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Abstract 
 

The evolution of multicellularity was a significant evolutionary event that occurred on            

numerous independent occasions in the history of life. It is useful to consider this in the                

Darwinian population framework: a population may participate in evolution by natural           

selection given that it satisfies the criteria of – variation, reproduction, and heredity. The              

transition from unicellular to multicellular life represented the emergence of Darwinian           

properties at a new hierarchical level, and the shift of Darwinian individuality from the level               

of the individual cell to the cooperating cell collective. This required a mechanism of              

reproduction of the collective; best conceived with nascent multicellular life cycles, likely            

manifest through clonal development and single-cell bottlenecks to mediate conflict between           

levels of selection. For the origin of multicellularity, transitioning between phases of the life              

cycle was also dependent on the evolution of developmental processes that integrate the             

activity of the individual cells and the collective. An experiment previously conducted in the              

Rainey laboratory explored the origins of multicellularity using ​Pseudomonas fluorescens          

SBW25, selecting for the evolution of a developmental program to transition between the             

soma-like SM and germ-like WS phases of the life cycle. Derived from this experiment was               

the TSS-f6 genotype, that demonstrates an environmentally-responsive capacity to change          

phenotype – resembling a primitive multicellular organism able to transition through the life             

cycle under developmental regulation. Whole-genome sequencing revealed the mutational         

history of TSS-f6, with a substitution in the ​wspA gene necessary for the phenotype; the               

WspA chemoreceptor hypothesised to sense environmental oxygen. Suppressor analysis of          

the TSS-f6 phenotype revealed the underlying activation pathways: for the WS phenotype –             

the ​wsp & ​wss operons, and ​mut genes; and the SM phenotype – ​pflu5960 ​, ​amrZ ​, and ​wspE​.                 

From this genetic dissection a simple model was proposed for the TSS-f6 developmental             

switch, though the role of ​wspE and the DNA mismatch repair system remain unexplained.              

The TSS-f6 genotype provided the opportunity to gain mechanistic insight into the            

emergence of a nascent life cycle under the control of a developmental program, and thus the                

origins of multicellularity and development in itself. 

 

I 



 

Acknowledgements 
 

Firstly, I would like to thank my supervisor Professor Paul Rainey for providing such an               

interesting and challenging project for my research. For putting his confidence in me to self               

direct my own work, whilst still providing constant wisdom and support when required. 

I would like to acknowledge Michael Barnett for all his help, and for letting me constantly                

annoy him in the office. Also to the support from Philippe Remigi and Daniel Rexin, who                

were always there to answer my questions and troubleshoot experiments. And to the rest of               

the Rainey lab for providing a good atmosphere to complete my research in. 

I highly appreciate the financial support from Massey University, my Masters fees funded             

under the Massey University Albany Vice Chancellor’s Natural Sciences Excellence Award. 

Lastly, I would like to thank my Mum and Dad for providing such a strong foundation and                 

for supporting all my endeavours, allowing me to reach the place I am today. And to my                 

friends and family for keeping me sane through the past two years; notably Davina, Elaine,               

and Ronald. I couldn’t have done it without you all, so thank you. 

 

  

II 



 

Table of Contents 
 

Abstract​…………………………………………………………………………………... 

Acknowledgements ​……………………………………………………………………. 

Table of Abbreviations ​……………………………………………………………….. 

Chapter 1: Introduction ​…………………………………………………………….... 

1.1 Background Evolutionary Theory………………………………………….... 
1.1.1 Evolution by natural selection…………………………………….... 
1.1.2 Historical views on the nature of variation……………………….... 
1.1.2.1 The modern evolutionary synthesis ​……………………………….... 
1.1.2.2 Extended synthesis and developmental constraints ​………………....
1.1.3 Darwinian populations and natural selection………………………. 
1.1.4 Major evolutionary transitions………………………………........... 
1.1.5 The evolution of multicellularity………………………………….... 
1.1.5.1 Cooperation and conflict ​………………………………………….... 
1.1.6 Life cycles and group-level reproduction……………………........... 
1.1.6.1 Nascent multicellular life cycles ​………………………………….....
1.1.6.2 Developmental programs ​……………………………………........... 
1.1.6.3 Link to phenotypic switching ​……………………………………….. 

