

(e). TRX f SD-ZT20(d). TRX f LD-ZT12

(c). TRX f SD-ZT3

Figure 15 Chloroplast suborganellar localizations of TRX f in Col-0 leaves 

using immuno-gold labelling and TEM. (a): Fraction of TRX f on different sub 

organelles in different conditions.  For each condition, 10 images, obtained from 

2 mature leaves, were analysed. Examples of images in different conditions are 

provided in (b), (c), (d) and (e). Starch granules were significantly larger at 

ZT12 than at ZT5 in LD. 
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(b). TRX m4 LD-ZT5 (c). TRX m4 SD-ZT3

(e). TRX m4 SD-ZT20(d). TRX m4 LD-ZT12

Figure 16 Chloroplast suborganellar localizations of TRX m4 in Col-0 leaves 

using immuno-gold labelling and TEM. (a): Fraction of TRX m4 on different sub 

organelles in different conditions.  For each condition, 10 images, obtained from 

2 mature leaves, were analysed. Examples of images in different conditions are 

provided in (b), (c), (d) and (e). Starch granules were significantly larger at ZT12 

than at ZT5 in LD. 
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3.2.3 Redox activation is not critical for the suborganellar distribution of AGPase 

within the chloroplasts 

As evidences have shown TRX f can physically interact with AGPase (Balmer et al., 

2004; Yoshida and Hisabori, 2016), we decided to localise AGPase in chloroplast. 

AGPase is a soluble protein, however, in the light only a limited fraction of AGPase 

(10%-14%) was free in the stroma, being mostly located at the surface of thylakoids 

(61%-82%) and starch granules (23%-28%) (Figure 17). In all conditions tested, no 

significant difference in localization was observed between SD and LD conditions 

(Figure 17). During the night under SD (ZT20 : 12 h darkness), the fraction of 

AGPase on starch granules decreased sharply to 4%, whith a concomitant increase in 

thylakoid localization contrasting with light conditions (Figure 17). We then 

questioned about a possible link between the light/dark re-location of AGPase within 

the chloroplasts and its redox state. AGPase is reduced in the light, which leads to its 

monomerisation and activation (Hendriks et al., 2003). Thus we could expect the 

active and monomerised AGPase to be preferentially located on starch granules. We 

grew the transgenic line adg1/APS1C81S expressing a consitutively monomerised 

AGPase and compared its location with AGPase expressed in the control line 

Adg1/APS1WT. Leaves were harvested in the dark at ZT18 in SD, when WT AGPase 

is mostly dimerised. Constitutively monomerised AGPase and WT AGPase shared 

the same location (Figure 17), suggesting that reduction of Cys81 is not responsible 

for the difference in localisation of AGPase on starch granules between day and 

night. 
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(c). AGPase LD-ZT5

(e). AGPase SD-ZT20 (f). AGPase (adj1/APS1(C81S)) SD-ZT18

(d). AGPase SD-ZT3

Figure 17 Localizations of AGPase in different chloroplast compartments using 

immune-gold labelling and TEM. (a) AGPase localization in Col-0 mature leaves 

under different conditions. (b) AGPase localization in mature leaves of 

adg1/APS1WT and adg1/APS1C81S lines at ZT18 in SD. Examples of images in 

different conditions are provided in (c), (d), (e) and (f). 
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3.2.4 TRX f form stable complexes with proteins involved in several major 

plastidial biological functions  

In order to identify the interacting targets of TRX f that corresponds to its 

localization on thylakoids, we performed co-IP with anti-TRX f antibody against leaf 

protein extracts from wild type and trx f1f2, followed by identification and 

quantification of bound proteins by LC-MS. In total, 322 proteins were identified in 

the eluate (Table 8). Among them, 26 proteins were statistically (p<0.05) more 

abundant in the pull downs of co-IP incubated with Col-0 leaf extracts than in pull 

downs of co-IP with trx f1/f2 leaf extracts (Table 8). 16 out of the 26 targets for TRX 

f are reported to be located into chloroplast (Hooper et al., 2014). 

The 16 potential interacting targets of TRX f belonged to two major functional 

categories, i.e. (1) electron transport flow (8 proteins); (2) protein metabolism (7 

proteins) (Table 8). The 8 proteins contribute to the normal function of photosystems 

assembly including 3 photosystems reaction centre proteins (AT4G21280, 

AT1G03130 and ATCG00340), 2 chlorophyll binding proteins (AT3G47470, 

AT5G01530), 1 thylakoids-anchoring protein (AT4G01050) (Juric et al., 2009), 1 

nonphotochemical quenching-related protein (AT1G44575) (Li et al., 2000), 1 

photosystems repairing protein (AT5G42270) (Sakamoto et al., 2002) (Table 8). 

Among the 7 proteins which participate into protein metabolism (Table 12), there 

were 1 protein that regulates transcription (AT3G46780) (Ingelsson and Vener, 2012; 

Majeran et al., 2012), 3 ribosomal proteins (AT1G79850, ATCG01120, and 

ATCG00770), 1 protein that has endopeptidase activity and regulates protein 

stability (AT1G73990) (Casano et al., 1994; Forsberg et al., 2005), 1 elongation 

factor (AT5G13650) and 1 translation initiation factor (AT4G35250) (Link et al., 

2012). Besides, acyl carrier protein 4 (AT4G25050), being involved in fatty acid 

biosynthesis, was also identified as potential interacting targets of TRX f.  

 



Chapter 3: Sub-organellar localizations of Thioredoxin f play a regulatory role in coordinating 
different biological functions in chloroplast 

 
 

 

 78 

 

Table 8 Lists of the identified potential interactors that form complex with TRX f 

through Co-IP and LC/MS 

  

Fold 
change p-values 

ID gene Description TRX f TRX f 

AT2G18960.1 H(+)-ATPase 1  Infinity 0.19 

AT3G55440.1 triosephosphate isomerase  Infinity 0.16 

AT4G33010.1 glycine decarboxylase P-protein 1  Infinity 0.19 

AT1G69740.1 Aldolase superfamily protein  Infinity 0.19 

AT3G53460.1 chloroplast RNA-binding protein 29 Infinity 0.16 

AT1G12900.1 glyceraldehyde 3-phosphate dehydrogenase A subunit 2  Infinity 0.19 

AT1G16080.1  unknown protein Infinity 0.19 

AT2G41090.1 Calcium-binding EF-hand family protein  Infinity 0.18 

AT1G59870.1 ABC-2 and Plant PDR ABC-type transporter family protein  Infinity 0.19 

AT1G78630.1 Ribosomal protein L13 family protein  Infinity 0.19 

AT5G66190.1 ferredoxin-NADP(+)-oxidoreductase 1  Infinity 0.19 

AT3G01390.1 vacuolar membrane ATPase 10  Infinity 0.19 

AT2G33040.1 gamma subunit of Mt ATP synthase  Infinity 0.19 

AT3G58140.1 phenylalanyl-tRNA synthetase class IIc family protein  Infinity 0.19 

AT4G10480.1 Nascent polypeptide-associated complex alpha subunit Infinity 0.19 

AT5G38430.1 Ribulose bisphosphate carboxylase small chain  Infinity 0.19 

AT2G40510.1 Ribosomal protein S26e family protein  Infinity 0.05 

AT3G04120.1 glyceraldehyde-3-phosphate dehydrogenase C subunit 1  Infinity 0.00 

AT4G21280.1 photosystem II subunit QA  221664.5 0.05 

AT5G44160.1 C2H2-like zinc finger protein 65465.2 0.19 

AT1G75350.1 Ribosomal protein L31 6767.1 0.15 

AT1G32470.1 Single hybrid motif superfamily protein 2174.9 0.19 

AT4G25050.1 acyl carrier protein 4  1224.7 0.05 

AT4G37930.1 serine transhydroxymethyltransferase 1  1029.3 0.18 

AT1G78380.1 glutathione S-transferase TAU 19  879.7 0.18 

AT1G79850.1 ribosomal protein S17  744.3 0.05 

AT5G57950.1 26S proteasome regulatory subunit, putative  731.8 0.11 

AT2G21660.1 cold, circadian rhythm, and rna binding 2  559.6 0.19 

AT4G24280.1 chloroplast heat shock protein 70-1  502.3 0.16 

AT3G02730.1 thioredoxin F-type 1  362.9 0.01 

AT1G21750.1 PDI-like 1-1  242.8 0.10 

AT5G49910.1 chloroplast heat shock protein 70-2  228.9 0.12 

AT4G02510.1 translocon at the outer envelope membrane of chloroplasts  226.3 0.15 

AT5G28540.1 heat shock protein 70 (Hsp 70) family protein  176.6 0.13 

AT3G10950.1 Zinc-binding ribosomal protein family protein  168.2 0.19 

AT4G01050.1 thylakoid rhodanese-like  151.7 0.05 

AT1G63940.1 monodehydroascorbate reductase 6  148.6 0.18 
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AT3G63490.1 Ribosomal protein L1p/L10e family  136.7 0.19 

AT1G20340.1 Cupredoxin superfamily protein 119.8 0.19 

AT2G10940.1 seed storage 2S albumin superfamily protein 116.5 0.19 

AT1G66410.1 calmodulin 4 101.5 0.18 

AT1G54780.1 thylakoid lumen 18.3 kDa protein  91.7 0.18 

AT1G03600.1 photosystem II family protein  80.9 0.16 

ATCG00720.1 photosynthetic electron transfer B 71.6 0.19 

AT5G55220.1 trigger factor type chaperone family protein  63.4 0.19 

ATCG00540.1 photosynthetic electron transfer A  62.1 0.19 

AT1G13930.1 Involved in response to salt stress.   61.4 0.18 

ATCG00750.1 ribosomal protein S11  60.5 0.19 

AT4G09320.1 Nucleoside diphosphate kinase family protein  58.0 0.16 

AT2G19730.1 Ribosomal L28e protein family  54.4 0.19 

AT1G48350.1 Ribosomal L18p/L5e family protein  51.7 0.19 

AT2G37660.1 NAD(P)-binding Rossmann-fold superfamily protein  51.4 0.19 

AT3G45030.1 Ribosomal protein S10p/S20e family protein  49.6 0.19 

AT5G20290.1 Ribosomal protein S8e family protein 46.9 0.18 

AT5G11420.1 Protein of unknown function 43.9 0.16 

AT2G13360.1 alanine:glyoxylate aminotransferase 40.8 0.19 

AT3G07110.1 Ribosomal protein L13 family protein  38.3 0.19 

AT5G22580.1 Stress responsive A/B Barrel Domain  37.8 0.19 

AT5G16400.1 thioredoxin F2  35.6 0.02 

AT1G44575.1 Chlorophyll A-B binding family protein  34.4 0.02 

AT2G18020.1 Ribosomal protein L2 family 33.3 0.19 

ATCG00580.2 edited PSBE 32.7 0.16 

ATCG00900.1 Ribosomal protein S7p/S5e family protein  32.5 0.19 

AT1G21500.1 unknown protein 32.3 0.18 

AT3G17390.1 S-adenosylmethionine synthetase family protein 30.8 0.19 

ATCG01120.1 chloroplast ribosomal protein S15  30.8 0.00 

AT4G24770.1 31-kDa RNA binding protein 29.2 0.19 

AT1G76180.1 Dehydrin family protein  28.7 0.07 

AT1G22300.1 general regulatory factor 10  28.5 0.14 

AT1G78370.1 glutathione S-transferase TAU 20  27.7 0.19 

AT4G35250.1 NAD(P)-binding Rossmann-fold superfamily protein  27.5 0.00 

AT5G02870.1 Ribosomal protein L4/L1 family  26.0 0.19 

AT5G20720.1 chaperonin 20  25.7 0.19 

AT3G50820.1 photosystem II subunit O-2  23.0 0.19 

AT3G49910.1 Translation protein SH3-like family protein  22.5 0.08 

AT5G42270.1 FtsH extracellular protease family  22.2 0.00 

AT1G18540.1 Ribosomal protein L6 family protein  22.0 0.19 

AT4G09000.1 general regulatory factor 1  20.8 0.20 

ATCG00710.1 photosystem II reaction center protein H  20.2 0.20 

AT3G20390.1 endoribonuclease L-PSP family protein  20.1 0.13 



Chapter 3: Sub-organellar localizations of Thioredoxin f play a regulatory role in coordinating 
different biological functions in chloroplast 

 
 

 

 80 

 

AT2G36530.1 Enolase 19.7 0.18 

AT3G58610.1 ketol-acid reductoisomerase  18.9 0.20 

AT1G27400.1 Ribosomal protein L22p/L17e family protein  18.8 0.13 

AT2G47730.1 glutathione S-transferase phi 8  18.3 0.20 

AT2G20580.1 26S proteasome regulatory subunit S2 1A  18.3 0.18 

AT3G02090.1 Insulinase (Peptidase family M16) protein 18.1 0.19 

AT2G09990.1 Ribosomal protein S5 domain 2-like superfamily protein  17.6 0.17 

AT3G52960.1 Thioredoxin superfamily protein  17.0 0.20 

AT2G20450.1 Ribosomal protein L14  16.6 0.15 

AT5G02450.1 Ribosomal protein L36e family protein  16.1 0.20 

AT2G17360.1 Ribosomal protein S4 (RPS4A) family protein  16.0 0.04 

AT1G71500.1 Rieske (2Fe-2S) domain-containing protein  15.4 0.11 

AT5G09810.1 actin 7  15.3 0.16 

AT1G67090.1 ribulose bisphosphate carboxylase small chain 1A  15.0 0.19 

AT3G46780.1 plastid transcriptionally active 16  14.7 0.04 

AT4G27440.1 protochlorophyllide oxidoreductase B  14.1 0.19 

AT3G27830.1 ribosomal protein L12-A  13.9 0.17 

AT1G07770.1 ribosomal protein S15A  13.1 0.13 

AT1G33120.1 Ribosomal protein L6 family  13.1 0.20 

AT3G53740.1 Ribosomal protein L36e family protein  13.1 0.16 

AT4G28750.1 Photosystem I reaction centre subunit IV / PsaE protein 12.9 0.20 

AT2G16600.1 rotamase CYP 3  12.9 0.20 

AT3G05590.1 ribosomal protein L18  12.7 0.19 

AT1G32060.1 phosphoribulokinase  12.3 0.15 

AT3G44110.1 DNAJ homologue 3 12.1 0.20 

AT2G21330.1 fructose-bisphosphate aldolase 1  11.3 0.08 

AT1G32990.1 plastid ribosomal protein l11  10.8 0.21 

AT1G49970.1 CLP protease proteolytic subunit 1  10.8 0.07 

AT3G44890.1 ribosomal protein L9  10.7 0.21 

AT1G20020.1 ferredoxin-NADP(+)-oxidoreductase 2  10.4 0.10 

AT1G03130.1 photosystem I subunit D-2  10.1 0.04 

AT5G54600.1 Translation protein SH3-like family protein 10.0 0.19 

AT1G22840.1 CYTOCHROME C-1  9.8 0.19 

AT3G59970.3 methylenetetrahydrofolate reductase 1  9.4 0.21 

AT4G32260.1 ATPase, F0 complex, subunit B/B', bacterial/chloroplast 9.2 0.21 

AT3G04790.1 Ribose 5-phosphate isomerase, type A protein  9.1 0.21 

AT5G66570.1 PS II oxygen-evolving complex 1  8.9 0.21 

AT2G43030.1 Ribosomal protein L3 family protein  8.9 0.21 

AT5G44340.1 tubulin beta chain 4  8.5 0.02 

AT5G14910.1 Heavy metal transport/detoxification superfamily protein  8.4 0.08 

AT1G15140.1 FAD/NAD(P)-binding oxidoreductase  7.9 0.18 

AT2G27710.1 60S acidic ribosomal protein family 7.9 0.22 

ATCG00490.1  ribulose-bisphosphate carboxylases  7.6 0.17 
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AT1G06950.1 translocon at the inner envelope membrane of chloroplasts 7.5 0.09 

