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Abstract 

Reeve, Jennifer Lee (Ph.D., Geological Sciences) 

The phylogeny, physiology, and evolution of salinity tolerance in Cyanobacteria 

Thesis advised by Associate Professor Boswell A. Wing 

   

 The evolution of oxygenic photosynthesis in the cyanobacterial phylum led to the 

irreversible oxidation of the Earth’s atmosphere at the Great Oxidation Event (GOE), ~2.5 – 2.0 

billion years ago. While the GOE provides a minimum age for the evolution of oxygenic 

photosynthesis, there is evidence that oxygenic photosynthesis evolved significantly before the 

GOE. If this is the case, the oxygenation of the Earth’s atmosphere, and by extension 

cyanobacterial evolution, must have been delayed by some biotic or abiotic factor(s). My 

dissertation addresses the hypothesis that early cyanobacteria were restricted to terrestrial 

environments due to salinity intolerance, and their expansion into the marine environment was 

the trigger for enhanced global oxygenic photosynthesis and the GOE.  

My dissertation evaluates this hypothesis across multiple timescales. The first chapter 

investigates how phylogenetic methods reconstruct microbial traits versus environmental history 

in deep time. The second chapter focuses on the physiological timescale to empirically investigate 

the plasticity of salinity tolerance within multiple taxa of modern cyanobacteria. And the third 

chapter uses experimental evolution to observe the impacts of salinity selection on the salinity 

response of cyanobacteria. 

To test the implications of ancestral state reconstruction (ASR) methods, I produced simulated 

trait distributions of salinity optima via two models of evolution. These simulated “modern” 

distributions were used as the data for testing ASR predictions. I established the range of 
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evolutionary rates that allow for salinity to be reconstructed across the cyanobacterial tree, which 

are slow in comparison with published estimates of rates from fossil and experimental 

macroevolution data. 

I collated data from scientific papers published over the last 70 years reporting cyanobacterial 

growth responses to changes in salinity. Upon standardizing this historical dataset, I evaluated 

differences in responses to salinities across the phylum. Over half of the strains isolated from 

“terrestrial” habitats grew at salinities above the thresholds (0.5 - 5 ppt) typically used to 

distinguish between terrestrial and marine environments. They are, however, rationalized in terms 

of a mechanistic model that relates growth rate to maintenance of osmotic homeostasis. 

To evaluate how these responses change on evolutionary timescales, I grew sixteen 

experimental lineages of the model euryhaline cyanobacterium Synechococcus sp. PCC 7002, 

inoculated from a genetically homogenous ancestor into 4 treatments, ranging from 10% marine 

salinity to 100% marine salinity, and serially transferred twice a week. I then evaluated these 

evolved lineages for changes in their general fitness, as well as changes in their plastic response 

to varying salinities. 

My data on both the physiological and evolutionary response of cyanobacteria to changes in 

salinity suggests that we need to reevaluate how we consider salinity tolerance as a trait in 

phylogenetic reconstructions. Salinity does not appear to behave as a discrete trait, and salinity 

tolerance does not appear to be a trait maintained only by strains regularly exposed to higher 

salinities. These eco-evolutionary results indicate that our perspective of geobiological records of 

cyanobacterial evolution and the Great Oxidation Event needs to shift from a focus on salinity 

tolerance of individual organisms toward consideration of the relative environmental niches 

(marine versus terrestrial) available on the Archean Earth. While phylogenetics can inform our 
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understanding of the evolutionary trajectories of early life, we must address the challenge of 

considering not just the modern distribution of traits, but also the variance of those traits over 

ecological and evolutionary timescales. 

  



 

v 

 

Dedication 

To the younger me, may this serve as the definitive proof you never needed that you were 

always capable and always worth believing in. Thank you for your bravery and determination, I 

am so grateful for the life we’ve had and the person we’ve become.  



 

vi 

 

Acknowledgements 

I have gratitude beyond measure for the family, all chosen one way or another, who have 

supported, encouraged, and believed in me throughout my PhD, and throughout my life. There 

are too many individuals to thank you all, but I am so grateful to have your support and 

friendship. 

