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Abstract

Abstract

The processes that lead to the evolution of novel adaptive traits are poorly
understood. It is not clear how the combination of natural selection and random
variation determine evolutionary pathways, specifically how evolutionary history
affects the outcome of evolution. In a previous experiment in which populations of
the bacterium Pseudomonas fluorescens were subjected to repeated evolutionary
reversals (the Reverse-Evolution Experiment (REE)) stochastically switching
genotypes evolved de novo in two out of 12 replicate lineages. Whole genome
sequencing revealed not only causative mutations in carB (referred to as carB*)
and rpoD but also the entire evolutionary pathways comprised of eight additional
mutations. It was hypothesized that evolutionary history played a major role in

switcher evolution.

This was tested by ‘reviving’ four REE lineages and the performance of ‘replay
evolution’ experiments. Whereas the repeated evolution of switcher genotypes
was observed in three of the four lineages, the likelihood of switcher occurrence
varied and depended on the genotype. By artificially introducing the original
switcher mutation carB* into genotypes from one lineage, potential fitness
benefits of the switcher mutation at each point in evolutionary time were
assessed. The introduction of carB* into the ancestral genotype of SBW25 created
a switcher with higher fitness than the ancestor, indicating that evolutionary
history is not necessarily required to give rise to an evolutionary successful
switcher. This idea was tested further during a real-time evolution experiment
using the same genotypes as founder populations. The capacity to evolve a
switcher, based on the competitive fitness of carB* was only partly reflected in
the ability to re-evolve switchers, which is most likely due to the availability of
alternative evolutionary pathways, the number of competitors, and the fitness of
the founder genotype. In addition, epistasis contributed to an increased capacity
to produce a switcher based on carB* resulting in an increased likelihood to

evolve this novel trait in genotypes from the later evolutionary time points.



Abstract

Evolutionary history plays an important role in the evolution of switching. Even
though switchers evolved repeatedly from different genotypes, the likelihood that
this path was taken depended on genetic constraints and ecological factors. These
factors and their contribution to the evolutionary outcome were dependent on the

genetic composition and changed throughout evolutionary history.

il



Acknowledgements

Acknowledgements

This research project would not have been possible without the support of many
people. First and foremost, | wish to thank my supervisor, Professor Paul Rainey
for his support, his continuous faith and help throughout my project. I also want to
thank my co-supervisor Dr. Austen Ganley for encouragement and discussions
during the research. [ would like to thank the New Zealand Institute for Advanced
Study for funding the project and for the financial support to attend overseas

conferences.

[ would like to acknowledge former Rainey lab members in particular Dr.
Hubertus Beaumont for his extensive work on the Reverse-Evolution Experiment
and Dr. Jenna Gallie for her studies on the switcher lineages. Dr. Monica Gerth,
thank you for teaching me many methods and tricks in the laboratory. Thanks to
Dr. Gayle Ferguson for helping with the material and methods chapter of my
thesis. My special thanks are extended to all the Rainey lab members for their help
and kindness and for being so weird and entertaining at the same time. Thanks to

Katrina Rainey for improving my thesis and for her valuable comments.

Special thanks goes to Dr. Katrin Hammerschmidt for her treasured assistance
with statistic problems and for her help with the planning of experiments. You

have been a great source of inspiration, hope and motivation.

[ am grateful to my parents who supported me throughout the entire time and
encouraged me to start this project and to move to New Zealand. Without my
parents my PhD would not have been possible. Thanks to my flatmates, Jazz, Stef,
Nielvin, Andrew and Sat for being my New Zealand family, for the flinners and for
cheering me up. Finally, [ would like to thank Katrin and Peter for being great
friends. Fishing, extensive cooking sessions, delicious food and Tatort nights are
things that [ really enjoy in life and I am glad that I could share this with the two of

you. Thanks for looking after me.