1.2 The Connection between Genotype and Phenotype………………………… 
1.2.1 The genotype-phenotype map and development………………….... 
1.2.1.1 Evolvability, modularity and robustness ​………………………….... 
1.2.2 Genetic architecture constrains evolution………………………….. 
1.2.2.1 On the repeatability of evolution ​………………………………….... 

1.3 ​Pseudomonas fluorescens ​SBW25 Model System………………………….... 
1.3.1 Bacterial model systems and experimental evolution…………….... 
1.3.2 Pseudomonas fluorescens ​ SBW25 model………………………….. 
1.3.3 The wrinkly spreader phenotype………………………………….... 
1.3.3.1 The structural basis of the WS phenotype ​………………………….. 
1.3.3.2 Mutational pathways involving DGCs and c-di-GMP ​………........... 
1.3.3.3 ​wsp​, ​aws ​, & ​mws ​ operons ​………………………………………….. 
1.3.3.4 Constraint of WS evolutionary pathways ​…………………………... 

1.4 The Life Cycle Experiment………………………………………………….... 
1.4.1 The WS phenotype and life cycles…………………………………. 
1.4.2 Hammerschmidt et al. (2014) life cycle experiment……………….. 
1.4.2.1 Genetic switch in Line 17 ​…………………………………………... 
1.4.2.2 The origin of TSS-f6 ​………………………………………………... 

1.5 Research Objectives…………………………………………………………... 

I 

II

VI

1 

2
2
3
3
3
4
5
6
6
7
7
8
9

10
10
11
12
12

13
13
14
14
15
16
16
18

19
19
20
21
22

23

 

III 



 

Chapter 2: Materials and Methods……………………………………….... 

2.1 Materials………………………………………………………………………..
2.1.1 Bacterial strains…………………………………………………….. 
2.1.2 Plasmids and transposons…………………………………………... 
2.1.3 Primers……………………………………………………………... 
2.1.4 Antibiotics, reagents and enzymes…………………………………. 
2.1.5 Media and culture conditions………………………………………. 
2.1.6 Gel electrophoresis…………………………………………………. 
2.1.7 Photography and microscopy………………………………………. 

2.2 Methods………………………………………………………………………... 
2.2.1 Phenotypic characterisation……………………………………….... 
2.2.1.1 Colony morphology​……………………………………………….... 
2.2.1.2 Mat formation ​………………………………………………………. 
2.2.1.3 Capsule staining ​……………………………………………………. 
2.2.2 Polymerase Chain Reaction………………………………………....
2.2.2.1 Standard PCR​………………………………………………………. 
2.2.2.2 Arbitrary Primed-PCR​……………………………………………... 
2.2.2.3 Enzymatic purification ​……………………………………………... 
2.2.3 Gel electrophoresis…………………………………………………. 
2.2.4 Transposon mutagenesis………………………………………….....
2.2.4.1 Tri-parental conjugation ​………………………………………….... 
2.2.4.2 Transposon excision​………………………………………………... 
2.2.4.3 Phenotypic characterisation of transposon mutants ​……………….. 
2.2.5 Genomic DNA extraction…………………………………………... 
2.2.6  DNA sequencing…………………………………………………... 
2.2.6.1 Sanger sequencing ​………………………………………………….. 
2.2.6.2 Whole-genome sequencing ​…………………………………………. 
2.2.7 Analysis of mutation rate…………………………………………... 
2.2.7.1 Fluctuation tests ​……………………………………………………. 
2.2.7.2 Guanine tract sequencing ​…………………………………………... 

Chapter 3: Results…………………………………………………………... 

3.1 Phenotypic Characterisation of TSS-f6…………………………………….... 
3.1.1 Colony morphology……………………………………………….... 
3.1.1.1 TSS-f6 temperature-sensitivity ​……………………………………... 
3.1.1.2 Other colony phenotypes ​………………………………………….... 
3.1.1.3 Potential environmental cues ​………………………………………. 
3.1.1.4 Genotypes ancestral to TSS-f6 ​……………………………………... 
3.1.2 Niche preference in static broth……………………………………..
3.1.2.1 Mat formation ​………………………………………………………. 
3.1.2.2 Evolution of WS phenotypes ​………………………………………... 
3.1.3 Capsule staining……………………………………………………. 