A few special thanks: 

To my Aharon. For being my partner for nearly a decade, and never doubting me. And 

for finding my ramblings about science bemusing rather than annoying. You have made space 

for me to grow and change as a person throughout my PhD and that will always mean the world 

to me. 

To Boz. For being the advisor I needed and wanted, even if we both probably thought I 

had drifted a bit too far off course a few times over my PhD.  



 

vii 

 

Table of Contents 

Abstract ii 

Dedication v 

Acknowledgements vi 

Table of Tables ix 

Table of Figures x 

Chapter 1: Introduction 1 

Background 1 
Cyanobacteria and Earth history 1 

Cyanobacteria and salinity 3 
Cyanobacterial salinity tolerance mechanisms 6 

Overview 20 

Chapter 2: Simulating cyanobacterial trait evolution: influences of deep time and global 

events 24 

Introduction 24 

Methods 27 

Phylogenies 27 

Forward simulations 28 

Analysis of simulated trait values 29 
Ancestral state reconstructions 30 

Results 31 
Forward simulations 31 
Ancestral state reconstructions 35 

Discussion 37 
General implications 37 
Geobiological implications 38 

Chapter 3: Reevaluating the plastic response of extant cyanobacteria to changes in salinity 40 

Introduction 40 

Methods 41 
Literature data 41 
Laboratory data 42 
Normalization 42 
K-means clustering 42 

Results 43 
Salinity of optimum growth 43 
Maximum salinity of growth 44 



 

viii 

 

Reaction norms 46 
K-means clustering 46 

Biophysics-informed conceptual model of salinity tolerance 47 
Model fitting results 59 

Discussion 63 
Does habitat predict salinity tolerance? 63 
Is salinity tolerance a discrete trait? 64 

Conceptual model 65 

Chapter 4: Experimental evolution of salinity tolerance in a laboratory model cyanobacterium

 68 

Introduction 68 

Methods 76 
General culturing conditions 76 
Establishing isogenic founder population 76 

Serial transfer parameters 76 
Freezing protocols 77 

Resurrection protocols 77 
Growth characterization 78 
Salinity tolerance assays 78 

Results 79 
Growth rate changes 79 

Coarse-grained salinity response curves 85 

Fine-grained salinity response curves 87 

Discussion 93 
Potential for long-term fitness improvements 93 

Evolution of salinity responses 93 

Chapter 5: Conclusions 96 

References 99 

Appendices 127 

Appendix A 127 

Supplemental Methods 127 
Supplemental Figures 128 

Appendix B 132 

Reaction norms and model fits 133 

Appendix C 180 
BG-11 recipe 180 
AASW Recipe 181 
Vitamin B12 recipe 184 
Growth rate comparisons 185 

 



 

ix 

 

 

Table of Tables 

TABLE 1: DEFINITIONS OF THE SALINITY OF HABITATS FROM ASSORTED 

LITERATURE. “NOT INCLUDED” INDICATES THAT THE SOURCE PAPER DID 

NOT EVALUATE THE CATEGORY, “NOT DEFINED” INDICATES THAT THE 

SOURCE PAPER EVALUATED THE CATEGORY BUT DID NOT PROVIDE A 

DEFINITION. ..................................................................................................................... 4 

TABLE 2: CYANOBACTERIAL TRANSPORT SYSTEMS ASSOCIATED WITH SALT IONS AND 

COMPATIBLE SOLUTES ................................................................................................ 10 
TABLE 3: PARAMETERS FOR SIMULATED DATASETS .......................................................... 31 
TABLE 4: NUMBER OF FREE PARAMETERS AND DATASETS FIT FOR EACH MODEL .... 59 

TABLE 5: SUMMARY OF SALINITY SELECTION EXPERIMENTS FROM THE LITERATURE. 