AT1G23310.1 glutamate:glyoxylate aminotransferase 7.2 0.00 

AT5G12860.1 dicarboxylate transporter 1  7.1 0.17 

AT3G60750.1 Transketolase  7.0 0.21 

AT1G09750.1  Eukaryotic aspartyl protease family protein  6.8 0.03 

AT2G19750.1 Ribosomal protein S30 family protein 6.8 0.06 

AT5G54770.1 thiazole biosynthetic enzyme 6.6 0.20 

AT3G49010.1 breast basic conserved 1  6.4 0.09 

AT1G73990.1 signal peptide peptidase  6.3 0.01 

AT2G28900.1 outer plastid envelope protein 16-1  6.3 0.17 

AT1G01620.1 plasma membrane intrinsic protein 1C  6.0 0.01 

AT3G12780.1 phosphoglycerate kinase 1  5.7 0.14 

AT5G19760.1 Mitochondrial substrate carrier family protein  5.7 0.05 

AT3G01500.1 carbonic anhydrase 1  5.6 0.19 

AT5G56000.1 HEAT SHOCK PROTEIN 81.4  5.4 0.10 

AT4G31990.1 aspartate aminotransferase 5  5.4 0.15 

AT1G07890.1 ascorbate peroxidase 1 5.3 0.20 

AT1G58380.1 Ribosomal protein S5 family protein 5.3 0.20 

AT5G13650.1 elongation factor family protein  5.2 0.05 

AT4G03280.1 photosynthetic electron transfer C  5.2 0.06 

AT1G24020.1 MLP-like protein 423  5.1 0.20 

AT3G52380.1 chloroplast RNA-binding protein 33  5.1 0.06 

AT4G02930.1 GTP binding Elongation factor Tu family protein  5.0 0.04 

AT4G05180.1 photosystem II subunit Q-2  4.7 0.23 

AT2G19740.1 Ribosomal protein L31e family protein 4.7 0.23 

AT5G35630.1 glutamine synthetase 2  4.7 0.09 

AT3G47470.1 light-harvesting chlorophyll-protein complex I subunit A4  4.7 0.00 

AT2G07698.1 ATPase, F1 complex, alpha subunit protein  4.5 0.15 

ATCG00770.1 ribosomal protein S8 4.4 0.02 

AT3G14310.1 pectin methylesterase 3 4.4 0.10 

AT1G48030.1 mitochondrial lipoamide dehydrogenase 1  4.3 0.23 

ATCG00560.1 photosystem II reaction center protein L  3.9 0.26 

AT2G05070.1 photosystem II light harvesting complex gene 2.2  3.8 0.21 

ATCG00790.1  ribosomal protein L16  3.8 0.20 

AT4G26910.1 Dihydrolipoamide succinyltransferase  3.7 0.05 

AT1G03680.1 thioredoxin M-type 1  3.6 0.14 

AT1G78570.1 rhamnose biosynthesis 1  3.6 0.10 

ATCG00480.1 ATP synthase subunit beta  3.5 0.18 

AT3G19820.1 cell elongation protein  3.5 0.20 

AT3G59780.1 Rhodanese/Cell cycle control phosphatase superfamily  3.2 0.21 

AT2G37190.1 Ribosomal protein L11 family protein  3.2 0.18 

AT1G10630.1 ADP-ribosylation factor A1F  3.2 0.07 

AT1G49240.1 actin 8  3.2 0.03 
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AT3G63160.1  unknown protein 3.1 0.16 

AT3G08740.1 elongation factor P (EF-P) family protein 3.1 0.27 

AT1G53750.1 regulatory particle triple-A 1A  3.1 0.11 

ATCG00120.1 ATP synthase subunit alpha  3.1 0.12 

AT5G65010.1 asparagine synthetase 2  3.0 0.17 

AT4G15000.1 Ribosomal L27e protein family  3.0 0.22 

ATCG00340.1 Photosystem I, PsaA/PsaB protein 2.8 0.03 

AT5G01530.1 chlorophyll a-b binding protein CP29.1 2.8 0.04 
a 
Fold change = Normalized abundance of samples (Col-0) / Normalized abundance 

of control (the trx f1/f2 mutant); Results are mean value, n=3,; Bold numbers 

represent statistically significant t-test results (p < 0.05, Student's t-test). Protein IDs 

in bold are assigned to chloroplast (SUBA3, http://suba3.plantenergy.uwa.edu.au/) 

3.3 Discussion 

The chloroplast metabolism, in particular photosynthesis needs to be tightly 

regulated in order to cope with daily variations in light intensities and seasonal 

variation in photoperiods the plants encounter in the nature. Research in the field of 

TRX revealed their unexpected regulatory complexity in photosynthetic organisms, 

especially in the chloroplast of higher plants. Here, we focused on an important 

plastidial TRX isoform-TRX f, and investigated its potential roles in vivo in the 

regulation of chloroplast metabolism. 

3.3.1 The in vivo regulation of starch metabolism by TRX f1 is light intensity and 

photoperiod dependent 

In this study, a starch phenotype only appeared in trx f1 under LD and moderate light, 

but not under LD and low light or SD and moderate light, indicating both light time 

and light intensity can exert influences on the in vivo regulation of starch metabolism 

by TRX f1. Similarly in Naranjo et al. (2016), trx f1 didn’t have a starch phenotype 

when grown under LD at a relatively low light of 125 μmol photons m
–2

 s
-1

. 

However, trx f1 showed a starch phenotype when grown under SD with moderate 

light (160 μmol photons m
–2

 s
-1

) in Thormahlen et al. (2015). A possible explanation 

could be about use of different lamp sets or growth conditions, which might affect 

the regulatory functions of TRX f. Indeed the rosette weight and the extent of the 

decrease in ETR observed in trx f1/f2 is dependent upon light intensity (Naranjo et 

al., 2016) and a similar regulation of starch metabolism in response to marginal 
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growth differences is possible, considering that the rate of starch synthesis under SD 

with moderate light in our study (4.3 µmol eq. glc.g
-1

 FW.h
-1

, Figure 11) was 10% 

lower than in Thormahlen et al. (2015) for the same growth conditions.  

In this study, we observed decreased starch at ED in trx f1 under LD and moderate 

light but this decrease was not accompanied by a decrease in starch synthesis rate. It 

is in line with Thormahlen et al. (2015) , where the authors observed the same 

decrease in starch accumulation at ED and EN, leading to the same rate of starch 

synthesis for both trx f1 and WT (4.9 µmol eq. glc.g
-1

 FW.h
-1

). There is evidence that 

TRX f1 interacts with AGPase and regulates its redox status and monomerisation 

level (Balmer et al., 2004; Thormahlen et al., 2013; Yoshida and Hisabori, 2016). A 

stimulation of starch synthesis requires an activation of AGPase which is the key 

regulatory enzyme in the pathway of starch synthesis (Stitt et al., 2010), thus we 

expected the rate of starch synthesis to be affected in trx f1. However, the rate of 

starch synthesis was similar to WT in the aps1 mutant expressing the Escherichia 

coli redox-insensitive AGP (GlgC) in the chloroplast and in mutated APS1 

(APS1mut) lines in which the highly conserved Cys81 residue involved in the 

formation of the intermolecular disulfide bridge has been replaced by serine 

(Hadrich et al., 2012; Li et al., 2012). In contrast, lines expressing a mutant form of 

the bacterial AGPase (Glycogen C Triple Mutant) exhibiting altered allosteric 

regulation showed a strong impairment in its starch synthesis rate, and a lack of 

response to changes in photoperiods (Mugford et al., 2014). These results, together 

with this study, prompt to a major regulation of AGPase activity via allosteric 

regulation and a minor role of redox regulation in vivo for starch synthesis rate. In 

this study, the constitutively activated AGPase in adj1/APS1(C81S) line mostly 

localized on thylakoids, implying the conversion of Glc-1-P and ATP to ADP-Glc 

and PPi, the first committed step of starch synthesis catalysed by AGPase, might 

mainly take place on thylakoids. This preferred localization of AGPase would allow 

convenient access to its substrate ATP generated at the surface of 

thylakoids. Likewise, SSs which catalyse the addition of ADP-glucose to starch were 

also found to be specifically localized in chloroplast. For example, SS4 is associated 

with plastoglobules and responsible for starch initiation, SS1 are evenly distributed 
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in stroma, SS3 preferentially located in the interface between stroma and starch 

granule, SS2 is distributed mainly in stroma and marginally on thylakoids and starch. 

Nonetheless, the biological significance of the targeted suborganellar distribution of 

starch synthetic enzymes needs to be further studied. However, we could not identify 

a difference in its distribution on thylakoids between LD and SD, thus distribution of 

AGPase within the chloroplasts is unlikely a major component of the adjustment of 

starch synthesis rate to changes in photoperiods.  Moreover, TRX f is unlikely to be 

responsible for the distribution of AGPase within chloroplasts as the mutated and 

constitutively reduced APS1 in adg1/APS1WT had similar in vivo sub-organellar 

localization pattern with the native APS1 in adg1/APS1C81S.     

3.3.2 The sub-organellar localization TRX f in chloroplast is targeted and 

regulated 

Immunogold localization of TRX f within chloroplasts suggests its distribution 

within the chloroplasts in different fractions of chloroplast is targeted and regulated. 

Firstly, TRX f showed distinct sub-organellar localization pattern from TRX m4 in 

every examined condition, which suggests they have specific targets within the 

chloroplasts. Secondly, similar trends were seen for both TRX f and TRX m4 that a 

large amount of the proteins moved from thylakoids to starch granule as the starch 

granule increased in size during the light period from ZT5 to ZT12 in LD, suggesting 

starch synthesis might allow a reallocation of the proteins. Thirdly, considerable 

amount of TRX f moved from thylakoids to stroma in response to light/dark 

transition under SD. Light/dark transition leads to change in stromal pH and redox 

status which might exert influences on the association of TRX f with thylakoids. 

Relocation of proteins from stroma to thylakoid surface in response to pH and redox 

status through light/dark transition has been previously described for FNR (Alte et 

al., 2010; Vojta et al., 2012). An alkaline stromal pH in the light weakens the 

interaction between FNR and Tic62 and TROL leading to more FNR in stroma while 

the acidic stromal pH in dark strengthens the binding of FNR to Tic62 and Trol with 

more FNR recruited onto thylakoids. Moreover, FNR is bound to the thylakoids via 

TROL under dark or low light when NADPH/NADP is low, but under saturating 

light when NADP+/NADPH is high, a reduced molecule can bind to TROL and 
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generate signals to release FNR. Interestingly, TROL was also identified as a 

potential interacting target of TRX f in our co-IP experiment, but more study is 

required to verify if TROL plays a role in the binding of TRX f on thylakoids surface. 

3.3.3 TRX f affinity chromatography revealed its central role in the metabolic 

homeostasis of the chloroplast  

The TRX f interacting targets have been investigated by affinity chromatography in 

spinach leaves in previous studies (Balmer et al., 2003; Balmer et al., 2004; Yoshida 

and Hisabori, 2016). In Balmer et al. (2003), the purified recombinant mutated 

protein TRX f C49S was coupled to an affinity column in order to capture potential 

target proteins in stromal extracts by forming covalently linked heterodisulfide 

bridge. 35 proteins involved in 18 processes were identified by proteomic analysis 

including Calvin cycle enzymes and proteins involved in translation. However, 

FBPase and AGPase were not identified. In Balmer et al. (2004), wild type TRX f 

protein was used to identify stromal proteins with which it could form electrostatic 

(non-covalent) complexes, and 28 proteins involved in 11 processes were eluted. 

Among the 28 proteins, 15 proteins were overlapping with the candidates identified 

in Balmer et al. (2003). In Yoshida and Hisabori (2016), TRX-f1 mutant protein 

(Trx-f1C102S) was used to bait targets among stromal proteins, and several proteins 

previously identified were confirmed by immunoblotting, including FBPase, NADP-

MDH and AGPase. Unlike the previous approaches, anti-TRX f antibody was 

associated with the magnetic beads to capture TRX f as well as other 

macromolecules that are bound to TRX f by native interactions in leaf soluble 

protein in our co-IP experiment. We did find some Calvin Benson cycle enzymes 

and other previously established targets such as rubisco activase, GAP 

dehydrogenase, transketolase, ATP synthase subunits (Table 12), but the interactions 

between TRX f and those targets were weaker and less stable in our co-IP condition 

than the interactions between TRX f and other proteins we found statistically 

significant (Table 12). As in (Balmer et al., 2003; Balmer et al., 2004), translation, 

transcription, protein degradation and fatty acid biosynthesis were among the 

biological processes where we could identify candidate proteins. In contrast to 

Balmer et al. (2003) and Balmer et al. (2004), we also identified proteins involved in 
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photosystem assembly, likely because those studies were performed using stromal 

extracts. However, there is evidence that TRX f regulates electron transport chain in 

chloroplasts (Naranjo et al., 2016). Overall, our results suggest that TRX f has a 

wider range of roles beyond the regulation of electron transport rate and enzymes of 

the Calvin Benson cycle, being also possibly involved in the regulation of translation.        
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4.1 Introduction 

4.1.1 Insulin-binding proteins exist in plant species  

The basic 7S globulin (Bg) is a cysteine-rich glycoprotein being found in soybean 

seeds, which consists of two groups of polypeptides (27 kDa and 16 kDa) linked by 

disulfide bounds (Komatsu and Hirano, 1991). Both Bg found in soybean and Bg-

like proteins found in azuki-bean, cowpea, lupin and mung bean have been reported 

to bind to insulin and insulin-like growth factors (IGFs) (Komatsu and Hirano, 1991). 

The 16kDa subunit of Bg possesses protein kinase activity, and the 27kDa subunit of 

Bg has sequence similarity in the cysteine-rich domain at the N -terminal region with 

the ɑ subunit of insulin receptor (Komatsu et al., 1994). In vivo visualization of Bg 

by immuno-gold labelling suggested Bg was a cell wall protein in soybean (Glycine 

max) cotyledons (Nishizawa et al., 1994). A peptide of 37 amino acids named 

leginsulin was identified in germinating soybean radicles for competing with insulin 

for binding Bg (Watanabe et al., 1994). Moreover, reduced form of leginsulin could 

dramatically stimulate Bg phosphorylation activity (Watanabe et al., 1994). Full 

cDNA analysis suggested Leginsulin is part of a precursor polypeptide which 

consisted of a putative signal peptide, the leginsulin, a linker peptide, a 6-kDa 

peptide and a C-terminal peptide (Watanabe et al., 1994). The sequence of leginsulin 

is highly similar with Pea seeds 2S Albumin (PA1b) peptide with conservation of six 

cysteine residues, but not with insulin or insulin growth factors (Higgins et al., 1986; 

Watanabe et al., 1994). Besides, the sequences of the precursors of leginsulin and 

PA1b are also conserved in the region of the 6KDa peptide (Higgins et al., 1986; 

Watanabe et al., 1994). Carrot callus transformed with the 4-KDa leginsulin gene 

showed accelerated cell growth and differentiation (Yamazaki et al., 2003). PA1b 

was found in porcine intestine, and subsequent in vitro proteolysis study confirmed 

PA1b resists cleavage by pepsin, trypsin and Glu-C protease (Dun et al., 2007). 