il



Table of contents

Table of contents

ADSETACE .. ————————————————————————— i

ACKNOWIedgemENLS........ccviinmnmimmissnssssmsssssss s s iii

Table of CONteNtS......ccii i ————————————_—_————— iv

List of illustrations ... ———————— ix

List of tables.....cums s —————————————————————— xi

Chapter 1: INtroducCtion ... 1

1.1 EVOIULION ..o sssssssssssasssssssssnns 1

1.1.1 Origin of genetic Variation....c.oeeeeereereeseessseseesseesesseessesssesseessesssesssssessssssesssses 2

1.1.2  Natural SEleCTION. ... eeeeeeeeereerer e seessseses s s ssesse s ss s sssssesssanes 3

1.1.3 The impact of stochastic processes on evolution.........en. 3

1.2 The role of adaptation, chance, and history in evolution ..........cccesrenene. 4

1.2.1 Gould’s view of the WOrld’s hiStOTY .....oceereerrerreerereeseeseeseeseeseeseesesseesseseens 6

1.2.1.1 Replaying the tAPE Of lIfe ... neeseerereeseeseesseseeseesssesesssssessesssesssssesssees 7

1.3 Experimental evolution with microorganisms. ... 8

1.3.1 The Escherichia coli long-term eXperiment ........cooeoerereeseeseesseessessesssesseesnes 9

1.4 The model organism Pseudomonas fluorescens SBW25 ..........ccceinennnes 10

1.4.1 Diversification of P. fluorescens SBW25 in a static environment............ 11
1.4.2 The evolutionary race of wrinkly spreaders for the air-liquid interface

.............................................................................................................................................. 12

1.4.3 The genetic origins of the WS phenotype........comeneenmeeneeneenseeneeseeneessennnns 14

1.4.3.1 TRE WSS OPEITON wereererrerrerressssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 14

1.4.3.2 TRE WSP OPCIOMNucueerererrerresrssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 15

1.4.3.3 TRE QWS OPEION cueurererrerresssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 17

1.4.3:4 THE MWSR IOCUS w.cueurerreeeeereereereessesesssesessessssssessssssesssssssssssssssssssssssssssessesssssssees 18

1.4.4 The Reverse-Evolution Experiment (REE) ..o 20

1.4.4.1 Whole-genome sequencing of evolutionary endpoints.......cccoucreennee 22

1.5 The rise of a stochastically switching phenotype.......cconririnisrinnsscnnes 22

1.6 Aims of the current StUAY ... ——————————— 25

Chapter 2: Material and Methods.........cnn, 29

2.1 Bacterial strains, culture conditions and reagents...........ccocusernsursnsesannns 29

/20 T S 0101 LD =30 44 =T TP 31

2.1.2 Culture conditions for bacterial Strains........eoeneneneeneseeserseeseseees 32

v



Table of contents

2.1.2.1 Pseudomonas fluorescens (P. flUOIESCENS) ........ouwwreermeeneeseenseuseensesseessesnes 32
2.1.2.2 ESCherichia COIli (E. COIL) eneereensereessesneesesnsessessesssesssssssssssssssessssanes 32
/708 G T o P 1] 4} PP 32
2.1.3  ANTIDIOTICS oo seesessees s sessses s s s s s s saees 33
00 B U 0 /A 4 4 L1 T 33
00 T 0 0 04 =) 3PP 34
2.2 Molecular methods ... ——————— 36
2.2.1 Polymerase Chain Reaction (PCR) ...onenceneneeeseeseeseeseesseesesseesseseees 36
2.2.1.1 Standard TAG-PCR.......nsesessssssssssssssssssssssssssssssssssssssssssssssssssssssssns 36
2.2.1.2 0verlap-exXtenSion-PCR........oeinnsnsnssnssnsssssssssssssssssssssssssssssssssssssssns 36
2.2.1.3 Agarose gel eleCtTOPNOIESIS. ... weerreenseereesesseesesssessessesssessssssssssssssssssssanes 38
2.3 Comparative sequencing of genes or gene fragments..........cc.cocsrsesesannns 38
2.4 Reconstruction of the carB* mutation into different strains of P.
JTUOTESCENS. .t e 39
2.4.1 Isolation of the DNA fragment carrying carB™........eneenneneesseennens 39
242 TOPO®TA ClONING...iirrirrirrsirirsessssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssees 39
2.4.3 Cloning into the pUIC3 plasmid ......coeneenmerneereeneeseeseeseeseeseesseessesseessesseees 40
2.4.3.1 Manufacture of electrocOmMPELENt CEIIS........wnreoreerreneereenreereeseeseesseeanes 41
2.4.3.2 Transformation of pUIC3 into E. COli e seeseeseeseesecasennes 42
2.4.4 Bacterial CONJUGATION .......cereeeeureeeeereeseeseessersesseesesseessessessessssssesssssssesssssssssesssesssees 42
2.4.5 Introducing a lacZ transcriptional fusion into P. fluorescens strains..... 44
2.5 Biological asSSays ... ————————————— 45
2.5.1 CapPSULE COUNT ASSAY .evruerreemrereeserssesseessesseessessessssssessssssesssessesssesssssssssssssssssessesssssssees 45
2.5.2 Determination of relative fitness of 12S4carB* .......ereenreseesseennens 46
2.5.2.1 FILNESS ASSAY wvereureerreereenseesesseessesssessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanes 46
2.5.2.2 FitNESS CAICUIALION .uueureueerereeeeereereeeeseesesseeseseessessessessssssessssssssssssssssssssssanes 47
2.6 Estimation of population growth of P. fluorescence lineages ................ 48