BOLDED SPECIES ARE IN THE CYANOBACTERIAL PHYLUM. ................................ 70 
TABLE 6: TREATMENT CONDITIONS FOR EACH LINEAGE IN THE SELECTION 

EXPERIMENT. ................................................................................................................. 77 
TABLE 7: REALIZED GROWTH AT TRANSFER POINT FOR THE FIRST AND LAST 50 

GENERATIONS BY LINEAGE. P VALUES FROM ANOVA (NOT ALWAYS ASSUMING 

EQUAL VARIANCE) TEST............................................................................................... 80 
TABLE 8: RESULTS FROM ANALYSIS OF VARIANCE (ANOVA) TESTS OF THE GROWTH 

RATE OF LINEAGES A, B, C, D AND THE ANCESTOR IN DIFFERENT SALINITY 

CONDITIONS. GROWTH MEDIA IN WHICH STATISTICALLY SIGNIFICANT 

VARIANCE OCCURRED BETWEEN LINEAGES ARE BOLDED. ............................... 185 
 

 

  



 

x 

 

Table of Figures 

FIGURE 1: STRUCTURES OF COMMON COMPATIBLE SOLUTES USED BY 

CYANOBACTERIA. .......................................................................................................... 12 
FIGURE 2: DIAGRAM HIGHLIGHTING THE APPROACHES OF EACH CHAPTER OF THE 

DISSERTATION. ............................................................................................................... 20 
FIGURE 3: WORKFLOW DIAGRAM FOR SIMULATING TRAIT DATA ON 

CYANOBACTERIAL PHYLOGENIES AND DOWNSTREAM ANALYSES ..................... 27 

FIGURE 4: SIMULATED TRAIT DATA FROM THE BROWNIAN MOTION FORWARD 

SIMULATIONS. IN A IS THE NUMBER OF TIPS WITH A GIVEN SALINITY ACROSS 

THE SIMULATIONS. IN B IS THE PROPORTION OF TIPS WHICH ARE 

DISCRETIZED AS FRESH VERSUS MARINE. ............................................................... 32 
FIGURE 5: SIMULATED TRAIT DATA FROM THE ORNSTEIN-UHLENBECK FORWARD 

SIMULATIONS. EACH PANEL HAS A DIFFERENT Α VALUE. THE Y-AXIS HAS BEEN 

RESTRICTED TO A RANGE OF 0 - 50 PPT. .................................................................. 33 
FIGURE 6: LIKELIHOOD OF RECONSTRUCTION OF FRESHWATER HABITAT FOR THE 

LAST COMMON ANCESTOR GIVEN THE VALUE OF SIGMA USED TO PRODUCE 

THE SIMULATED TRAIT DATA. A AND B SHOW RECONSTRUCTIONS USING THE 

EQUAL-RATES (ER) MODEL FOR THE BROWNIAN MOTION AND ORNSTEIN-

UHLENBECK SIMULATIONS RESPECTIVELY. C AND D SHOW 

RECONSTRUCTIONS USING THE ALL-RATES-DIFFER (ARD) MODEL FOR THE 

BROWNIAN MOTION AND ORNSTEIN-UHLENBECK SIMULATIONS 

RESPECTIVELY. FOR THE ORNSTEIN-UHLENBECK RECONSTRUCTIONS (B AND 

D), ALL Α VALUES TESTED FOR EACH Σ ARE SHOWN. BREAKOUTS OF THE 

IMPACT OF Α ON THE LIKELIHOODS CAN BE SEEN IN THE SUPPLEMENTAL 

MATERIALS (FIGURE 32)............................................................................................... 36 

FIGURE 7: SALINITY IN PARTS PER THOUSAND (PPT) AT WHICH THE OPTIMAL 

GROWTH RATE WAS OBSERVED FOR EACH STRAIN. STRAINS ARE 

CATEGORIZED BY THEIR HABITAT OF ISOLATION. THE DASHED VERTICAL 

LINE INDICATES MODERN MARINE SALINITY AT 35 PPT. ...................................... 44 
FIGURE 8: MAXIMUM SALINITY IN PARTS PER THOUSAND (PPT) AT WHICH GROWTH 