Injection of PA1b and its isoform PA1F into normal or type I diabetic mice 

significantly elevated the blood glucose level within 20 mins (Dun et al., 2007; Dun 

et al., 2008). PA1b was also found to bind to a 34 KDa membrane protein of voltage-

dependent anion-selective channel protein 1 from porcine (Dun et al., 2007), which 

is involved in energy homeostasis on outer mitochondrial membrane (Blachlydyson 
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et al., 1993) and functions as an NADH-ferricyanide reductase in plasma membrane 

(Lawen et al., 2005). Another study reported that oral administration of PA1b can 

potentially strengthen insulin receptor signalling pathway in the skeletal muscle of 

high-fat-diet-induced diabetic mice, suggesting that PA1b can not only bind to 

insulin but also interact with insulin downstream targets (Lu et al., 2012). Another 

peptide called vglycin which has been isolated from pea seeds and shares structural 

homology with PA1b and leginsulin can positively activate the insulin signalling 

pathway and promote the restoration of insulin-secreting pancreatic β-cells in both 

type 1 diabetic rats and type 2 diabetic mice (Jiang et al., 2015). Moreover, PA1b has 

been found to be a toxin lethal to certain insects by binding and inhibiting the proton 

channel of V-ATPase (Gressent et al., 2011). The three-dimensional structure of 

PA1b and Leginsulin suggested they belong to the inhibitor cystine-knot (ICK) 

family, which is characterised by triple-stranded antiparallel β-sheet linked by a 

cystine-knot motif composed of three disulfide bridges, this motif exhibiting a 

remarkable stability and a high resistance to proteases (Hanada et al., 2003; 

Jouvensal et al., 2003; Kolmar, 2009). ICK family proteins have been recently 

identified in several plant species and display various biological activities including 

insecticidal, antimicrobial, hemolytic and cytotoxic activities (Molesini et al., 2016; 

Weidmann and Craik, 2016). Immunoassays have shown insulin-binding proteins of 

around 6kDa also exist in Spinach leaves and Lemna gibba G3 (Collier et al., 1987). 

However, ICK family proteins or insulin-binding proteins have not been identified in 

Arabidopsis.  

4.1.2 Brief description of this study 

In this chapter, we took three approaches to find new regulators of starch synthesis. 

(1) We hypothesized that insulin-binding proteins could be present in Arabidopsis, 

and might be involved in the regulation of carbon metabolism. So we firstly 

performed co-IP with anti-Insulin antibody (Guinea pig polyclonal to insulin) 

followed by LC/MS to identify insulin-interacting targets among Arabidopsis leaf 

soluble proteins, and then tested if the mutants deficient in the potential interactors 

identified have a starch phenotype. (2) As kinase cascades constitute the core of 

insulin regulation of glycogen synthesis, and that some starch synthetic enzymes 
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(AGPase, SS3 and GWD) are likely to be regulated via phosphorylation (Kotting et 

al., 2010), we also screened among mutants lacking plastidial kinases for starch 

phenotype. (3) Starch synthesis regulators are likely associated with starch granules, 

so we isolated intact starch granules and then identified potential proteins bound to it 

via LC-MS, and then screened starch phenotypes of mutants for the proteins 

identified.    

4.2 Results:  

4.2.1 Potential insulin-interacting targets in Arabidopsis leaves 

Attempt of finding insulin homologue and its interactors in plants by performing Co-

IP with anti-insulin antibody and LC-MS resulted in 33 potential targets (Table 9). 

Since the molecular weight of the unidentified insulin homologue in spinach is 

around 6kDa (Collier et al., 1987), the matching protein in the targets list was 

AT5G15970 (stress-responsive protein KIN2) which is located in cytosol and 

nucleus (Tanz et al., 2013; Hooper et al., 2014) (Table 9). However, the protein 

sequence of KIN2 is not abundant in cysteine residue which is a major characteristic 

of insulin homologues. Moreover, the identified insulin homologues in plants exhibit 

a strong resistance to proteases and would have probably resisted the digestion step 

before LC/MS. So KIN2 is unlikely to be an insulin homologue in Arabidopsis, but 

might be a downstream kinase of insulin homologue signalling pathway. 

Interestingly, we observed a hypothetical protein of AT1G21500 which resembles 

phosphatidylinositol 3-kinase class IA (PI3K class IA) and locates in chloroplast 

(Tanz et al., 2013; Hooper et al., 2014) (Table 9). Class IA PI3Ks catalyse the 

reaction phosphatidylinositols-4,5-bisphosphate (PI(4,5)P2) to phosphatidylinositols-

3,4,5-triphosphate (PI(3,4,5)P3). This class of PI3Ks can be activated by insulin 

receptor substrate proteins (IRS) in mammals and play critical roles in insulin 

regulation of glycogen synthesis and glucose uptake (Ruderman et al., 1990; Asano 

et al., 2007). We also noticed AT4G20260 among the targets list that encodes a 

protein called plasma-membrane associated cation-binding protein 1 (PCAP1) (Table 

9). PCAP1 is associated with plasma membrane via N-myristoylation and can 

interact with both phosphatidylinositol phosphates and calmodulin, and its 

interaction with calmodulin can weaken the interaction with phosphatidylinositol 
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phosphates (Nagasaki et al., 2008). Considering the localization of PCAP1 on 

plasma membrane, this protein could be the potential receptor of insulin homologues 

in Arabidopsis.  

We then examined the starch and sucrose levels at ED and EN in the knockout of 

these three genes PCAP1, KIN2 and PI3KIA. Unfortunately, pcap1 and kin2 didn’t 

show any difference from wild type for starch and sucrose levels at ED and EN 

(Figure 19). The sucrose contents at both ED and EN in pi3kIA were equivalent to 

wild type (Figure 19). However, the starch level at ED in pi3kIA was decreased 

while starch at EN remained unchanged compared with wild type (Figure 19). 

Table 9 Targets lists of Co-IP with anti-insulin antibody against Arabidopsis leaf 

extracts after identification by LC/MS 

Accession Description 
Fold 

change 

AT3G45140 lipoxygenase 2 29 

ATCG00680 photosystem II reaction center protein B 29 

AT1G07920 GTP binding Elongation factor Tu family protein 56 

ATCG00120 ATP synthase subunit alpha 72 

AT4G21280 photosystem II subunit QA 78 

AT5G15970 stress-responsive protein (KIN2) 461 

AT3G09440 Heat shock protein 70 family protein 821 

AT4G20260 plasma-membrane associated cation-binding protein 1 16657 

AT1G21500 phosphatidylinositol 3-kinase complex class IA Infinity 

ATCG00020 photosystem II reaction center protein A Infinity 

ATCG00340 Photosystem I reaction center subunits Infinity 

AT2G20260 photosystem I subunit E-2 Infinity 

AT4G02770 photosystem I subunit D-1 Infinity 

AT4G33010 glycine decarboxylase P-protein 1 Infinity 

AT3G26650 glyceraldehyde 3-phosphate dehydrogenase A subunit Infinity 

AT4G38970 fructose-bisphosphate aldolase 2 Infinity 

AT3G23810 S-adenosyl-l-homocysteine (SAH) hydrolase 2 Infinity 

AT1G22450 cytochrome C oxidase 6B Infinity 

AT5G54770 thiazole biosynthetic enzyme Infinity 

AT1G14980 chaperonin 10 Infinity 

AT1G52690 Late embryogenesis abundant protein Infinity 

AT1G76180 Dehydrin family protein Infinity 

AT1G20450 Dehydrin family protein Infinity 

AT2G42540 cold-regulated 15a Infinity 

AT1G62480 Vacuolar calcium-binding protein-related Infinity 
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AT2G21870 Probable ATP synthase Infinity 

AT2G37220 RNA-binding (RRM/RBD/RNP motifs) family protein Infinity 

AT2G21660 cold, circadian rhythm, and rna binding 2 Infinity 

AT1G62750 Translation elongation factor EFG/EF2 protein Infinity 

AT5G54600 Translation protein SH3-like family protein Infinity 

AT1G31812 acyl-CoA-binding protein 6 Infinity 

AT5G50920 CLPC homologue 1 Infinity 

AT3G10860 Cytochrome b-c1 complex, subunit 8 protein Infinity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 18 Genotyping of pi3kIA, pcap1 and kin2 mutants. (a): Lane 1, ladder; lane 2, 

PI3KIA Col-0 allele; lane 3-4-5-6, PI3KIA alleles from individual pi3kIA seedlings; 

lane 7, PCAP1 Col-0 allele; lane 8 PCAP1 allele from pcap1 mutant. (b): Lane 1, 

KIN2 Col-0 allele; lane 2, KIN2 allele from kin2 mutant; lane 3, ladder. 
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Figure 19 Starch (a) and sucrose levels (b) in wild type and mutants defective in 

potential insulin antibody-responsive proteins. Plants were grown in LD (16 h light/8 

h dark) with an illumination of 150 μmol m
-2

 s
-1

. Whole rosettes were harvested 20 

days after sowing, before bolting. Results are mean ±SD, n=3, P < 0.05 (one way 

ANOVA, Turkey’s HSD test). 
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4.2.2 Screening of starch phenotype from mutants lacking kinases and clock 

component 

Several starch synthesis enzymes in Arabidopsis leaves are phosphoproteins 

(Heazlewood et al., 2008; Lohrig et al., 2009), implying that kinases and 

phosphatases could participate in the regulation of starch metabolism. Besides, 

several key clock component mutants display starch phenotype (Graf et al., 2010; 

Yazdanbakhsh et al., 2011; Mugford et al., 2014). In this part, we selected 9 kinases, 

and ordered their knockout mutants, in addition to one clock mutant (CKB3) which 

had not previously be checked for its starch phenotype (Table 10). Among the 9 

kinases, 6 are predicted to be chloroplastic, but the plastidial localization for 

mitogen-activated protein kinase kinases 4 (MKK4) is controversial (Bayer et al., 

2012). The Arabidopsis thaliana protein kinase PDK1 is a homologue of the 

mammalian 3-phosphoinositide-dependent protein kinase-1 (PDK1), whose 

signalling pathway (PDK1-PKB-GSK3) play essential roles in glucose homoeostasis 

and glycogen synthesis in liver and heart (Deak et al., 1999; Mora et al., 2005; Mora 

et al., 2005). A Ca
2+

-dependent protein kinase (CDPK2) in Toxoplasma gondii plays 

critical roles in amylopectin synthesis and degradation which implies possible link 

between Ca
2+

 signalling and starch metabolism (Uboldi et al., 2015). CDPK-2 in 

Arabidopsis is located in cytosol and nucleus, and PDK1 is found in nucleus (Tanz et 

al., 2013; Hooper et al., 2014). None of the mutants exhibited retarded growth, and 

cpck2 even accumulated more biomass than wild type (Figure 21). Both cpck2 and 

ndpk2 showed starch phenotype (Figure 21). Starch levels at ED were significantly 

lower than wild type in cpck2 and ndpk2 mutants, but only ndpk2 mutant was 

statistically lower for starch at EN, indicating cpCK2 but not NDPK2 affect starch 

turnover (Figure 21). The other mutants had no difference from wild type for starch 

levels at both ED and EN (Figure 21).   

We then performed a metabolite profiling analysis by GC-TOF MS of cpck2 and 

ndpk2 at ED to investigate if there were other metabolites that experienced changes 

compared to WT (Table 11). A few compounds involved in amino acid metabolism 

were dramatically down regulated in both cpck2 and ndpk2, namely 2methylmalate, 

homoserine, isoleucine, leucine, lysine, phenylalanine, threonine, and valine (Table 

11). Besides, arginine was only decreased in ndpk2 while glycine was only lower in 
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cpck2 (Table 11). Interestingly, glucose, fructose and sucrose but not glucose-1-

phosphate were significantly reduced in both cpck2 and ndpk2 (Table 11). Moreover, 

succinate levels, which is a metabolite involved in TCA cycle, also decreased in both 

cpck2 and ndpk2 (Table 11). In cpck2, several other compounds were also down-

regulated by the mutation, such as ethanolamine, a product of serine decarboxylation 

involved in lipid metabolism, beta-alanine, putrescine and spermidine which are 

polyamines involved in the regulation of growth and responses to stresses 

(Takahashi and Kakehi, 2010; Liu et al., 2015) (Table 11).  

Table 10 Information about the selected chloroplast-distributed kinases and other 

relevant mutants used for starch phenotype screen 

Name AGI code Localization function 

CKB3 At3g60250 nucleus 
cytosol 

Regulatory (beta) subunit 3 of the protein kinase 
CK2. Phosphorylate central clock components 
CCA1/LHY and affect their DNA binding ability. 

cpCK2 At2g23070 chloroplast protein serine/threonine kinase activity 
RP1 At4g21210 chloroplast protein kinase and phosphatase 

activity on pyruvate, orthophosphate dikinase 
(PPDK) 

CIPK13 At2g34180 Chloroplast protein serine/threonine kinase activity; 
calcium-dependent signal transduction 

AGC2-3 At1g51170 Chloroplast Regulates planar growth during integument 
development in the ovule. Mutants exhibit 
ectopic growth in filaments and petals, as well 
as aberrant embryogenesis. 

NDPK2 At5g63310 Chloroplast 
 

auxin-activated signalling pathway, red/far-red 
light phototransduction, response to UV, 
response to hydrogen peroxide 

CSK At1g67840 chloroplast Sense redox signal to adjust the transcription of 
chloroplast genes 

CDPK-2 At1g35670 Cytosol 
nucleus  

Encodes a Ca(2+)-dependent, calmodulin-
independent protein kinase that is rapidly 
induced by drought and high-salt stress but not 
by low-temperature stress or heat stress. 
Positive regulator of ABA signaling. 
Phosphorylates ABA responsive transcription 
factors ABF1 and ABF4. Loss of CDPK2 results in 
starch hyperaccumulation  in Toxoplasma 
parasites. 

MKK4 At1g51660 chloroplast 
stroma 
cytoplasm 
nucleus 

involved in innate immunity redundantly with 
MKK5 
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PDK1 AT5G04510 Intracellular 
nucleus 

homologue of the mammalian 3-
phosphoinositide-dependent protein kinase-1 
(PDK1).  Involved in lipid-signalling pathway. 
Interact with AGC2-1 kinase, and regulate a role 
in growth and cell division . 

 

 

Figure 20 Genotyping of kinases and clock component mutants. (a): Lane 1, ladder; 

lane 2, CKB3 Col-0 allele; lane 3, CKB3  allele from ckb3 mutant; lane 4, cpCK2  

Col-0 allele; lane 5, cpCK2  allele from cpck2 mutant; lane 6, RP1  Col-0 allele; lane 

7, RP1 allele from rp1 mutant; lane 8, CIPK13  Col-0 allele; lane 9, CIPK13 allele 

from cipk13 mutant; lane 10, AGC2-3  Col-0 allele; lane 11, AGC2-3 allele from 

agc2-3 mutant; lane 12, CSK Col-0 allele; lane 13, CSK allele from csk mutant. (b): 

Lane 1, ladder; lane 2, CDPK2  Col-0 allele; lane 3, CDPK2 allele from cdpk2 

mutant; lane 4, MKK4 Col-0 allele; lane 5, MKK4 allele from  mkk4 mutant; lane 6, 

PDK1 Col-0 allele; lane 7, PDK1 allele from pdk1 mutant. (c): Lane 1, ladder; lane 

2, NDPK2 Col-0 allele; lane 3, NDPK2 allele from ndpk2 mutant. 

 

(a) 

(b) (c) 
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Figure 21 Biomass (a) and starch levels (b) in selected kinases mutants and wild 

type. Plants were grown in LD (16 h light/8 h dark) with an illumination of 150 

μmol m
-2

 s
-1

. Whole rosettes were harvested 18 days after sowing, before bolting. 