Chapter 3: Multiple evolutionary pathways to a switcher genotype in P.

LT L0 =023 1 K 49
3.1 INtroducCtion ... ———————————————— 49
3.1.1 Convergence, parallelism and predictability of evolution........ccccoccovuunnee. 50
3.1.2 Evolution of a stochastically switching genotype in P. fluorescens......... 54
3.1.2.1 The rise of the SWItCREr GENOLYPE.......wceoreenrerneenserseesesssesssesesssessssssessssanes 54
3.1.3 The mutational history of the switchers in Line 1 and Line 6.................. 55
3.1.4 Replaying the tape of life in P. flUOreSCENS.........eorenreneerseeneerseensesseessenseens 57
3.1.5  ODJECHIVES: e sss s ssssssssnsans 58
3.2 Summary of material and methods ........cccuiniinnn—— 59
3.2.1 The Switcher Re-Evolution Experiment (SREE) in four independent
JINEAZES «.vreereeneeeenreeseessesssessesssessessses e s s e s s 59
3.2.2 Molecular Methods. ... ———— 61
3.2.2.1 Comparative sequencing of the carB gene ... ereneenseenseseennes 61



Table of contents

3.2.2.2 Introduction of carB* into the genome of 1254 ......oeoeereneenneenseseennes 62
3.2.2.3 Construction of a lacZ transcriptional fusion in 1254 ... 62
3.2.2.4 Capsule count assay for 12s4 and the manufactured 12s4carB* strain
....................................................................................................................................... 63
3.2.2.5 Determination of relative fitness of carB* in 1254 ......eoreevrenrcseennes 63
3.2.3  Statistical ANalySiS...ceerreererreesseeseeseessessessesses s ssesssesssssssssssasees 63
3.3 ReSUILS . ——————————————— 64
3.3.1 The SREE from genotypically different founder populations.................. 65
3.3.1.1 Average total switcher production in 1s4, 3s4, 6s4 and 1254 ................ 65
3.3.1.2 Time taken to detect switchers in each StraiN ... 66
3.3.1.3 Time to detect new phenotypes in each Strain .........eeenseseennes 67
3.3.2 Genotypic analysis of re-evolved switcher genotypes.......neerreennens 68
3.3.3 Phenotypic characterization of 12S4carB™ ... nenseneenseseeseeneens 68
3.3.3.1 Fitness effect 0f CarB* 0N 1284 ... eorereeneenreseesesseessesssesssssesssssssssessssanes 70
3.4 DISCUSSION .ccvviiimiissmsmsis s 70
3.4.4 Parallel evolution of phenotypic switching in four independent lineages
OF P. fIUOTESCEIS ueereeerreeereererreesreseesseesessesssssssessssssesssssssssssssssssssssssssssssssssssessssssssasees 72
3.4.4.1 Multiple pathways can lead to stochastic SWItCRING ......coueereeneeseennes 73
3.4.4.2 Impact of mutational history on switcher evolution ... 73
3.4.5 Differences in appearance time of novel types and switchers................. 75
3.4.6 Constraints in the evolution of a switcher genotype in Line 12............... 76
K TESJY 1)1 011 L= 1 o 77