WAS OBSERVED IN EACH STRAIN. STRAINS ARE CATEGORIZED ACCORDING TO 

THEIR HABITAT OF ISOLATION. THE VERTICAL DASHED LINE INDICATES 

MODERN MARINE SALINITY AT 35 PPT. ..................................................................... 45 

FIGURE 9: THE OPTIMAL SALINITY OF GROWTH AGAINST THE MAXIMAL SALINITY OF 

GROWTH FOR EACH STRAIN. COLOR INDICATES THE HABITAT OF ISOLATION 

FOR EACH STRAIN. ........................................................................................................ 46 

FIGURE 10: EACH SUBPLOT SHOWS THE SAME DATA PLOTTED WITH THE OPTIMAL 

SALINITY OF GROWTH AGAINST THE SALINITY OF MAXIMUM GROWTH. THE XS 

INDICATE THE CENTER OF EACH CLUSTER. EACH SUBPLOT SHOWS THE 

RESULT OF CLUSTERING WITH A DIFFERENT NUMBER OF CLUSTERS, FROM 2-

5......................................................................................................................................... 47 
FIGURE 11: RELATIONSHIP BETWEEN NORMALIZED GROWTH RATE AND PACKING 

DENSITY ........................................................................................................................... 49 

FIGURE 12: IMPACTS OF VARIOUS LEVELS OF OSMOREGULATION ON 

INTRACELLULAR PACKING DENSITY ACROSS A RANGE OF ENVIRONMENTAL 

SALINITIES....................................................................................................................... 51 



 

xi 

 

FIGURE 13: MACROMOLECULAR PACKING DENSITY AND SALINITY RELATIONSHIPS 

OF THE FOUR THEORETICAL MODELS. .................................................................... 52 

FIGURE 14: IMPACT OF VARYING K1 IN THE LINEAR MODEL ON THE PACKING 

DENSITY VERSUS SALINITY RELATIONSHIP (A) AND THE NORMALIZED GROWTH 

RATE VERSUS SALINITY RELATIONSHIP (B). EACH COLORED LINE REPRESENTS 

A DIFFERENT VALUE FOR THE SLOPE IN THE PACKING DENSITY VERSUS 

SALINITY RELATIONSHIP. THE RESULTING GROWTH RATE FOR EACH OF 

THESE PACKING DENSITY-SALINITY SLOPES IS SHOWN IN B AS THE 

RELATIONSHIP BETWEEN THE NORMALIZED GROWTH RATE AND THE 

SALINITY. AS K1 INCREASES, THE PACKING DENSITY OF MAXIMAL GROWTH IS 

REACHED FASTER, AND THUS THE MAXIMUM GROWTH RATE OCCURS AT A 

LOWER SALINITY. ........................................................................................................... 53 

FIGURE 15: IMPACT OF VARYING K1 AND B IN THE INTERCEPT MODEL ON THE 

PACKING DENSITY VERSUS SALINITY RELATIONSHIP (A) AND THE 

NORMALIZED GROWTH RATE VERSUS SALINITY RELATIONSHIP (B) EACH 

COLORED LINE REPRESENTS A DIFFERENT COMBINATION FOR THE SLOPE 

(K1) AND INTERCEPT (B) IN THE PACKING DENSITY VERSUS SALINITY 

RELATIONSHIP. THE RESULTING GROWTH RATE FOR EACH OF THESE 

PACKING DENSITY-SALINITY RELATIONSHIPS IS SHOWN IN B AS THE 

RELATIONSHIP BETWEEN THE NORMALIZED GROWTH RATE AND THE 

SALINITY. INCREASES IN B RESULTS IN A DECREASE OF THE SALINITY OF 

OPTIMUM GROWTH AT THE SAME K1. ....................................................................... 54 
FIGURE 16: IMPACT OF VARYING THE OPTIMAL AND MAXIMAL SALINITIES AND B IN 