Results are mean ±SD, n=3, P < 0.05 (one way ANOVA, Turkey’s HSD test). 
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Table 11 Metabolites levels at ED in cpck2 and ndpk2 mutants and wild type 

Metabolites at ED Col-0  ndpk2  cpck2  

Amino acid metabolism 

Alanine 1.61±0.53a 1.53±0.14a 2.11±0.34a 

beta-Alanine 0.91±0.08a 0.73±0.11ab 0.67±0.02b 

allo-Threonine 0.72±0.24a 0.5±0.05a 0.49±0.04a 

Arginine 0.86±0.14a 0.52±0.13b 0.58±0.12ab 

Asparagine 0.67±0.29a 0.37±0.02a 0.39±0.02a 

Aspartate 0.83±0.15a 0.66±0.07a 0.76±0.11a 

GABA 0.77±0.21a 0.62±0.06a 0.53±0.04a 

Glutamate 0.76±0.21a 0.51±0.03a 0.56±0.01a 

Glycerate 1.14±0.14a 1.5±0.2a 1.29±0.11a 

Glycine 0.97±0.03a 0.91±0.1a 0.63±0.03b 

Guanidine 0.61±0.43a 0.59±0.88a 0.05±0.05a 

Homoserine 1.1±0.09a 0.77±0.11b 0.7±0.16b 

Isoleucine 1.03±0.02a 0.82±0.09b 0.67±0.05c 

leucine 0.95±0.04a 0.63±0.06b 0.61±0.05b 

lysine 0.97±0.06a 0.84±0.04b 0.77±0.04b 

Methionine 0.75±0.22a 0.41±0.16a 0.52±0.13a 

OAS 1.4±0.36a 1.61±0.35a 1.12±0.15a 

ornithine 0.73±0.24a 0.42±0.06a 0.45±0.06a 

Phenylalanine 1.03±0.04a 0.88±0.06b 0.86±0.08b 

Proline 0.58±0.37a 0.19±0.08a 0.11±0.05a 

Serine 1.02±0.03a 0.89±0.08a 0.73±0.03b 

Threonine 1.1±0.1a 0.69±0.09b 0.58±0.06b 

Tryptophan 0.69±0.27a 0.42±0.06a 0.36±0.05a 

Tyrosine 0.62±0.34a 0.42±0.07a 0.4±0.11a 

Urea 0.72±0.24a 0.58±0.19a 0.44±0.04a 

Valine 1.08±0.07a 0.82±0.09b 0.83±0.04b 

Carbohydrate metabolism 

1,6-hydro-glucose 1.24±0.2a 1.6±0.17a 1.28±0.12a 

Fructose 1.13±0.12a 0.51±0.05b 0.6±0.03b 

Glucose 1.11±0.1a 0.75±0.06b 0.58±0.04b 

Glucose-1-phosphate 1.06±0.05a 1.18±0.1a 1.02±0.09a 

Maltose 1.08±0.08a 1.16±0.11a 1.06±0.07a 

Sucrose 0.84±0.14a 0.57±0.07b 0.58±0.04b 

Erythritol 1.19±0.17a 1.24±0.19a 1.07±0.07a 

Erythronate 1.02±0.17a 0.86±0.09a 0.94±0.13a 

Galactinol 1.4±0.35a 1.37±0.12a 1.55±0.38a 

Galactonicacid-1,4-lactone 1.28±0.26a 1.31±0.12a 1.24±0.09a 

Galactose 1.32±0.28a 1.4±0.16a 1.35±0.14a 

myo-Inositol 1.04±0.04a 0.94±0.09a 1.07±0.06a 

Raffinose 0.83±0.16a 0.64±0.13a 0.94±0.16a 
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Trehalose 0.77±0.2a 0.58±0.06a 0.51±0.05a 

Redox regulation 

Ascorbate 0.69±0.27a 0.51±0.06a 0.51±0.15a 

Dehydroascorbate dimer 0.8±0.18a 1.31±0.23a 0.95±0.28a 

Pyroglutamate 0.74±0.23a 0.48±0.03a 0.66±0.11a 

Threonate 2.15±1.05a 2.06±0.43a 2.57±0.33a 

TCA cycle 

Citrate 0.83±0.16a 0.83±0.13a 0.76±0.21a 

2methylmalate 0.94±0.09a 0.72±0.1b 0.71±0.04b 

Fumarate 0.68±0.27a 0.43±0.04a 0.41±0.03a 

Succinate 0.87±0.12a 0.64±0.07b 0.62±0.04b 

Lipid metabolism 

Ethanolamine 0.9±0.08a 0.75±0.06a 0.51±0.03b 

Glycerol 0.61±0.33a 0.37±0.04a 0.33±0.02a 

Glycerol-3-phosphate 0.53±0.41a 0.24±0.03a 0.27±0.03a 

Octadecanoate 0.61±0.34a 0.34±0.03a 0.35±0.02a 

Palmitate 0.66±0.3a 0.43±0.04a 0.42±0.02a 

Secondary metabolism    

3,4-dihydroxybenzoate 0.71±0.25a 0.54±0.08a 0.57±0.02a 

4-hydroxy-benzoic acid 0.61±0.34a 0.41±0.08a 0.44±0.04a 

Benzoate 0.64±0.31a 0.4±0.05a 0.4±0.03a 

Benzylalcohol 0.6±0.34a 0.32±0.04a 0.34±0.03a 

Sinapicacid 0.76±0.21a 0.55±0.04a 0.55±0.03a 

Others     

Nicotinate 0.74±0.23a 0.57±0.03a 0.59±0.05a 

Pyruvate 0.56±0.38a 0.33±0.04a 0.23±0.05a 

5,6-dihydrouracil 0.53±0.41a 0.25±0.07a 0.24±0.02a 

Ribulose-5-phosphate 0.76±0.21a 0.56±0.1a 0.59±0.1a 

Putrescine 1.2±0.2a 1.1±0.1a 0.61±0.19b 

Spermidine 0.94±0.06a 0.81±0.09ab 0.62±0.11b 

Glycolate 0.78±0.19a 0.74±0.18a 0.57±0.02a 

Phosphorate 0.7±0.27a 0.53±0.09a 0.52±0.08a 

Results are mean ±SD, n=3, P < 0.05 (one way ANOVA, Turkey’s HSD test). 
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4.2.3 Investigation of starch synthesis regulators among potential starch granule 

associated targets  

The selection of the potential starch-granule associated proteins was based on 

previous literature and their abundance on purified starch granules obtained from 

leaves harvested at ED (Table 12). Apart from known starch synthesis enzymes, we 

identified several proteins which might be involved in starch metabolism according 

to previous studies (Lu and Christopher, 2006; Schroder et al., 2011; Han et al., 

2012). The localization of PROTEIN DISULPHIDE ISOMERASE (PDIL1-3) was 

reported on starch granule in Arabidopsis (Lu and Christopher, 2006). The failure to 

express a protein DISULPHIDE ISOMERASE-LIKE PROTEIN (PDIL1-1) results 

in a floury endosperm and an endoplasmic reticulum stress response in rice (Han et 

al., 2012). EXORDIUM-LIKE 1 (EXL1) promotes growth during low carbon 

availability in Arabidopsis thaliana (Schroder et al., 2011). We tested six mutants of 

the potential starch granule bound proteins we identified, and none of them showed 

impairment of starch and sucrose at ED (Figure 22). We excluded AT5G65250.1 for 

the determination of starch synthesis rate as the seeds we ordered did not show 

mutation for that gene (Figure 23).  

 

Table 12 Identification of potential starch granule-associated proteins by LC-MS 

Accession Peptide 

count 

Unique 

peptides 

 Normalized 

abundance 

AT1G32900.1 25 25 granule-bound starch synthase 1 38278868 

AT3G26060.1 12 12 peroxiredoxin Q 9086287 

AT3G01180.1 21 21 starch synthase 2 2034410 

AT3G55760.1 15 15 unknown protein. chloroplast 1873299 

AT5G24300.1 11 11 starch synthase 1 480722 

AT5G03650.1 9 9 starch branching enzyme 2.2  309808 

AT1G42430.1 4 4 unknown protein. Chloroplast 159785 

AT2G32920.1 3 3 PDI-like 2-3 98989 

AT5G09440.1 2 1 Exordium like 4 48199 

AT4G11010.1 3 3 nucleoside diphosphate kinase 3  48019 

AT1G67700.1 2 2 unknown protein. chloroplast 39731 

AT3G01670.1 1 1 unknown protein. chloroplast 15574 

AT5G64260.1 3 2 EXORDIUM like 2  9009 

AT5G65250.1 1 1 unknown protein. chloroplast 7777 

Plants were grown in LD (16 h light/8 h dark) with an illumination of 150 μmol m
-2
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s
-1

. Whole rosettes were harvested at ED 18 days after sowing, before bolting. 

Proteins which have been checked for starch phenotype are labeled in bold. 
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(c) 

(a) 

Figure 22 Genotyping of mutants of potential starch granule-bound proteins. (a): 

Lane 1, ladder; lane 2, EXL4 Col-0 allele; lane 3, EXL4  allele from exl4 mutant; lane 

4,  NDPK3  Col-0 allele; lane 5, NDPK 3 allele from ndpk3 mutant; lane 6,  

AT1G67700  Col-0 allele; lane 7, AT1G67700 allele from the mutant impaired in 

AT1G67700; lane 8, AT3G01670  Col-0 allele; lane 9, AT3G01670  allele from the 

mutant impaired in AT3G01670; lane 10, ladder. (b): Lane 1, ladder; lane 2, PDIL2-3  

Col-0 allele; lane 3, PDIL2-3 allele from pdil2-3 mutant; lane 4,  AT5G65250  Col-0 

allele; lane 5, AT5G65250 allele from the mutant impaired in AT5G65250. (c): Lane 

1, ladder; lane 2, PRX Q  Col-0 allele; lane 3, PRX Q allele from prx Q mutant. 
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Figure 23 Sucrose (a) and starch (b) in mutations of potential starch granule-

bound proteins and wild type. Plants were grown in LD (16h light/8h dark) with 

an illumination of 150 μmol m
-2

 s
-1

. Whole rosettes were harvested 20 days after 

sowing, before bolting. Results are mean ±SD, n=3, P < 0.05 (one way ANOVA, 

Turkey’s HSD test). 
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4.3 Discussion 

We didn’t find potential insulin homologues in our pull down assay with insulin 

antibodies, and the reason might be that candidates couldn’t be digested by proteases, 

which is necessary for LC/MS analyses. Indeed, we would expect insulin 

homologues to be proteins that belong to cysteine-knot (ICK) fold family, which 

tend to be proteolysis-resistant (Hanada et al., 2003; Jouvensal et al., 2003; Dun et 

al., 2007; Kolmar, 2009). However, we observed a starch phenotype in pi3kIA 

defective of AtPI3KIA which is the homologue of PI3KIA in mammal involved in 

insulin signalling pathway for the regulation of glycogen synthesis, but not in 

mutants of other glycogen regulator homologues such as AtPDK1. AtPI3KIA is a 

hypothetical protein, predicted to be localised in Arabidopsis chloroplasts, and its 

function in chloroplast is currently unknown.  

The chloroplast kinome is currently poorly studied, and only 13 chloroplast-localized 

protein kinases in Arabidopsis have been confirmed (Bayer et al., 2012). We didn’t 

include some already described plastidial kinases like thylakoid protein kinases 

(TAK1, At4g02630), activity of bc1 complex kinase 1, 2, 3 (ABC1K1, At1g71810; 

ABC1K2, At1g79600; ABC1K3, At4g31390), state transition 7, 8 (STN7, STN8), 

putative protein kinase (PPK, At5g16810) in this study. The reason is they have been 

reported to have functions and/or localizations that would exclude them from a 

potential role in the regulation of starch synthesis. TAK1 antisense transgenic lines 

reduced the phosphorylation of light-harvesting complex proteins and showed loss of 

photosynthetic state transitions (Snyders and Kohorn, 2001). Plastidial ABC1K 

family proteins are associated with plastoglobules, and are involved in prenyl-lipid 

metabolism, stress response and thylakoid remodelling (Lundquist et al., 2013; 

Martinis et al., 2013). STN7 and STN8 are located on thylakoids, and STN7 play 

roles in LHCII phosphorylation and photosynthetic state transitions while STN8 is 

responsible for phosphorylation of PSII core proteins (Bonardi et al., 2005).  

Among the kinases we selected, two plastidial kinases of cpCK2 and NDPK2 exert 

influences on starch synthesis. cpCK2 has been reported to phosphorylate several 

substrates functioning in plastidial transcription and photosynthesis (Pesaresi et al., 

2009; Reiland et al., 2009), and is involved in retrograde signalling in response to 



Chapter 4: Three plastidial kinases are involved in starch synthesis regulation in Arabidopsis leaves 

 
 

 

 104 

 

ABA and heat stress (Wang et al., 2014) . The chloroplastic protein NDPK2 is 

phosphorylated and activated by phytochromes (Choi et al., 1999; Shen et al., 2005), 

and recent studies have suggested roles in development of the photosynthetic 

function of leaves and regulation of oxidative stress responses (Dorion and Rivoal, 

2015). Interestingly, despite that cpCK2 and NDPK2 regulate photosynthesis, we 

didn’t observe an impaired growth phenotype in the cpck2 and ndpk2 mutants, 

suggesting that there are other plastidial proteins that function redundantly with 

cpCK2 and/or NDPK2, or that cpCK2 and NDPK2 may play minor roles in vivo in 

the regulation of photosynthesis under our growth conditions. Not only starch 

amounts were decreased in cpck2 and ndpk2, but also several other metabolite 

classes were altered in abundance, including amino acids, carbohydrates, succinate, 

lipids and polyamines. Indeed, the levels of amino acids arginine, isoleucine, leucine, 

lysine, threonine, phenylalanine and valine decreased in cpck2 and/or ndpk2. These 

amino acids are mainly synthesized in chloroplasts (Kirk and Leech, 1972; 

Schulzesiebert et al., 1984; Galili, 1995; Widhalm et al., 2015; Winter et al., 2015), 

thus indicating cpCK2 and NDPK2 likely regulate plastidial amino acid synthesis 

pathways. Both plastidic and mitochondrial pathways exist in plant for serine 

biosynthesis (Ho et al., 1999). And Serine is involved in the biosynthetic pathway of 

Ethanolamine (Mudd and Datko, 1989), which is known to be formed in cytosol 

(Kwon et al., 2012). We actually observed notable concurrent decreases in both 

Serine and Ethanolamine in cpck2 but not in ndpk2. Arginine is an important 

substrate used for polyamine synthesis including Spermidine and Putrescine (Kumar 

et al., 1997). Arginine decarboxylase (ADC), a key enzyme in Spermidine and 

Putrescine biosynthetic pathway, is specifically localized in chloroplast (Walden et 

al., 1997), raising a possibility that cpCK2 function in modulating the ADC activity 

and knockout of cpCK2 leads to the down-regulation of Spermidine and Putrescine. 

There are multiple routes to produce ẞ-Alanine, one being through polyamine 

oxidation (Raman and Rathinasabapathi, 2004). In accordance with the decreased 

polyamine, which serves as a substrate to produce ẞ-Alanine, a decrease of ẞ-

Alanine was also observed in cpck2. Knockout of cpCK2 also showed a decline in 

the amount of glycine, which is synthesized in peroxisome and degraded in 

mitochondria, but originates largely from photorespiration (Naik and Singh, 1980). 
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The glycine metabolism is closely linked to the intermediates of the TCA cycle 

(Igamberdiev and Eprintsev, 2016). Indeed, we observed lower accumulation levels 

of dimethyl-malate and succinate involved in TCA cycle in cpck2. In fact, we 

observed a general down-regulation of most carbon pools such as glucose, fructose, 

sucrose and starch in addition to dimethyl-malate and succinate in both cpck2 and 

ndpk2. While one possibility is cpCK2 and NDPK2 can affect carbon assimilation, It 

is  also plausible that cpCK2 and NDPK2 can regulate carbon partitioning via 

modulating starch synthetic enzymes activities and transporters abundance located 

on plastidial membrane, which have been detected as phosphorylated forms of 

proteins in vivo in Arabidopsis (Kotting et al., 2010). Taken together, plastidial 

cpCK2 and NDPK2 may regulate primary carbon metabolism and amino acids 

synthesis.  