3.2 Mutational History of TSS-f6……………………………………………….... 
3.2.1 TSS-f6 mutations………………………………………………….... 
3.2.1.1 Temperature-dependant mutations ​………………………………….

24

24
24
25
26
26
27
28
28

29
29
29
30
30
31
31
31
32
33
33
33
34
35
35
36
36
36
36
37
38

39

39
39
39
41
42
42
43
43
45
46

46
47
48

IV 



 

3.2.2 f2 ancestor mutations………………………………………………..
3.2.3 Line 17- ​mutS​wt ancestor mutations………………………………... 

3.3 Suppressor Analysis…………………………………………………………... 
3.3.1 Transposon mutagenesis of TSS-f6……………………………….... 
3.3.1.1 Screen A: TSS-f6 – SM suppressed at 28°C ​………………………... 
3.3.1.2 Screen B: TSS-f6 – WS suppressed at 20°C ​………………………... 
3.3.1.3 TSS-f6 WS & SM ​wspE​ transposon mutants ​……………………….. 
3.3.2 Second round transposon mutagenesis……………………………... 
3.3.2.1 Screen C: WS TSS-f6- ​wspE​mut – WS suppressed at 28°C​……….... 
3.3.2.2 Screen D: SM TSS-f6- ​wspE​mut – SM suppressed at 20°C​………… 
3.3.3 Phenotypic characterisation of TSS-f6 ​wspE​ transposon mutants…. 

3.4 Analysis of Mutation Rate……………………………………………………. 
3.4.1 Fluctuation tests…………………………………………………….. 
3.4.2 G tract expansion or contraction………………………………….... 

Chapter 4: Discussion……………………………………………………….. 

4.1 Environmentally-Responsive Phenotype of TSS-f6……………………….....

4.2 Model for the TSS-f6 Developmental Switch………………………………... 
4.2.1 Mutational background and environmental sensing………………... 
4.2.1.1 WspA as an oxygen sensor ​…………………………………………. 
4.2.2 Suppressor analysis and activation pathways……………………..... 
4.2.2.1 Hypothesis: WS at 20°C ​……………………………………………. 
4.2.2.2 Hypothesis: SM at 28°C ​…………………………………………..... 
4.2.2.3 Dilemma of the TSS-f6 ​wspE​ mutants ​…………………………….... 
4.2.3 Significance of the MMR system…………………………………... 
4.2.3.1 Hypothesis: MMR system and oxygen ​…………………………….... 
4.2.3.2 Alternate hypothesis: Secondary mutations ​………………………... 
4.2.4 Final model for the TSS-f6 developmental switch………………..... 

4.3 Concluding Remarks………………………………………………………….. 
4.3.1 Conclusion………………………………………………………….. 
4.3.2 Future directions……………………………………………………. 

Bibliography…………………………………………………………………. 

Appendices………………………………………………………………….... 

Appendix 1: Mutational history of TSS-f6………………………………………. 

Appendix 2: Transposon mutants of TSS-f6…………………………………….. 
 

48
49

50
50
50
52
54
55
55
56
57

59
59
60

62

62

63
63
64
65
65
66
67
68
69
69
70

71
71
73

76

85

85

89

 
 

V 



 

Table of Abbreviations 

 

Abbreviation Meaning 

 ALI  Air liquid interface 

 Amp  Ampicillin 

 AP-PCR  Arbitrary primed-polymerase chain reaction 

 BLAST  Basic local alignment search tool 

 bp  base pair 

 c-di-GMP  Cyclic-dimeric-guanosine monophosphate 

 DGC  Di-guanylate cyclase 

 DNA  Deoxyribonucleic acid 

 dNTP  dinucleotide triphosphate 

 g  gram or gravity 

 G  guanine 

 GPM  Genotype-phenotype map 

 hr  hour 

 kb  kilobase pair 

 KB  King’s broth 

 Km  Kanamycin 

 LB  Lysogeny broth 

 LSWS  Large spreading wrinkly spreader 

 min  minute 

 Nf  Nitrofurantoin 

 PCR  Polymerase chain reaction 

 PDE  Phosphodiesterase 

 Rif  Rifampicin 

 rpm  revolutions per minute 

 sec  second 

 SM  Smooth morphology 

 Tet  Tetracycline  

 TSS  Temperature sensitive switcher 

 WS  Wrinkly spreader 

 WT  Wild type 

 
 

VI 