Chapter 4: Impact of history on the evolution of a switcher genotype in

) T L) =X 1 79
4.1 INtrodUCLiON ... ————————— 79
4.1.1 Impact of mutational history on the evolution of novel traits................. 80
4.1.2 Impact of the number and order of mutations on the evolutionary
trajectory of a SWitCher GENOLYPE ... sesssesseeans 81
4.1.2.1 The rise of the switching phenotype in P. fluorescens........cccouueereereenn. 81
4.1.2.2 The exceptional role of Line 1 in switcher evolution ... 83
4.1.2.3 Test for the probability of switcher evolution along the evolutionary
PALAWAY TN LINE 1 .ueeereeeeereeeeseesesseesesseessessssssssssssssss s sssssssssssssssssssans 84
N UG T 0 o [Tt T3P 86
4.2 Summary of materials and methods.......ninnsinnscisnn. 87
4.2.1 Reconstruction of carB* into genotypes of Line 1 .....ccoooneenneenecneesneeneenn. 87
4.2.2 Capsule count assay in carB* and non-carB* strains of Line 1................ 87
4.2.3 Measuring relative fitness of carB* in SBW25, 1s1, 1s2, 1s3 and 1s4...88
4.2.4 Population growth determination.......eeeneeneeneseeseseesseesesseenns 89
4.2.5 Statistical ANalySeS ... erreneerreenerseeseeseessessessees s sees s sssesssessssssessseans 89
4.3 ReSUILS .ot ———————————— 90
4.3.1 Phenotypic effect of carB* on SBW25, 1s1, 1s2, 1s3 and 1s4.....cccuuenu..n. 90

vi



Table of contents

4.3.2 Fitness effect of carB* in SBW25, 1s1, 1s2, 1s3 and 1S4 .....cccevevevevevereenes 92
4.3.2.1 Fitness consequences of the MAarker SYSteM .......eneneesseensesseesesseenns 93
4.3.2.2 Fitness consequences 0Of CarB¥ ... nrneeesesessesseessessessssssesseenns 93

4.3.3 Effects of carB* on bacterial Growth ... 95
4.3.3.1 Bacterial growth of carB* and non-carB* strains over 24 hours ........ 95
4.3.3.2 Change of growth rates after carB* introduction............en. 96

4.4 DIiSCUSSION coviisiissmsimsmsmsss s 98
4.4.1 Phenotypic effect Of CArB¥ ... ssessessessesssssssssseans 99
4.4.2 Change of evolutionary accessibility for carB* along the evolutionary

PAthWaY IN LINE Tt ees s sesssessssssssans 100

4.4.3 Impact of environmental factors on carB* fitness ......umenenresneneens 103

T ST 11 10D 0B ) 7 104

Chapter 5: Impact of evolutionary history on real-time evolution of a

SWiItChing SeNOLYPE ... ess 105
5.1 INtroduction ....msss————————————————— 105
5.1.1 Impact of mutational history on carB* switcher evolution in Line 1. 106
5.1.2 Lack of switcher occurrence during the REE in Line 1 ....ccconnernenneee. 108
5.1.3  ODJECHIVES ururereerrererrssssssssssssssessesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 110
5.2 Summary of materials and methods ... 111
5.2.1 Experimental design of the SREE in Line 1 ... 111
5.2.2 Screening the carB gene of re-evolved switchers .......eineenneneens 114
5.2.3  Statistical analySes.... s ssssssssssens 114
5.3 ReSUltS...ci s ————————————— 115
5.3.1 The re-evolution of switching genotypes in SBW25, 1s1, 1s2, 1s3 and
1S4 (SREE) o ieereersreissesssesssssssssssesssesssssssssessssesssssssssssssssssssssssssssssssssssessasessanes 115
5.3.1.1 Total number of re-evolved SWitcCher genotypes .......eeneeereen: 115
5.3.1.2 Evolutionary routes of re-evolved switcher genotypes................. 116
5.3.1.3 Time taken to detect new phenotypes or switchers in each genotype
.................................................................................................................................... 116
5.3.1.4 Impact of new types on population COMPOSItiON ........coeeeereerreereeereenne 118
5.3.1.5 Population composition and SWItcher 0CCUITENCE .....cumnverserseesesressens 119
5.3.1.6 Phenotypic diversity and SWItCher OCCUITENCE .......eoreenrerneererseenreenns 120
5.4 DIiSCUSSION .o 122
5.4.1 Impact of evolutionary history on real-time evolution .......cccoucereunee. 123
5.4.2 The genetic basis of switcher evolution along the evolutionary pathway
10 B 00 4 U 124
5.4.3 Impact of population dynamics and phenotypic diversity in switcher
EVOIULION IN LINE T .ot sesses s sesssssssssees 125
5.4.3.1 Depletion of evolutionary pathways with proceeding evolution ...... 127
5.4.4 Comparison of theoretical capacity of switcher evolution and real-time
SWItChET Te-EVOIULION c.uccveeececeeereeeeeeet s ees s sseseens 129