We didn’t test AT1G42430 and AT3G55760 in this study as they were recently 

published in Feike et al. (2016) as early starvation1 (ESV1) and LESV (like ESV1) 

respectively. ESV1 and LESV are located in stroma and also bound into starch 

granules, and are proposed to function in the organization of the starch granule 

matrix (Feike et al., 2016). Altogether, we didn’t observe any interesting novel 

targets displaying a starch phenotype by LC-MS analysis of starch granule-

associated proteins. One possible reason is that the intact starch granules we isolated 

were contaminated by other plant cell structures, as a large amount of cell wall 

proteins were identified, which increased the challenge to find the correct starch-

granule proteins. The other explanation is that the regulatory proteins of starch 

metabolism don’t have strong binding on starch granules and were washed out 

during the lysis and wash procedure.     

Altogether, we concluded that chloroplastic kinases are involved in the regulation of 

starch synthesis, PI3KIA and cpCK2 affecting starch synthesis rate and NDPK2 

regulating starch accumulation level. 
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5.1 Plant material and growth conditions  

The Arabidopsis plants including wild types and mutants were grown on a mixture 

of peat and vermiculite and perlite (5:1:1). Growth regimes include different 

irradiances and two photoperiods: short-day (SD): 8 h light/16h dark and long-day 

(LD): 16 h light/8 h dark. All the plants were grown under white light with cool-

white fluorescent lamps if not specially noted. All the light intensity described in this 

thesis were measured by Light Meter Lux (400 nm-700 nm), and then converted to 

μmol photons m
-2

 s
-2

 by multiplying 0.0135 (Conversion factors from Lux to PPF 

(μmol m
-2

 s
-1

) for cool white fluorescent lamps). Red light or blue light were from 

the same light source but filtered through red or blue Neewer® 30x30 cm transparent 

colour correction light gel filters. Spectrum profiles were measured with USB2000+ 

spectrometer, and the numeric spectral data was used to calculate spectral parameters 

of the red to far-red ratio (R:FR) and the photostationary state of phytochrome (PSS). 

PSS was calculated according to Sager et al. (1988). R:FR was derived by dividing 

the total counts/photon flux from red light (600 to 700 nm) by that from far-red light 

(700 to 800 nm). The temperature and humidity were the same in all growth regimes 

and were as follows: 20 °C/16 °C (day/night) and 60%/75% (day/night). Plants of 

different lines were always randomized to minimize the influence of unexpected 

variables. Additional growth treatment and rosettes harvesting time were specified in 

each table and figure. The projected rosette areas were measured at both ED and EN 

using Image J for three successive days, and calculation of the relative expansion 

rate was as in Hummel et al. (2010). The harvested rosettes were immediately 

snapped-frozen with liquid nitrogen, and stored at -80 °C until use. For extractions, 

the frozen leaves were pulverized to a fine powder using a tissue lyser (Qiagen, 

Hilden, Germany). The information about every line used in each chapter was given 

below: 

Table 13 Information of Arabidopsis mutants used in each chapter 

Mutant AGI code Background Segregation 

status 

NASC ID Seed name (Allele) 

Chapter 2      

cry2 At1g04400 Col-4 homozygous N3732 cry2-1 

cry1 At4g08920 Col-0 homozygous N662234 SALK_042397C 
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phyAB At1g09570 

At2g18790 

Ler null N6224 phyA-201 

phyB-5 

phyA At1g09570 Ler null N6219 phyA-201 

phyB At2g18790 Ler null N69 phyB-1 

hy1 At2g26670 Ler null NW67 hy1-1 

hy1/cry1 At4g08920 

At2g26670 

Ler homozygous N9855 cry1 

hy1 

hy1/cry2 At1g04400 

At2g26670 

Ler homozygous N9856 cry2 

hy1 

 

hy1/cry1/cry2 At4g08920 

At1g04400 

At2g26670 

Ler homozygous N9854 hy1  

cry1 

cry2 

ndpk2 At5g63310 Col-0 No 

information 

N823418 SAIL_553_F09 

Chapter 3      

trx f1 AT3G02730 Col-0 homozygous obtained 

from Dr 

Emmanue

lle 

Issakidis-

Bourguet 

SALK_128365 

trx f2 At5g16400 Col-0 homozygous GK-020E05 

trx f1/f2 AT3G02730 

At5g16400 

Col-0 homozygous SALK_128365 

GK-020E05 

trx m1/m2 At1g03680 

At4g03520 

Col-0 homozygous WiscDsLox375F0

5 

SALK_130686 

trx m3 AT2G15570 Ler homozygous ET3878 

trx m4 At3g15360 Col-0 homozygous WiscDsLox467-

460J3 

trx x AT1G50320 Col-0 homozygous SALK_128906 

trx y1/y2 At1g76760 

AT1G43560 

Col-0 homozygous SALK_103154 

SALK_028065 

ntrc-1 AT2G41680 Col-0 homozygous N512208 

ntrc.2 AT2G41680 Col-0 homozygous N5g6776 

adg1/APS1 

(C81S) 

At5g48300 adg1/APS1W

T  

 provided 

by Dr 

Lunn 

(MPIMP, 

Potsdam, 

Germany)  

(Hadrich 

et al. 

(2012)) 

 

Chapter 4      

ckb3 At3g60250 Col-0 homozygous N681482 SALK_093548C 

cpck2 At2g23070 Col-0 homozygous N67784 cka3 

rp1 At4g21210 Col-0 homozygous N682644 SALK_090946C 

cipk13 At2g34180 Col-0 homozygous N680233 SALK_124748C 

agc2-3 At1g51170 Col-0 homozygous N676029 SALK_084711C 

csk At1g67840 Col-0 homozygous N653469 SALK_125411C 

cdpk-2 At1g35670 Col-0 homozygous N674087 SALK_023086C 

mkk4 At1g51660 Col-0 homozygous N669165 SALK_142042C 

pdk1 AT5G04510 Col-0 homozygous N678492 SALK_053385C 

pcap1 AT4G20260 Col-0 homozygous N678235 SALK_022955C 

prx Q AT3G26060 Col-0  homozygous N657229 SALK_070860C 
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pdil2-3 AT2G32920 Col-0  homozygous N682441 SALK_063278C 

ndpk3 AT4G11010 Col-0  homozygous N664131 SALK_138260C 

pi3k IA AT1G21500 Col-0 Set  

(12 individual 

lines) 

N410648  GK-111H04 

unknown AT1G67700 Col-0  homozygous N653791 SALK_129146C 

unknown AT3G01670 Col-0  homozygous N657164 SALK_018727C 

unknown AT5G65250 Col-0  homozygous N657569 SALK_029457C 

exl4 At5g09440 Col-0  unknown N840151  SAIL_891_F09 

 

5.2 Measurement for starch and soluble sugars 

10-20 mg of leaf powder was extracted three times with ethanol for (250 µL 80% 

ethanol, 150 µL 80% ethanol, 250 µL 50% ethanol). Extracts were incubated for 20 

min each time at 80 °C. After each extraction, the extracts were centrifuged at 14000 

rpm for 5 min, and the supernatants were transferred in another tube. The pellets 

from the last centrifugation were kept for measuring starch. The combined 

supernatants were used to measure soluble sugars.  

Starch pellets were boiled for 30 min in 400 µL 0.1 M NaOH at 95 °C, and then 

neutralized with 80 µL 0.5 M HCl, 0.1 M acetate/NaOH, pH 4.9. The neutralized 

solution was digested overnight at 37 °C with 100 µL starch degradation mix (7 

U/ml amyloglucosidase + 12 U/ml amylase in 50 mM acetate buffer). Digested 

starch and soluble sugars were determined by enzymatic assay (Cross et al., 2006) 

using a microplate reader (BioTek, Germany).  

Starch synthesis rate is calculated with the following equation: 
                         

          
 

5.3 Chlorophyll fluorescence analysis 

A PAM-2500 fluorometer (PAM-2500, Walz GmbH, Germany) was used according 

to manufacturer’s instructions. The settings for the PAM-2500 were below: measure 

light: Int: 6; Gain: 1; PSI light: Int: 13, 3 s. For dark parameters, leaves were dark 

adapted for 20 min and a red saturation pulse (Int: 9) was applied for 5 s to 

determine Fm. A built-in actinic red light being similar with the growth light intensity 

(144 or 199 μmol photons m
-2

 s
-1

) was then turned on for  around 10 min , followed 

by a saturation pulse to get Fm’. Photosynthetic parameters were calculated 

http://www.gabi-kat.de/db/showseq.php?term2=111H04
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according to Kitajima and Butler (1975); Genty et al. (1989); Genty et al. (1996). For 

each genotype, leaves from 4 individual plants were measured. 

5.4 Gene expression and genotyping 

Total RNA was isolated from 20 mg of leaf powder using the ISOLATEII RNA mini 

Kit (Bioline) according to the manufacturer’s instructions. mRNA concentration was 

measured using a NanoDrop ND-1000 UV-Vis spectrophotometer (Nano-Drop 

Technologies, Böblingen, Germany). 10 ng of mRNA sample was used for cDNA 

synthesis according to the manufacturer’s instructions using the SensiFAST
TM  

cDNA synthesis kit (Bioline). Primers for CCA1 were as in Ding et al. (2007), FKF1 

as in Baudry et al. (2010), APS1,SS1, SS2 and SS4  as in Pyl et al. (2012), GBSS1 as 

in Tenorio et al. (2003), PRR7 as in Kolmos et al. (2009) (Table 14). Other primers 

were designed via QuantPrime qPCR primer design tool (http://www.quantprime.de/) 

(Table 14). Quantitative PCR was performed using the SensiMix SYBR No-ROX 

Kit (Bioline, UK) according to manufacturer’s instructions. The thermal conditions 

for the amplification reaction set on the CFX96 machine (Bio-Rad, USA) were as 

follows: 95 °C for 10 min followed by 40 cycles PCR (95 °C, 15s; 60°C, 30s; 72°C, 

30s). After that, melt curve analysis were performed at 95 °C for 15 s and 70 °C to 

95 °C with an increment of 0.5 °C within 10 s to confirm the absence of primer 

dimers or non-specific products. Relative quantification was adopted in this study 

and ACTIN2 was used as internal control gene. Relative expression level was derived 

from the ratio between 2
cqref/2

cqtarget for each sample.  

Primer pairs for genotyping are designed on ‘T-DNA Primer Design’ 

(http://signal.salk.edu/tdnaprimers.2.html) or GK primer tool (https://www.gabi-

kat.de/db/primerdesign.php) (Table 15). By using the three primers (LBb1.3+LP+RP) 

for SALK lines, a product of about 900-1100 bps ( from LP to RP ) was expected for 

WT (Wild Type - no insertion), a band of 410+N bps ( from RP to insertion site 

300+N bases, plus 110 bases from LBb1.3 to the left border of the vector) for HM 

(Homozygous lines - insertions in both chromosomes), and both bands for HZ 

(Heterozygous lines - one of the pair chromosomes with insertion). 
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600 μL DNA extraction buffer (0.1 M Tris-HCl, pH 7.5; 0.05 M EDTA, pH 8.0; 1.25% 

SDS) was added into 30 mg plant tissue, and incubated at 65 ºC for 10 min. After 

centrifugation at 13,200 rpm for 10 min, 360 µL of ice cold absolute isopropanol 

was added into the supernatant, and put in ice for 20 min. After centrifugation at 

10,200 rpm for 10 min, the supernatant was discarded, and 50 µL TE (10 mM Tris-

HCl, pH=8, 1 mM EDTA) was added to suspend the DNA pellet. Then 10 µL PCR 

reaction systems were used according to the instructions of MyTaq™ Red Mix. PCR 

cycling conditions: Step1: 95 ºC for 2 min; Step 2: 35cycles (95 ºC for 30s, 60 ºC for 

30s, 72 ºC for 30s); Step3: 72 ºC for 5min. The 10 µL proliferation product was 

loaded into a 1% agarose gel, and run for 20 min at 100 v, and the bands were 

visualized on the gel imaging for fluorescence and visible applications (G:box, 

syngene).  

Table 14 Primer sequences (5’→3’) for quantification of transcripts in each chapter 

 Forward primer Reverse primer 

Chapter 2 

CCA1 GATGATGTTGAGGCGGATG TGGTGTTAACTGAGCTGTGAAG 

FKF1 TGGAGCCAGATTTTCCTTTG GCCTTTGAGCTCGAGGATCT 

GI GGTCGACGGTTTATCCAATCTA CGGACTATTCATTCCGTTCTTC 

PRR7 TCTGAAGAGCTAATGCACGTGG ACATGTGAGCGATGATTATGGG 

GBSS1 GGATCCAGATGATGTGATAGCAACAGC CCTCAACCTTCCCTACTCCTAACTTCCC 

APL1 GTTCCCATTGGAATAGGAGAGAACAC GACCTATCTGCTTCTTGTATTCCCTC 

APS1 CTACACACAGCCGCGTTATTTACCAC TATGCAGGAACGGAGTCCAACCACAG 

SS1 GGAACCATTCCAGTTGTTCATGGCAC TTTCGACAAGGGAGTGAAGACCCACC 

SS2 TGAAACGGGTCTTGGTTGGACATTTG TTCTCTGAAGCCCTTCCCAACTCTCC 

SS4 GAGGCTTAAATGACAGTGTCTTCGAC CCAACGCATAATTGAAACCCTGTTCG 

SS3 TCTAGAACCTAATGGTTTCAGCTTCG CGCCCTATTGAGAGCATAATCAACAC 

SEX4 GGGACAGAGGATACCTCTAACACTGG AACGGTTCGGCCTCATTGTGTG 

Actin 2 TCGGTGGTTCCATTCTTGCTTC CTGTGAACGATTCCTGGACCTG 

 

Table 15 Primers sequences (5’→3’) for genotyping in each chapter 

 LP (FP) FP (RP) 

Chapter 2   

PHYA TCATACAAGCTCGCTGCCAA CATCACCCTGTCATACCCCG 

PHYB TGTCGTGGAAAGTGTGAGGG ATTCGGACACGGTTCTGCTT 

LBb1.3 ATTTTGCCGATTTCGGAAC  

LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC 

CRY1 AAATCCGCATCAAGAAGTGTG TCCACTGGTGCTTCTCAGATC 

NDPK2 TTACAAGGCCTCGTTGTATGC TTGATGGCAATGGAAAGGTAG 

Chapter 3   

CKB3 AACGTGGATCACAAACTTTACTTG TCCACTCACATCAGACCCTTC 

CPCK2 ACGTTGACATCAGCGTAAACC GATCTTGATAACGCAACGCTC 

RP1 TGAAAAATATTTGGCATTTGG CCGGAAGGATTAGTGCCTAAG 
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CIPK13 CGTCAGCTCAAAGATCTCGAC CGCCACCCTTACATTGTACAC 