THE SPLIT SLOPE MODEL ON THE PACKING DENSITY VERSUS SALINITY 

RELATIONSHIP (A) AND THE NORMALIZED GROWTH RATE VERSUS SALINITY 

RELATIONSHIP (B) EACH COLORED LINE REPRESENTS A DIFFERENT 

COMBINATION OF THE INTERCEPT (B) AND THE SLOPES IN THE PACKING 

DENSITY-SALINITY RELATIONSHIP DETERMINED BY XOPT AND XMAX AS 

DESCRIBED IN THE TEXT. THE RESULTING GROWTH RATE FOR EACH OF 

THESE PARAMETER COMBINATIONS IS SHOWN IN B AS THE RELATIONSHIP 

BETWEEN THE NORMALIZED GROWTH RATE AND THE SALINITY. HIGHER 

VALUES OF XOPT RESULT IN MAXIMUM GROWTH RATES AT HIGHER SALINITIES, 

WHILE HIGHER VALUES OF XMAX RESULT IN HIGHER MAXIMUM SALINITIES OF 

GROWTH. ......................................................................................................................... 56 
FIGURE 17: IMPACT OF VARYING THE OPTIMAL AND MAXIMAL SALINITIES, PLATEAU 

LENGTH, AND B IN THE PLATEAU MODEL ON THE PACKING DENSITY VERSUS 

SALINITY RELATIONSHIP (A) AND THE NORMALIZED GROWTH RATE VERSUS 

SALINITY RELATIONSHIP (B) EACH COLORED LINE REPRESENTS A DIFFERENT 

COMBINATION OF THE INTERCEPT (B), PLATEAU LENGTH AND THE SLOPES IN 

THE PACKING DENSITY-SALINITY RELATIONSHIP DETERMINED BY XOPT AND 

XMAX AS DESCRIBED IN THE TEXT. THE RESULTING GROWTH RATE FOR EACH 

OF THESE PARAMETER COMBINATIONS IS SHOWN IN B AS THE RELATIONSHIP 

BETWEEN THE NORMALIZED GROWTH RATE AND THE SALINITY. INCREASING 

PLATEAU LENGTH RESULTS IN AN INCREASE OF THE RANGE OF SALINITIES AT 

WHICH THE MAXIMUM GROWTH RATE IS MAINTAINED. ...................................... 58 



 

xii 

 

FIGURE 18: DISTRIBUTION OF BEST FITTING OR EQUALLY GOOD FITTING MODELS 

BY HABITAT OF ISOLATION. ONLY RESULTS FOR MODELS WITH N ≥ 5 ARE 

SHOWN. ............................................................................................................................ 60 
FIGURE 19: VALUES OF K1 FROM FITTING DATA WITH THE LINEAR AND INTERCEPT 

MODELS. ONLY RESULTS FROM DATASETS WITH N ≥ 3 ARE SHOWN HERE. ...... 61 
FIGURE 20: VALUES OF B FROM FITTING DATA WITH THE INTERCEPT, SPLIT SLOPE 

AND PLATEAU MODELS ................................................................................................ 62 

FIGURE 21: VALUES OF X0 FROM FITTING DATA WITH THE SPLIT SLOPE AND 

PLATEAU MODELS ......................................................................................................... 63 
FIGURE 22: REALIZED GROWTH RATE AT TRANSFER TIME POINT FOR EACH LINEAGE 

IN THE FIRST (PINK) AND LAST (BLUE) 50 GENERATIONS. .................................... 81 
FIGURE 23: HYPERBOLIC AND POWER LAW MODEL FITS TO THE REALIZED GROWTH 

RATE VERSUS GENERATIONS RELATIONSHIP FOR EACH EVOLVED LINEAGE. 