Vil



Table of contents

LIRS Y 10110111 -1 o 131

Chapter 6: Epistasis and the evolution of stochastic switching in P.

LT L0 2o =3 1 133
6.1 INTrodUCLION ....coiisirirrinss s 133
6.1.1 Epistasis and the evolution of novel traits ... 134
6.1.2 Investigation of epistatic interactions in the evolution of a switching
10 0153 1 0] 04 01 TP 136
6.1.3  ODJECHIVES . sssssesssssssss s ssssssssssssssssssssssssssssssssssssssens 140
6.2 Summary of materials and methods.........cininncnnnn————. 141
6.2.1 Creating a gene deletion of wspF, wssA, wss or wspR in 1s3 and
Y T 1 g 2 PP 141
6.2.2 Bacterial CONJUGATION ... seeseesees s sesses s sesssssssssssssesssens 141
6.2.3 Determination of relative fitness of carB*.........neoneenneneeseesseeneens 142
6.2.4 Documentation of niche occupation in static microcosms over time 143
6.2.5 Statistical ANalySiS ..o esssssseseens 144
6.3 ReSUILS ... ————————————————— 144
6.3.1 Fitness effect of lacZ transcriptional fusion.....nn. 144
6.3.2 Detection of epistatic interactions between carB* and the genes wspF,
WSSA, WSSA-] OT WSPR IN 1S3 . sssssessssssssssssesssssssessenss 146
6.3.3 Comparison of niche preferences of 1s3 and 1s3carB* after the deletion
Of WSPF, WSSA-] OF WSPR .couerererrerssinsinsinssssssssssssssssssssssssssssssssssssssssssssssssssssssssess 148
LS T D R 1L 1) o 150
6.4.1 The role of epistasis in the evolution of phenotypic switching in P.
JIUOT@SCONS ..ot sssss s s 152
6.4.2 Ecological consequences of epistatic interaction...........eoneesseeseens 153
SRS 101001 T 1 o 155
Chapter 7: Final diSCUSSION ... sssssssssssssssssssssssssssssssssssssssssssas 156
7.1 Theoretical background of the project ........ccociniscnnssssnssnnsssssssenns 156
7.2 Summary of the findings ... ——— 158
7.3 Final comment and future proSpects.......ccummmmmmmmm————"m, 164
Reference LiSt...... s sssssssssssssssssssans 167
APPENAICES...iiiiiiinimrrismisrssismsssssss s —————————————————_————— 181
A1 Table of Abbreviations ... —————————— 181
A2 Appendix material from Chapter 4.......cummmmmmmmssmssmamm. 182
A3 Appendix material from Chapter 6 ........cmmmmmm——————— 183

viil



List of illustrations

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 1.7
Figure 1.8

Figure 1.9
Figure 2.1
Figure 2.2
Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7
Figure 4.1

Figure 4.2
Figure 4.3

Figure 4.4

List of illustrations

Adaptive radiation in a static environment
Rise of the WS

Fall of the WS

The wss operon

The Wsp signal transduction pathway model
The Aws pathway model

Model of MwsR function

Experimental design of the REE of one of the 12 replicated
lines in P. fluorescens SBW25

Phenotype of a switcher genotype at colony and cellular level
Gene deletion with an overlap-extension-PCR