AGC2-3 AATGATACATGCGGTCCAGAG ACCGGAGCAGTAAGGTAAAGC 

CSK TAACAAGTGACACGACGCAAC TCCCAGTGAATTCTGTTCACC 

CDPK2 TTGGGATGAAAACACACAAGC ATGACAAGCCTCAACAACACC 

MKK4 TGTATACCGTTCCACCTGCTC TTGTCAACAATGGAGCTTGAG 

PDK1 TGGAAGTTTGGTTGATCGAAG ACATTAGCACCGTTGGATGAG 

Chapter 4   

PCAP1 AAATCAAGGCTTTGGTGGTTC CTAAAATGGGCACGTATGGTG 

KIN2 AATTTCTTCGCCAAGAAGAGC CAACGTAGCCGAATTGAGAAA  

PRXQ GAGTTCATATGCCGTGTCAGC CTCCTCCAAACAGCAGACAAC 

PDI-LIKE 2-3 GACTGATGAGCATCTGCATCA AGCTCAAAAGTGCAGGATTCA 

NDPK3 GAACGTACCAGAGAAGAAGCG AATCGTCCGATATCTTACATAAAAG 

o8474 ATAATAACGCTGCGGACATCTACATTTT   

PI3KIA GTTTAAATTGTTGCTCGGATGCTA AAAACAGAATAACGACATACGGTG 

AT1G67700 TAGCCATATCGAAACTCGGTG CGGTTCTGGTTCGGTTTAAAC 

AT3G01670 TCCATAGATCACGTTCCCTTG CTGGCTCTCATCAAACAGCTC 

AT5G65250 GCGCCTGTAAGAGGTTCTCTT ATAGCAAGCAGCACCTTTTGA 

EXL4 TTGAATAGCTCTGGGAAGCAG ATTGGGGTGAATTTTCCGTAC 

 

5.5 Visualization of chloroplast ultrastructure  

Leaf portions (0.5×0.5 cm) from middle parts of fully expanded mature leaves grown 

in 16 h/8 h light/dark regime were harvested at midday and fixed immediately in 2% 

v/v formaldehyde and 2% v/v glutaraldehyde in 0.1 M sodium cacodylate buffer for 

2 h at room temperature in a desiccator under vacuum. Samples were washed in 0.1 

M sodium cacodylate buffer three times for 5 min each time. The samples were then 

post-fixed in 1% w/v osmium tetroxide followed by washing in 0.1 M sodium 

cacodylate buffer. After washing, samples were sequentially dehydrated in 30%, 

50%, 70%, 90% and 100 % ethanol for 20 min each. Then samples were infiltrated 

with 30%, 50%, 70%, 90% and 100% London Resin medium grade (Agar Scientific) 

on a rotating wheel for 2 h each step, the resin being diluted in ethanol. After that, 

the 100% resin was replaced with fresh 100% resin and the samples were kept left on 

the rotating wheel overnight. The resin was replaced again with fresh 100% resin and 

left on the rotating wheel at room temperature for a further 3 h. Finally, samples 

were polymerized in gelatin capsules at 60 °C for 2 d.  

Transverse sections (1 μm) containing mesophyll cells were stained with 1% (w/v) 

Toluidine Blue (in 1% [w/v] boric acid) and visualized with an Olympus BX51 light 

microscope equipped with a DP70 digital camera (Olympus). For thickness 

measurement, 2 leaf sections from different plants were investigated for each line. 

The thickness of each section was assessed at 10 positions. Ultrathin sections (60–80 



Chapter 5: Method and material 

 
 

 

 113 

 

nm) were collected on Formvar-coated nickel slot grids. Samples were then stained 

with lead citrate and uranyl acetate. Transmission electron microscopy (Hitachi H-

600) was used to examine the ultrastructure of chloroplasts. 10 images of 

chloroplasts were analysed for each line to estimate the ultrastructural changes. 

ImageJ was used for the thickness and area measurements.  

5.6 Immuno-labelling TEM 

25 mm
2
 of leaf tissues, collected in the growth chambers, were fixed in 2% (w/v) 

paraformaldehyde and 1% (v/v) glutaraldehyde in 200 mM phosphate buffer (pH 7.4) 

for 1.5 h under vacuum. Then the samples were dehydrated with gradual 

concentrations of ethanol (30%, 50%, 70%, 90% and 100%) for 10 min at each step, 

the 100% ethanol dehydration final step being repeated twice. After dehydration, the 

samples were infiltrated on a rotating wheel with 100% LR White resin (Sigma 

Aldrich), the resin being replaced twice after at least 12 h infiltration. The samples 

were then transferred with forceps into gelatin capsules filled with fresh LR White 

resin and polymerised for 24 h at 60 °C in an oven.  

On investigation of the blocks, regions of interest were selected for observation and 

trimmed to form semithin sections (1 µm thickness). Semithin sections were cut with 

a Reichert–Jung ultramicrotome and stained with toludine blue. These sections were 

mounted onto slides with DPX and viewed with a Leica DM500 upright microscope 

and images were captured with a 100×Lens. Blocks were further timed down to 

select regions of interest for ultrathin sections (80 nm-100 nm). Sections were 

mounted on nickel grids. Immunogold staining was carried out as follows: sections 

were incubated in 1% (w/v) BSA in 1M phosphate buffer containing 0.1% (v/v) 

Tween-20 for 30 min. Then they were incubated in anti-TRX f (raised against mature 

pea TRX f recombinant protein described in Hodges et al. (1994) and recognizing 

both AtTRX f1 and AtTRX f2 in Arabidopsis leaves as shown in Thormahlen et al. 

(2013)), anti-TRX m4 (raised against mature AtTRX m4 recombinant protein 

described in Collin et al. (2003)) or anti-AGPase antibody for 2.5 h at RT. Grids 

were washed 4 times for 10 min each with 1 M PBS containing 0.5% (v/v) Tween-

20 and then incubated with 12  nm colloidal gold-affiniPure Goat anti-rabbit 

lgG(H+L) (Jackson ImmunoResearch, West Grove, USA) for 1 h at RT. 



Chapter 5: Method and material 

 
 

 

 114 

 

Subsequently, the grids were rinsed 4 times for 10 min each with 1 M PBS 

containing 0.5% (v/v) Tween-20, and twice with distilled water for 10 min each. 

Finally they were stained with 0.5% uranyl acetate for 2 min and lead citrate for 1 

min, sequentially. Grids were then examined with a Hitachi H-7000 Electron 

Microscope fitted with a 1K Hamamatsu Digital Camera at 75kV. Images were 

captured using AMTV542 Image Capture Engine software. 

5.7 Co-IP and proteomic analyses 

The Co-IP was performed according to manufacturer instructions using the Pierce
TM

 

classic magnetic IP/Co-IP kit (Thermo scientific, Rockford, USA). To identify the 

potential interacting targets of TRX f and TRX m4, leaf extracts of Col-0 (samples) 

and trx m4 or trx f1f2 mutants (control) were used. Briefly, 500 μL ice cold IP 

Lysis/Wash Buffer (pH 7.4, 0.025 M Tris, 0.15 M NaCl, 0.001 M EDTA, 1% NP40, 

5% glycerol) with protease inhibitors (50 μL Aprotinin and 5 μL PMSF 10 mg/mL) 

was added to 50 mg pulverized leaf powder and incubated for 5 min with periodic 

mixing. Cell debris was removed by centrifugation at 13,000 g for 10 min and 

sequential filtration through 0.2 μm filters. 400 μL lysate were combined with 11 μL 

of IP antibody (anti-TRX f antibody and anti-TRX m4) per sample in a 

microcentrifuge tube. And the mix was incubated for 1.5 h at RT to form the 

immune complex. 30 µL of Pierce Protein A/G Magnetic Beads were placed into a 

1.5 mL microcentrifuge tube. Then 175 µL and 1 mL of IP Lysis/Wash Buffer were 

sequentially added and mixed by gently vortex to wash the beads. Beads were 

collected against the side of the tube after putting the tube into a magnetic stand. The 

supernatants were removed and discarded after each wash. Then the antibody 

mixture were added to the tube containing pre-washed magnetic beads and incubated 

at room temperature for 1 h with mixing. The beads were collected with a magnetic 

stand, and the unbound sample was removed. 500 µL of IP Lysis/Wash Buffer were 

then added to the tube to wash the beads for three times. After this, 500 µL of ultra 

pure water was added to the tube for further wash. After each wash, the beads were 

collected on a magnetic stand, and the supernatant was discarded. Finally, 100 µL of 

elution buffer was added to the tube, followed by incubation at RT with mixing for 
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10 min. The beads were then magnetically separated, and the supernatant containing 

the target antigen was saved for TCA protein precipitation.  

For detection of insulin homologue, a different method were used for lysate 

preparation as suggested in Collier et al. (1987). 10 g Arabidopsis leaf powder was 

blended the into methanol: Chloroform: water: formic acid (12:5:2:1) at a wet weight: 

volume (g:ml) ratio of 1:5 overnight at 4 °C. The supernatant kept after 

centrifugation for 15 min at 4 °C and 4000 rmp was then added in chloroform (25 

mL per 100 mL of supernatant) and water (35 mL per 100 mL of supernatant), 

followed by centrifugation for 15 min at 4 °C and 4000 rmp to separate the two 

phases. The upper aqueous phase was saved and the lower chloroform phase was 

discarded. Rotary evaporator was then used to remove methanol and formic acid 

from the upper aqueous phase and concentrate the protein extract into 5 mL. To find 

insulin homologue or insulin responsive regulators in Arabidopsis, the anti-Insulin 

antibody (Guinea pig polyclonal to insulin) purchased from abcam was used for co-

IP. Lysate from Col-0 were used for both samples and control, but no antibody was 

applied for control. The rest co-IP procedure was as described before. 

The antigen elution was further precipitated with TCA. Before protein precipitation, 

a 100% w/v TCA stock were made and stored at -20 °C in a brown bottle. In 

addition, a brown bottle of 100% acetone was placed in the -20 ºC. For 4 volumes of 

protein sample, 1 volume of TCA stock was added. The sample was mixed by 

inverting several times, and incubated overnight at -20 ºC to increases yields. The 

next day, the tube was centrifuged at top speed (at least >12,000 g), 4 ºC for 10 min, 

and removed as soon as the microfuge stopped. The supernatant was gently dumped 

off, and the remaining sup was pipetted off to make sure no visible liquid is left 

behind. 1 mL (microfuge tube) chilled 100% acetone was added, followed by brief 

vortex for 30 sec. Then the tube was incubated at -20 ºC for 1 h.  Over a course of 1 

h, vortex the tube three times for 30 sec. After centrifugation and removal of 

supernatant, the pellet was air dried for 5 min. 

Eluted proteins were re-suspended in XYZ an transferred to a cellulose filter column 

(Microcon 30-kDa Centrifugal Filter Units; Merck Millipore, Billerica, 

Massachusetts, USA) Protein digest and peptide recovery was performed using the 
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FASP protocol (Wisniewski et al., 2009). Eluted peptides were acidified with 1% 

trifluoracetic acid (TFA), desalted using SepPack columns (Tecknokroma, Barcelona, 

Spain), eluted in 60% acetonitrile containing 0.1% TFA, dried in a Savant 

SPD131DDA SpeedVac (Thermo Fisher Scientific) and stored at –20°C.   

Peptides were re-suspended in 25 μL 5% v/v acetonitrile, 2% v/v TFA and analyzed 

using a Q Exactive Plus coupled to an Easy nLC1000 HPLC (Thermo Fisher 

Scientific). Samples were loaded onto an Acclaim PepMap RSLC reversed-phase 

column (75 μm inner diameter, 15 cm long, Thermo Fisher Scientific) and eluted at a 

flow rate of 0.3 μL/min using an acetonitrile gradient of 3% to 30% v/v over 70 min, 

30% to 40% over 15 min, and 40% to 60% over 5 min, followed by a washing step 

with 90% v/v acetonitrile for 10 min. Peptide ions were detected in a full scan (m/z 

200–1600). MS/MS scans were performed for the 10 peptides with the strongest MS 

signal (AGC target 1e5, isolation width mass-to-charge ratio 3 m/z, relative collision 

energy 30%). Peptides for which MS/MS spectra had been recorded were excluded 

from further MS/MS scans for 15 s. 

Quantitative MS/MS analysis was carried out using Progenesis QI (Nonlinear USA, 

Durham, North Carolina, USA). Proteins were identified from spectra using Mascot 

(Matrix Science, Boston, Massachusetts, USA) with the following search parameters: 

TAIR10 protein annotation, requirement for tryptic ends, one missed cleavage 

allowed, fixed modification: carbamidomethylation (cysteine), variable modification: 

oxidation (methionine), peptide mass tolerance = ± 10 ppm, MS/MS tolerance = ± 

0.6 Da, allowed peptide charges of +2 and +3. A decoy database search was used to 

limit false discovery rates (FDRs) to 1% at the protein level. Peptide identifications 

below rank one or with a Mascot ion score below 25 were excluded. Mascot results 

were imported into Progenesis QI, quantitative peak area information was extracted 

and the results exported for statistical analysis. 

5.8 starch granule isolation and starch associated protein detection 

by LC-MS 

1 ml extraction buffer (50 mM Tris-HCl (pH 8), 0.2 mM EDTA and 0.5% (v/v) 

Triton X-100) was added to 600 mg leaf powder. Then the lysate was sequentially 

filtered through 30 μm and 15 μm nylon nets. After that, 5 mL of Percoll buffer 
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(4 °C, 50 mM Tris-HCl (pH 8), 50% percoll) was added into the filtrate, followed by 

centrifugation at 2,000 rpm for 10 min. The pellet was wash three times in 5 mL 

washing buffer (50 mM Tris-HCl (pH 8)), and boiled 10min at 95 ℃ in 

gelatinization buffer (50 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 100 mM DTT). The 

supernatant after centrifugation at 10000 g for 15 min at 4 °C was passed through a 

0.25 μm filter before TCA precipitation and LC/MS detection. 

5.9 GC-MS  

Around 30 mg leaf powder was extracted by strong shaking for 15 min at 4 ℃ with 

600 μL of cold 10:3:1 (v/v/v) methanol: chloroform: water solution, supplemented 

with 1 μg/mL of palatinose. The extracts were then centrifuged at 4 ℃ for 2 min at 

14000 rmp, and 500 μL of supernatant was concentrated to dryness in a rotary 

vacuum. Derivatization and gas chromatography-mass spectrometry analysis were 

performed as described previously (Lisec et al. 2006) 

5.10 Statistics 

One-way or two-way ANOVA was performed using SPSS software to identify 

potential candidates with statistically significant differences among more than two 

groups. After ANOVA, a p value correction was performed using Holm’s method (p 

< 0.05), individual contrasts were then identified in a post-hoc Turkey HSD test (p < 

0.05). Student’s t test was used to compare the variance between two groups in Excel 

with the formula of TTEST (2-tailed distribution, two-sample equal variance). 
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6 General conclusions and future directions 

Starch biosynthetic enzymes have been well characterised, but the information about 

the regulators of those enzymes and the regulation cascade of starch synthesis are 

still largely missing. The objective of this study was to find new regulators of starch 

synthesis to facilitate the establishment of starch synthesis regulation pathway in the 

future. For this purpose, whether photoreceptors, plastidial redox mediators and 

plastidial kinases influence starch synthesis were investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 Schematic diagram of possible enzymatic regulation of starch synthesis 
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via FTR/TRX f1, phytochromes and plastidial kinases. Regulators that are orange-

labelled were investigated or identified in this study, whereas the blue-labelled 

regulators are described in the literature. Blue dashed lines denote hypothesized 

regulation pathway based on published literature. Red lines indicate confirmed 

interaction in Arabidopsis.  