MEASURED DATA POINTS ARE SHOWN IN SOLID BLACK WHILE THE GROWTH 

RATES PREDICTED BY THE HYPERBOLIC AND POWER LAW MODELS ARE 

SHOWN IN THE SOLID AND DASHED LINES RESPECTIVELY. ................................ 83 

FIGURE 24: HYPERBOLIC AND POWER LAW MODEL FITS TO THE RELATIVE GROWTH 

RATE VERSUS GENERATIONS RELATIONSHIP POOLED BY SELECTION 

CONDITION. MEASURED DATA POINTS ARE SHOWN IN SOLID BLACK WHILE 

THE GROWTH RATES PREDICTED BY THE HYPERBOLIC AND POWER LAW 

MODELS ARE SHOWN IN THE SOLID AND DASHED LINES RESPECTIVELY. ....... 84 

FIGURE 25: HYPERBOLIC AND POWER LAW MODEL FITS TO THE RELATIVE GROWTH 

RATE VERSUS GENERATIONS RELATIONSHIP ON THE POOLED EVOLVED 

LINEAGES. MEASURED DATA POINTS ARE SHOWN IN SOLID BLACK WHILE THE 

GROWTH RATES PREDICTED BY THE HYPERBOLIC AND POWER LAW MODELS 

ARE SHOWN IN THE SOLID AND DASHED LINES RESPECTIVELY. ........................ 85 
FIGURE 26: REALIZED GROWTH RATE AT 0% AASW AS WELL AS THE TREATMENT 

CONDITIONS FOR THE EVOLVED LINEAGES AFTER > 600 GENERATIONS. THE 

LINE IN EACH SUBPLOT REPRESENTS THE MEAN GROWTH RATE FOR THAT 

LINEAGE AT THAT SALINITY. ....................................................................................... 86 

FIGURE 27: FINE-GRAINED SALINITY RESPONSE CURVES FOR THE ANCESTOR AND 

LINEAGES EVOLVED IN 10% AASW. SOLID LINES INDICATE THE MEDIAN 

GROWTH RATE FOR EACH CONDITION WHILE THE SHADING INDICATES THE 

FULL RANGE OF GROWTH RATES OBSERVED FOR EACH CONDITION. ............. 88 
FIGURE 28: SALINITY TOLERANCE MODEL FITS TO THE RESPONSE CURVES OF THE 

ANCESTOR AND LINEAGES EVOLVED IN 10% AASW. .............................................. 91 

FIGURE 29: COMPARISON OF THE PREDICTED GROWTH RATES FROM THE PLATEAU 

MODEL FITS FOR EACH LINEAGE. ............................................................................. 92 

FIGURE 30: DISTRIBUTION OF SALINITIES AT THE TIPS OF BROWNIAN MOTION 

SIMULATIONS (0.001 < Σ < 0.01) USING ABSORBING VERSUS REFLECTING 

BOUNDARIES. ............................................................................................................... 128 
FIGURE 31: DISTRIBUTION OF SALINITIES AT THE TIPS OF ORNSTEIN-UHLENBECK 

SIMULATIONS (0.001 < Σ < 0.01) USING ABSORBING VERSUS REFLECTING 

BOUNDARIES. ............................................................................................................... 129 
FIGURE 32: LIKELIHOOD OF RECONSTRUCTING A FRESH ANCESTOR FOR ORNSTEIN-

UHLENBECK SIMULATIONS USING THE EQUAL-RATES MODEL (A) AND ALL-



 

xiii 

 

RATES-DIFFER MODEL (B). EACH SUBPANEL HAS A CONSTANT Α VALUE AND 

SHOWS THE LIKELIHOOD ACROSS THE RANGE OF Σ VALUES TESTED. ........... 130 

FIGURE 33: DISTRIBUTION OF EVOLUTIONARY RATES IN DARWINS FROM DATASET 

PROVIDED BY (UYEDA ET AL., 2011). ....................................................................... 131 
FIGURE 34: THE TOTAL WITHIN-CLUSTER SUM OF SQUARES AGAINST THE NUMBER 

OF CLUSTERS IN THE ANALYSIS. .............................................................................. 132 
FIGURE 35: REACTION NORM AND MODEL FITS FOR MICROCYSTIS AERUGINOSA 

FROM (GEORGES DES AULNOIS ET AL., 2019) ........................................................ 133 
FIGURE 36: REACTION NORM AND MODEL FITS FOR MICROCYSTIS AERUGINOSA 

FROM (GEORGES DES AULNOIS ET AL., 2019) ........................................................ 134 
FIGURE 37: REACTION NORM AND MODEL FITS FOR ANACYSTIS NIDULANS TX20 