Experimental design of a competition assay

Convergent and parallel evolution

Experimental design of the SREE (four different lineages)

Average number of replicates of 1s4, 3s4, 6s4 and 12s4 that
evolved switchers out of 56 replicates

Average number of microcosms of 1s4, 3s4, 6s4 and 12s4
with switchers after each transfer out of 56 replicates

Average number of microcosms of 1s4, 3s4, 6s4 and 12s4
with a novel phenotype after each transfer out of 56
replicates

Percentage of capsulated cells in populations of 12s4 and
12s4carB*

Relative fitness of carB* in 12s4

Percentages of capsulated cells in populations of non-carB*
and carB* strains

Relative fitness of carB* in SBW25, 1s1, 1s2, 1s3 and 1s4
ODgoo of non-carB* and carB* strains over 24 hours under

shaking conditions (N = 7)

Maximum growth rates (Vmax) for non-carB* and carB*
strains (N =7)

11
12
13
14
16
18
19
21

24
37
46
51
60

65

66

67

69

70
91

94
96

97

X



List of illustrations

Figure 5.1

Figure 5.2
Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 6.1

Figure 6.2
Figure 6.3

Figure 6.4

Figure 6.5

Figure Al

Figure A2

Results of carB* fitness measurements in different
genotypes of Line 1

Experimental design of the SREE (genotypes of Line 1)

Average number of replicates of SBW25, 1s1, 1s2, 1s3
and 1s4 that evolved switcher genotypes in the SREE
out of 60 replicates

Average number of microcosms of SBW25, 1s1, 1s2,
1s3 and 1s4 with (A) a new type or (B) a switcher
genotype after each transfer out of 60 replicates

Cell frequencies of novel types in proportion to the
total cell number in populations of SBW25, 1s1, 1s2,
1s3 and 1s4 per transfer

Average proportion of microcosms with a switcher
over the average cell densities of new types over all
genotypes in 60 replicates

Average number of different colony types in each
lineage found on agar plates after diversification in 60
replicates

Average number of microcosms with a switcher
(SREE) plotted against the relative fitness of carB* in
the different genotypes

Fitness effect of carB* on genotypes that occurred
during the course of evolution in Line 1

The wsp operon

Relative fitness of carB* in 1s3 after the deletion of
wspF, wssA, wssA-] or wspR

Niche preference of 1s3 and 1s3carB* in a static
environment with wspF, wssA-J or wspR deleted

The wsp operon associated with the colanic acid
pathway

Relative fitness of lacZ transcriptional fusion in
SBW25, 1s1, 1s2, 1s3 and 1s4

Relative fitness of carB* in 1s3AwssA and 1s3AwssA-
lacZ

108

113
116

117

119

120

121

130

137

139
147

149

152

182

183



List of tables

Table 2.1

Table 2.2
Table 2.3
Table 3.1
Table 3.2
Table 4.1
Table 4.2
Table 4.3

Table 4.4

Table 4.5
Table 4.6

Table 4.7

Table 5.1
Table 6.1
Table 6.2

Table 6.3

Table 6.4

Table A1

List of tables

Designation and genetic properties of the bacterial strains
used in this study

Plasmids used in this study

List of primers used in this study

Mutational history of the switcher type in Line 1 and Line 6
Mutational history of four lineages from the REE
Mutational histories of three switcher lineages

Genotypes of Line 1 after carB* introduction

List of the fitness assays between carB* strains and non-

carB* strains of Line 1

Summary of the statistical analyses of the capsule count
assay

Fitness effect of lacZ transcriptional fusion
Fitness effect of carB* in genotypes of Line 1

Effect of carB* on maximal growth rate (Vmax) in genotypes of
Line 1

Mutational history of the switcher (1w4) in Line 1
Mutational histories of 1s2 and 1s3
Fitness assay between carB* (Competitor A) and non-carB*

(Competitor B) strains

Fitness effect of lacZ fusion in two replicate groups of
competition experimenst between carB* and non-carB*
strain

Summarised results from the statistical analysis of fitness
effect of carB*

Table of Abbreviations

29

32
34
55
64
83
85
88

92

93
94

97

112
138
142

145

148

181

xi