 

In chapter 2, it was concluded that PHYA and PHYB regulate starch accumulation 

along with a series of other metabolites in response to light intensity and light 

spectral content. Besides, we found similar starch phenotype in their downstream 

targets of plastidial NDPK2. In the future, phyAB and ndpk2 can be crossed to 

generate homozygous phyAB/ ndpk2 mutant to examine if PHYAB and NDPK2 are 

in the same signalling pathway with regard to starch accumulation. On the other 

hand, ndpk2 mutant can be grown under different monochromatic light to see if the 

starch phenotype only appears in red light.  

In chapter 3, it was found TRX f has distinct roles in chloroplast, the roles possibly 

being partially coordinated via its dynamic and regulated sub-organellar localizations. 

Since the cause for the starch phenotype at ED is not totally clear, the reason for the 

light-dependent role of TRX f in starch metabolism remains elusive. However, there 

are several aspects that can be studied in the future to get a better understanding of 

the role of TRX f in starch metabolism. (1). There are several starch enzymes and 

regulators that have been reported to be responsive to redox signals in plant species, 

including SS1 (Glaring et al., 2012), SS3 (Glaring et al., 2012), BE (Glaring et al., 

2012), SEX4 (Sokolov et al., 2006), GWD (Mikkelsen et al., 2005), NDPK2 (Moon 

et al., 2003), cpCK2 (Turkeri et al., 2012), whereas no information about the 

specificity of different TRX isoforms towards those targets. So in the future, on one 

hand, recombinant proteins of the identified redox-regulated starch enzymes or 

regulators can be produced to test the efficiencies of different TRX isoforms in 

reducing them in vitro, and meanwhile the redox status of the TRX f-specific 

enzymes and regulators can be examined in trx f1 or trxf1f2 mutant grown under 

different light conditions. (2). There is another possibility that the starch phenotype 

in trx f mutant is an indirect effect caused by impairment of other metabolisms. After 
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all, the amount of a number of metabolites associated with different physiological 

processes undergo alterations in trx f1(Thormahlen et al., 2013). Moreover, TRX f 

was found to interact with proteins involved in electron transport flow, protein 

synthesis and degradation and lipid metabolism by affinity chromatography in 

previous study (Balmer et al., 2003; Balmer et al., 2004) and co-IP in this study. 

Besides, redox-independent foldase and holdase chaperone activity have been found 

for TRX f in tobacco (Sanz-Barrio et al., 2012). Altogether, TRX f has complex roles 

in chloroplast, and elucidation of TRX f roles in other metabolisms may also help to 

understand its role in starch metabolism. 

In chapter 4, we reported for the first time three kinases, i.e. cpCK2, NDPK2 and 

PI3KIA were involved in the regulation of starch synthesis. Besides, two catalytic 

subunits AKIN10 and AKIN11 of SnRK in Arabidopsis, which are located in 

chloroplast (Fragoso et al., 2009) , also regulate starch metabolism. AGPase activity 

and starch content is reduced while sum of glucose and fructose increased in 

Arabidopsis transgenic line overexpressing AKIN10 in response to exogenous 

glucose (Jossier et al., 2009). Starch at ED and EN are increased in in Arabidopsis 

double akin10/akin11 compared with wild type (Baena-Gonzalez et al., 2007). 

Interestingly, it has been found that the homologue of SnRK AMPK acts as a 

glycogen sensor in mammals (McBride and Hardie, 2009), where the glycogen 

binding domain on the ẞ subunit of AMPK not only localize AMPK on glycogen, 

but also act as an allesteric site that inhibits the kinase activity. Likewise, there might 

be a similar mechanism to perceive starch content and adjust starch degradation rate 

accordingly in plants (Scialdone et al., 2013). In addition, alteration of starch content 

at ED is a common phenotype in several mutants, for which there is no clear 

description about the cause. Arabidopsis SEX4 and LSF1 have been reported to 

possess the KIS domain conserved in AMPK subunits, and further in vivo evidence 

revealed the interaction between SEX4 and AKIN11 through the KIS domain in the 

yeast two-hybrid system (Fordham-Skelton et al., 2002). In addition, AKIN10 and 

AKIN11 have been found to interact with several protein kinases, transcription 

factors, and a series of other regulatory proteins, with most of the interaction being 

indirect and mediated through proteins containing a domain of unknown function 
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(DUF) 581 (Nukarinen et al., 2016). The interaction network for AKIN10 and 

AKIN11 have been established with the target proteins identified by the yeast two-

hybrid system, in which AKIN10 and AKIN11 and DUF581-proteins were used as 

baits screening from two two-hybrid libraries  from Arabidopsis inflorescence and 

Arabidopsis source leaves (Nukarinen et al., 2016). In the last, NDPK in mammal is 

a negative downstream regulator of AMPK (Onyenwoke et al., 2012), which imply 

NDPK2 in Arabidopsis have the potential to interact with AKIN10 and AKIN11. In 

addition, in vitro data suggests that recombinant human protein kinase CK2 can 

inhibit NDPK activity (Biondi et al., 1996), which might be the same case in plants 

for cpCK2 and NDPK2. So in the future, (1) In vitro kinase assay can be conducted 

to examine if Arabidopsis recombinant cpCK2, NDPK2, AKIN10 and AKIN11 

interact with each other; (2) Affinity chromatography can also be performed for the 

Arabidopsis recombinant cpCK2, NDPK2, AKIN10 and AKIN11 against chloroplast 

protein extract, which could help to identify more interesting interactors including 

other kinases; (3) Immunogold labelling can be performed for the sub-organellar 

localizations of AKIN10 and AKIN11 in chloroplast in Arabidopsis. If AKIN10 and 

AKIN11were localized on starch granule, then soluble oligosaccharides can be 

added in as the substitution of insoluble starch granule to assess the kinases activities 

changes of AKIN10 and AKIN11to see if the interaction with starch granule can 

modify their activity. 

There are two different types of starch phenotype being observed in this study: 

reduced starch contents at ED and reduced starch synthesis rate. The former starch 

phenotype was found in trx f1, phyAB and ndpk2, while the latter were in pi3kIA and 

cpck2. For these two phenotypes, the redox state of AGPase seemed to be involved, 

but in a way that is difficulty to understand. In Hadrich et al. (2012), the transgenic 

lines adg1/APS1C81S containing a constitutively reduced AGPase increased starch 

content at ED by 3-4 µmol eq. glc.g
-1

 FW and didn’t change starch synthesis rate in 

12 h light/12 h dark with 150 μEm
-2

 sec
-2

; In 16 h light/8 h dark with 150 μmol m
-2

 

sec
-2

, starch content at ED in adg1/APS1C81S was increased by 20 µmol eq. glc.g
-1

 

FW and starch synthesis rate was not massively changed. In 8 h light /16 h dark with 

150 μmol m
-2

 sec
-2

, starch at ED increased by 16-17 µmol eq. glc.g
-1

 FW and starch 
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synthesis rate was also increased around 2 µmol eq. glc.g
-1

 FW h
-1

. In 12 h light/12 h 

dark with 450 μmol m
-2

 sec
-2

, starch content at ED increased by 15-20 µmol eq. 

glc.g
-1

 FW and starch synthesis rate didn’t change. Based on the published data, the 

activation status of AGPase did not influence starch synthesis rate in most cases, but  

tend to have an impact when plants are grown in low light intensity and/or short light 

cycle. Another evidence for that is the adg1/APS1C81S line showed accelerated starch 

synthesis rate in 6:18 compared to 12:12 conditions with illumination of 150 μmol 

m
-2

 sec
-2 

(Hadrich et al., 2012; Mugford et al., 2014), suggesting redox status of 

AGPase is less important for regulation of starch synthesis rate. In Mugford et al. 

(2014),  they found the allosteric property of AGPase is responsible for the 

adjustment of starch synthesis rate to day length. Surprisingly, starch at ED is 

modified by the activation status of AGPase. These observations implied that the 

redox activation of AGPase might be associated with modifications of other 

metabolic enzymes so that the increased activity of AGPase does not lead to 

increased starch synthesis rate. Moreover, we unexpectedly observed reduced 

AGPase has dual localization between thylakoids and starch granule, suggesting 

AGPase is modulated by other factors other than redox mediators and may have 

different interacting partners corresponding to the different localizations. Indeed, in 

(Hennen-Bierwagen et al., 2008) and (Hennen-Bierwagen et al., 2009), both the 

large and small subunits of AGPase were found to bind to the starch synthase III 

homology domain (SSIIIHD) together with other proteins like pyruvate 

orthophosphate dikinase (PPDK), SBEII, and SSII in Maize amyloplast. So in the 

future, (1): Gel permeation chromatography can be used to fractionate the 

chloroplast protein extract, and then immunoblot can be performed for AGPase. The 

result will allow to find if AGPase form complexes with other proteins. If there is 

any interesting high molecular mass fraction, then the component of the complex can 

be further identified by mass spectrometry after purification.     

Taken together, several regulators of starch synthesis have been studied in this 

project, and mutations of those regulators had similar starch phenotype, suggesting 

that those regulators might be interlinked with each other. To elucidate the cause of 

the starch phenotype and further establish the regulatory pathway of transient starch, 
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it requires more fundamental study at the enzymatic level including enzyme activity, 

localization and interactors, and see how TRXs and the plastidial kinase network is 

involved (Figure 24).  

In the last, the genes encoding the regulators involved in starch synthesis of 

Arabidopsis leaf in this study are well conserved among distinct species including 

starch-based crops such as cereals of corn and wheat, and tubers of (sweet) 

potatoes and cassava. These starch crops are of great economic importance due to 

their wide range of use as food, forage, and more recently a promising raw 

material to produce bioethanol. Over the last few decades, various approaches 

have been taken to improve starch production. For example, introduction of an 

Escherichia coli allosteric activator-insensitive AGPase in a specific variety of 

potato led to 25-60% increase of starch content (Stark et al., 1992). And genetic 

manipulations to increase the availability of ATP for starch synthesis via 

overexpression of a plastidial envelope adenylate translocator or downregulation 

of a plastidial adenylate kinase from Arabidopsis in potato also significantly 

elevated the tuber starch content (Tjaden et al., 1998; Regierer et al., 2002). In the 

future, it will be interesting to test if the starch synthesis regulators reported here 

could be of use in order to metabolically engineer crops for enhanced starch 

production.   
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Appendices 

Appendix Table 1 Leaf metabolites contents at ED in the single phyA, single phyB, 

double phyAB mutants and wild type grown under spectrum1
1
 

 Ler  phyAB  phyA  phyB  

Amino acid  

Alanine 1bc 0.88c 1.1bc 1.17bc 

beta-Alanine 1a 0.89abc 0.77abcd 0.78abcd 

allo-Threonine 1a 0.67a 0.61a 0.81a 

Arginine 1a 0.83abc 0.9abc 0.8abc 

Asparagine 1a 1.09a 0.83a 0.93a 

Aspartate 1ab 0.57cde 0.53de 0.87bc 

GABA 1ab 0.83ab 0.74ab 0.94ab 

Glutamate 1a 0.65bcde 0.49def 0.87ab 

Glycerate 1a 0.59bc 0.58bcd 0.6bc 

Glycine 1a 0.92ab 0.62bc 0.95a 

Guanidine 1a 0a 0.09a 0.04a 

Homoserine 1a 0.5bcd 0.73b 0.51bcd 

Isoleucine 1a 0.54bc 0.56b 0.62b 

Leucine 1a 0.61bcd 0.56bcd 0.62bcd 

Lysine 1a 0.68bcd 0.68bcd 0.56cd 

Methionine 1a 0.67a 0.6a 0.41a 

OAS 1abc 1.09ab 0.9abcd 0.71bcdef 

ornithine 1a 0.71abcd 0.78abc 0.61abcd 

Phenylalanine 1a 0.83ab 0.74bcd 0.81abc 

Proline 1ab 1.24a 0.35cd 0.61abcd 

Serine 1a 0.91ab 0.72bcd 0.61cdef 

Threonine 1a 0.67bcde 0.93ab 0.77abcd 

Tryptophan 1bc 1.34abc 0.76c 1.67abc 

Tyrosine 1a 0.63ab 0.74ab 0.69ab 

Urea 1a 0.35b 0.52ab 0.36b 

Valine 1a 0.66b 0.63bc 0.64bc 

Carbohydrate metabolism 

1,6-hydro-glucose 1a 0.65abcd 0.92ab 0.61abcd 

Fructose 1abc 0.71bcd 0.79bcd 0.66cd 

Glucose 1abc 0.84bcd 0.77cd 0.79bcd 

Glucose-1-phosphate 1abcd 0.74abcd 1.16ab 0.89abcd 

Maltose 1abc 0.89abcd 0.86abcd 1.04ab 

Sucrose 1a 0.63abc 0.64abc 0.59abc 

Erythritol 1a 0.57bcd 0.69abcd 0.59bcd 

Erythronate 1a 0.79abc 0.66abcd 0.95a 



Appendices 

 
 

 

 146 

 

Galactinol 1a 1.09a 0.96a 1.06a 

Galactonicacid-1,4-lactone 1a 0.69abcde 0.74abcd 0.71abcde 

Galactose 1a 0.69bc 0.76abc 0.7bc 

myo-Inositol 1bc 1.1b 0.76cd 0.89bcd 

Raffinose 1d 2.64bcd 0.9d 1.97bcd 

Trehalose 1a 0.73a 1.03a 0.96a 

Redox regulation, TCA cycle, lipid metabolism and secondary metabolism 

Pyroglutamate 1ab 0.71bc 0.6bc 0.88abc 

Threonate 1a 0.56bcd 0.56bcd 1.07a 

Ascorbate 1abc 0.44bc 0.65abc 0.43c 

Dehydroascorbate dimer 1abc 0.66bcd 1.27ab 0.4cd 

Citrate 1a 0.34def 0.37cdef 0.77ab 

2methylmalate 1a 0.79ab 0.65bcd 0.73abc 

Fumarate 1a 0.6a 0.56a 0.69a 

Succinate 1a 0.57cd 0.43cde 0.82ab 

Ethanolamine 1a 0.52bc 0.55bc 0.54bc 

Glycerol 1a 0.48a 0.7a 0.37a 

Glycerol-3-phosphate 1a 0.95a 0.85a 0.82a 

Octadecanoate 1a 0.25b 0.16b 0.11b 

Palmitate 1a 0.72a 0.95a 0.85a 

3,4-dihydroxybenzoate 1a 0.48a 0.59a 0.48a 

4-hydroxy-benzoic acid 1ab 0.63b 1.02ab 0.88ab 

Benzoate 1a 0.49a 0.67a 0.58a 

Benzylalcohol 1a 0.5a 0.53a 0.49a 

Sinapicacid 1ab 0.6ab 0.69ab 0.65ab 

Other 

Nicotinate 1abc 0.39c 0.57abc 0.51abc 

Pyruvate 1abcde 0e 0.78bcde 0e 

5,6-dihydrouracil 1a 0.44a 0.49a 0.48a 

Ribulose-5-phosphate 1ab 0.92ab 0.97ab 0.69b 

Putrescine 1a 0.79abc 0.92ab 0.69bcd 

Spermidine 1bc 0.97bc 1.19b 0.56ef 

Glycolate 1a 0.54ab 0.61ab 0.51ab 

Phosphorate 1a 0.91a 0.67a 0.61a 

 

Appendix Table 2 Leaf metabolites contents at ED in the single phyA, single phyB, 

double phyAB mutants and wild type grown under spectrum2
1
 

 Ler  phyAB  phyA  phyB  

Amino acid  

Alanine 1.38abc 1.29abc 2.08abc 1.69abc 

beta-Alanine 0.74abcd 0.88abc 0.93ab 0.62cd 

allo-Threonine 0.78a 0.63a 0.78a 0.58a 
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Arginine 0.98ab 0.64abc 0.88abc 0.54abc 

Asparagine 1.12a 0.93a 0.76a 0.58a 

Aspartate 0.81bcd 0.45e 0.61cde 0.64cde 

GABA 0.74ab 0.97ab 0.67ab 0.62ab 

Glutamate 0.74abcd 0.5def 0.51def 0.53def 

Glycerate 0.73b 0.51bcde 0.6bc 0.42cde 

Glycine 0.71abc 0.62bc 0.58c 0.53c 

Guanidine 0.14a 0.03a 0.42a 0.15a 

Homoserine 0.74ab 0.36de 0.74ab 0.37de 

Isoleucine 0.6b 0.55bc 0.6b 0.45bcd 

Leucine 0.57bcd 0.7bc 0.57bcd 0.43cde 

Lysine 0.69bcd 0.66bcd 0.74bc 0.48d 

Methionine 0.66a 0.72a 0.59a 0.41a 

OAS 0.81abcde 1.17a 0.86abcde 0.54def 

ornithine 0.82ab 0.6abcd 0.86ab 0.48bcd 

Phenylalanine 0.69bcdef 0.61bcdefg 0.68bcdef 0.47efg 

Proline 0.23cd 0.6abcd 0.81abc 0.79abc 

Serine 0.65bcdef 0.68bcde 0.78abc 0.43efg 

Threonine 0.75abcd 0.54de 0.97a 0.53de 

Tryptophan 1.16abc 1.85abc 0.8c 1bc 

Tyrosine 0.72ab 0.59ab 0.75ab 0.38b 

Urea 0.7ab 0.52ab 0.57ab 0.3b 

Valine 0.59bc 0.57bc 0.65bc 0.46bcd 

Carbohydrate metabolism 

1,6-hydro-glucose 0.84abc 0.68abcd 0.79abcd 0.43cd 

Fructose 0.8bcd 1.23a 0.83bcd 0.57d 

Glucose 0.72cd 1.25a 0.8bcd 0.78bcd 

Glucose-1-phosphate 1.2a 1abcd 1.08abc 0.64cd 

Maltose 0.75bcd 0.76bcd 0.84abcd 0.76bcd 

Sucrose 0.66abc 0.57bc 0.74abc 0.43c 

Erythritol 0.75abc 0.53cd 0.86ab 0.56bcd 

Erythronate 0.64abcd 0.58bcd 0.7abcd 0.68abcd 

Galactinol 1.14a 1.12a 1.16a 1.03a 

Galactonicacid-1,4-lactone 0.83abc 0.72abcde 0.88ab 0.56bcde 

Galactose 0.81abc 0.63bc 0.88ab 0.55c 

myo-Inositol 0.74cd 0.77bcd 0.92d 0.68bcd 

Raffinose 0.68d 3.06bcd 0.67d 1.96bcd 

Trehalose 1.39a 0.89a 1.2a 0.65a 

Redox regulation, TCA cycle, lipid metabolism and secondary metabolism 

Pyroglutamate 0.88abc 0.63bc 0.65bc 0.59bc 

Threonate 0.73b 0.44cdef 0.52bcde 0.65bc 

Ascorbate 0.74abc 0.42c 0.71abc 0.62bc 

Dehydroascorbate dimer 1.22ab 1abc 1.32ab 0.3d 

Citrate 0.49cd 0.23ef 0.31def 0.34def 
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2methylmalate 0.57bcd 0.68bcd 0.68bcd 0.53bcd 

Fumarate 0.72a 0.55a 0.72a 0.52a 

Succinate 0.61bc 0.44cde 0.43cde 0.54cd 

Ethanolamine 0.82ab 0.47bc 0.51bc 0.38c 

Glycerol 0.74a 0.79a 0.79a 0.32a 

Glycerol-3-phosphate 1.39a 1.03a 0.94a 0.73a 

Octadecanoate 0.15b 0.11b 0.14b 0.08b 

Palmitate 1.22a 0.92a 1.2a 0.65a 

3,4-dihydroxybenzoate 0.64a 0.44a 0.54a 0.32a 

4-hydroxy-benzoic acid 1.43ab 1.05ab 1.52ab 0.68b 

Benzoate 0.77a 0.58a 0.76a 0.43a 

Benzylalcohol 0.75a 0.5a 0.7a 0.37a 

Sinapicacid 0.89ab 0.54b 0.81ab 0.56b 

Other     

Nicotinate 1.08ab 0.55abc 0.67abc 0.43bc 

Pyruvate 0.48de 0e 0.78bcde 0.12e 

5,6-dihydrouracil 0.65a 0.54a 0.69a 0.42a 

Ribulose-5-phosphate 1.07ab 0.75b 0.84ab 0.57b 

Putrescine 0.81abc 0.92ab 0.94ab 0.66bcde 

Spermidine 0.91bcde 1.03bc 1.56a 0.82cdef 

Glycolate 0.68ab 0.51ab 0.64ab 0.38b 

Phosphorate 0.87a 0.64a 0.8a 0.48a 

 

Appendix Table 3 Leaf metabolites contents at ED in the single phyA, single phyB, 

double phyAB mutants and wild type grown under spectrum1
2
 

 Ler  phyAB  phyA  phyB  

Amino acid  

Alanine 2.44abc 1.37abc 2.74ab 2.62abc 

beta-Alanine 0.69bcd 0.74abcd 0.81abcd 0.85abc 

allo-Threonine 0.69a 0.74a 0.66a 1.15a 

Arginine 0.75abc 0.72abc 0.97abc 1.04a 

Asparagine 0.67a 0.61a 0.66a 0.87a 

Aspartate 0.84bc 0.45e 0.68cde 1.19a 

GABA 0.7ab 0.78ab 0.53b 0.97ab 

Glutamate 0.58cdef 0.43ef 0.46def 0.87abc 

Glycerate 0.49bcde 0.25e 0.4cde 0.46cde 

Glycine 0.2def 0.59c 0.45cde 0.48cd 

Guanidine 8.24a 5.47a 2.89a 2.83a 

Homoserine 0.51bcd 0.39cde 0.64bc 0.44cde 

Isoleucine 0.58b 0.38bcd 0.49bcd 0.61b 

Leucine 0.55bcd 0.37de 0.49bcde 0.71b 

Lysine 0.7bcd 0.53cd 0.71bc 0.7bcd 
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Methionine 0.58a 0.62a 0.66a 0.71a 

OAS 0.67cdef 0.61cdef 0.65cdef 0.58def 

ornithine 0.63abcd 0.58bcd 0.78abcd 0.76abcd 

Phenylalanine 0.6cdefg 0.58cdefg 0.68bcdef 0.77bc 

Proline 0.61abcd 0.44bcd 0.35bcd 0.5bcd 

Serine 0.6cdef 0.69bcde 0.59cdef 0.46defg 

Threonine 0.82abc 0.61cde 0.89ab 0.75abcd 

Tryptophan 1.1bc 1.7abc 1.06bc 2.54ab 

Tyrosine 0.63ab 0.49ab 0.51ab 0.67ab 

Urea 0.72ab 0.48ab 0.54ab 0.55ab 

Valine 0.61bc 0.47bcd 0.59bc 0.59bc 

Carbohydrate metabolism 

1,6-hydro-glucose 0.63abcd 0.48bcd 0.9ab 0.36d 

Fructose 0.75bcd 0.66cd 1.23a 1.04ab 

Glucose 0.78bcd 0.74cd 1.04abc 1.29a 

Glucose-1-phosphate 0.98abcd 0.71bcd 1.17ab 0.65cd 

Maltose 0.82abcd 0.73cd 0.79abcd 1.08a 

Sucrose 0.67abc 0.7abc 0.72abc 0.75abc 

Erythritol 0.69abcd 0.42d 0.6bcd 0.53cd 

Erythronate 0.51bcd 0.48cd 0.52bcd 0.87ab 

Galactinol 1.29a 1.06a 1.26a 1.23a 

Galactonicacid-1,4-

lactone 

0.63bcde 0.52cde 0.66abcde 0.62bcde 

Galactose 0.7bc 0.58c 0.7bc 0.67bc 

myo-Inositol 0.95bcd 0.9bcd 0.86bcd 0.89bcd 

Raffinose 1.58cd 4.48bc 0.77d 2.69bcd 

Trehalose 1.39a 1.14a 1.21a 1.17a 

Redox regulation, TCA cycle, lipid metabolism and secondary metabolism 

Pyroglutamate 0.73abc 0.61bc 0.72bc 1.14a 

Threonate 0.34defg 0.18g 0.35defg 0.6bc 

Ascorbate 1.35a 0.76abc 1abc 0.6bc 

Dehydroascorbate dimer 1.45a 0.97abcd 1.05abc 0.5cd 

Citrate 0.57bc 0.2f 0.36cdef 0.9a 

2methylmalate 0.55bcd 0.53bcd 0.51bcd 0.6bcd 

Fumarate 0.68a 0.76a 0.65a 1.09a 

Succinate 0.6bc 0.43cde 0.41cde 0.89a 

Ethanolamine 0.55bc 0.49bc 0.52bc 0.5bc 

Glycerol 0.7a 0.72a 0.69a 0.69a 

Glycerol-3-phosphate 1.16a 1.3a 1.04a 1.81a 

Octadecanoate 0.15b 0.16b 0.15b 0.19b 

Palmitate 1.2a 1.36a 1.29a 1.49a 

3,4-dihydroxybenzoate 0.57a 0.56a 0.51a 0.44a 

4-hydroxy-benzoic acid 1.4ab 1.4ab 1.57ab 1.84ab 

Benzoate 0.87a 0.87a 0.88a 1a 
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Benzylalcohol 0.74a 0.86a 0.7a 0.96a 

Sinapicacid 1.05a 0.55b 0.7ab 0.68ab 

Others 

Nicotinate 1.01abc 0.57abc 0.73abc 0.79abc 

Pyruvate 1.87abcd 1.36abcde 1.04abcde 0.54cde 

5,6-dihydrouracil 0.67a 1.08a 0.63a 1.53a 

Ribulose-5-phosphate 0.86ab 0.84ab 0.92ab 0.91ab 

Putrescine 0.56cdef 0.42defg 0.69bcd 0.38efg 

Spermidine 0.96bcd 0.8cdef 1.02bc 0.62def 

Glycolate 0.57ab 0.5ab 0.5b 0.5b 

Phosphorate 0.75a 0.72a 0.97a 1.1a 

 

Appendix Table 4 Leaf metabolites contents at ED in the single phyA, single phyB, 

double phyAB mutants and wild type grown under spectrum2
2
 

 Ler  phyAB  phyA  phyB  

Amino acid  

Alanine 3.03a 1.7abc 3.04a 2.41abc 

beta-Alanine 0.7bcd 0.78abcd 0.52d 0.84abc 

allo-Threonine 0.78a 1.2a 0.59a 1.29a 

Arginine 0.47bc 0.64abc 0.48bc 0.46c 

Asparagine 0.54a 1.12a 0.35a 0.65a 

Aspartate 0.78bcd 0.73bcde 0.52de 0.69cde 

GABA 0.52b 0.89ab 0.72ab 1.42a 

Glutamate 0.48def 0.57def 0.29f 0.49def 

Glycerate 0.49bcde 0.32de 0.28e 0.25e 

Glycine 0.14ef 0.11f 0.09f 0.15ef 

Guanidine 0.68a 0a 0.98a 3.67a 

Homoserine 0.27de 0.18e 0.25de 0.17e 

Isoleucine 0.46bcd 0.31cd 0.27d 0.56b 

Leucine 0.39de 0.26e 0.21e 0.68bc 

Lysine 0.68bcd 0.57cd 0.61bcd 0.82ab 

Methionine 0.51a 0.94a 0.42a 0.46a 

OAS 0.54def 0.72bcdef 0.32f 0.48ef 

ornithine 0.4cd 0.41cd 0.38d 0.58bcd 

Phenylalanine 0.52defg 0.41g 0.46fg 0.69bcde 

Proline 0.09d 0.18cd 0.01d 0.02d 

Serine 0.37fg 0.51cdefg 0.28g 0.24g 

Threonine 0.79abcd 0.58cde 0.55de 0.43e 

Tryptophan 0.97bc 2.29abc 0.98bc 2.85a 

Tyrosine 0.6ab 0.59ab 0.65ab 0.86ab 

Urea 0.69ab 0.61ab 0.56ab 0.96a 

Valine 0.45cd 0.35d 0.3d 0.36d 
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Carbohydrate metabolism 

1,6-hydro-glucose 0.6abcd 0.37d 0.55bcd 0.4d 

Fructose 0.75bcd 0.71bcd 0.68cd 0.93abc 

Glucose 0.7cd 0.73cd 0.64d 1.12ab 

Glucose-1-phosphate 0.98abcd 0.61d 0.8abcd 0.62cd 

Maltose 0.74bcd 0.66d 0.69cd 0.81abcd 

Sucrose 0.63abc 0.91ab 0.59abc 0.74abc 

Erythritol 0.7abcd 0.5cd 0.56bcd 0.51cd 

Erythronate 0.56bcd 0.46cd 0.37d 0.67abcd 

Galactinol 1.13a 1.2a 1.24a 1.23a 

Galactonicacid-1,4-lactone 0.59bcde 0.42de 0.5cde 0.37e 

Galactose 0.61bc 0.65bc 0.67bc 0.62bc 

myo-Inositol 1.15b 1.66a 0.86bcd 0.96bcd 

Raffinose 2.57bcd 27.17a 1.58cd 5.31b 

Trehalose 1.19a 1.68a 1.07a 1.91a 

Redox regulation, TCA cycle, lipid metabolism and secondary metabolism 

Pyroglutamate 0.71bc 0.83abc 0.5c 0.79abc 

Threonate 0.43cdef 0.2fg 0.19fg 0.28efg 

Ascorbate 1.16ab 1.07abc 1.04abc 1.12abc 

Dehydroascorbate dimer 1.05abc 0.86abcd 1.44a 0.5cd 

Citrate 0.48cd 0.22ef 0.26def 0.45cde 

2methylmalate 0.47cd 0.49bcd 0.38d 0.46cd 

Fumarate 0.73a 1.27a 0.56a 1.37a 

Succinate 0.49cde 0.35de 0.28e 0.56cd 

Ethanolamine 0.4bc 0.51bc 0.44bc 0.54bc 

Glycerol 0.64a 1.14a 0.66a 1.27a 

Glycerol-3-phosphate 1.23a 4.03a 0.96a 3.12a 

Octadecanoate 0.14b 0.27b 0.13b 0.27b 

Palmitate 1.18a 2.21a 1.2a 2.29a 

3,4-dihydroxybenzoate 0.41a 0.71a 0.46a 0.79a 

4-hydroxy-benzoic acid 1.31ab 2.17a 1.06ab 0.75b 

Benzoate 0.91a 1.31a 0.68a 1.39a 

Benzylalcohol 0.68a 1.47a 0.6a 1.77a 

Sinapicacid 0.82ab 0.77ab 0.58ab 0.68ab 

Others 

Nicotinate 1.16a 1.02abc 0.86abc 1.09ab 

Pyruvate 0.89abcde 2.09ab 1.93abc 2.28a 

5,6-dihydrouracil 0.67a 1.95a 0.57a 2.88a 

Ribulose-5-phosphate 0.89ab 1.61a 0.91ab 0.95ab 

Putrescine 0.38efg 0.34fg 0.33fg 0.23g 

Spermidine 0.84cdef 0.82cdef 0.89bcdef 0.56f 

Glycolate 0.49b 0.54ab 0.4b 0.65ab 

Phosphorate 0.65a 1.34a 0.68a 1.16a 

 