FROM (BATTERTON AND VAN BAALEN, 1971)......................................................... 134 

FIGURE 38: REACTION NORM AND MODEL FITS FOR SYNECHOCOCCUS 

LEOPOLIENSIS FROM (BEMAL AND ANIL, 2018) .................................................... 135 
FIGURE 39: REACTION NORM AND MODEL FITS FOR CYLINDROSPERMOPSIS 

RACIBORSKII PMC117.02 FROM (DUVAL ET AL., 2018) ......................................... 135 

FIGURE 40: REACTION NORM AND MODEL FITS FOR CYLINDROSPERMOPSIS 

RACIBORSKII PMC118.02 FROM (DUVAL ET AL., 2018) ......................................... 136 
FIGURE 41: REACTION NORM AND MODEL FITS FOR CYLINDROSPERMOPSIS 

RACIBORSKII PMC139.02 FROM (DUVAL ET AL., 2018) ......................................... 136 
FIGURE 42: REACTION NORM AND MODEL FITS FOR CYLINDROSPERMOPSIS 

CURVISPORA PMC144.02 FROM (DUVAL ET AL., 2018) ......................................... 137 
FIGURE 43: REACTION NORM AND MODEL FITS FOR ANABAENA SPHAERICA VAR. 

TENUIS PMC188.03 FROM (DUVAL ET AL., 2018).................................................... 137 

FIGURE 44: REACTION NORM AND MODEL FITS FOR ANABAENOPSIS CIRCULARIS 

PMC191.03 FROM (DUVAL ET AL., 2018) .................................................................. 138 
FIGURE 45: REACTION NORM AND MODEL FITS FOR ANABAENOPSIS CIRCULARIS 

PMC192.03 FROM (DUVAL ET AL., 2018) .................................................................. 138 

FIGURE 46: REACTION NORM AND MODEL FITS FOR ANABAENOPSIS CIRCULARIS 

PMC193.03 FROM (DUVAL ET AL., 2018) .................................................................. 139 

FIGURE 47: REACTION NORM AND MODEL FITS FOR DOLICHOSPERMUM 

PLANCTONICUM PMC196.03 FROM (DUVAL ET AL., 2018) ................................... 139 
FIGURE 48: REACTION NORM AND MODEL FITS FOR DOLICHOSPERMUM 

PLANCTONICUM PMC200.03 FROM (DUVAL ET AL., 2018) ................................... 140 
FIGURE 49: REACTION NORM AND MODEL FITS FOR DOLICHOSPERMUM FLOS-

AQUAE PMC206.03 FROM (DUVAL ET AL., 2018) .................................................... 140 

FIGURE 50: REACTION NORM AND MODEL FITS FOR DOLICHOSPERMUM FLOS-

AQUAE PMC207.03 FROM (DUVAL ET AL., 2018) .................................................... 141 

FIGURE 51: REACTION NORM AND MODEL FITS FOR DOLICHOSPERMUM FLOS-

AQUAE PMC208.03 FROM (DUVAL ET AL., 2018) .................................................... 141 
FIGURE 52: REACTION NORM AND MODEL FITS FOR CHRYSOSPORUM BERGII 

PMC215.03 FROM (DUVAL ET AL., 2018) .................................................................. 142 
FIGURE 53: REACTION NORM AND MODEL FITS FOR ANABAENA SPHAERICA VAR. 

TENUIS PMC229.04 FROM (DUVAL ET AL., 2018).................................................... 142 
FIGURE 54: REACTION NORM AND MODEL FITS FOR DOLICHOSPERMUM 

PLANCTONICUM PMC230.04 FROM (DUVAL ET AL., 2018) ................................... 143 



 

xiv 

 

FIGURE 55: REACTION NORM AND MODEL FITS FOR ANABAENA SPHAERICA VAR. 

TENUIS PMC229.04 FROM (DUVAL ET AL., 2018).................................................... 143 

FIGURE 56: REACTION NORM AND MODEL FITS FOR CYLINDROSPERMOPSIS 

CURVISPORA PMC262.06 FROM (DUVAL ET AL., 2018) ......................................... 144 
FIGURE 57: REACTION NORM AND MODEL FITS FOR CYLINDROSPERMOPSIS 

RACIBORSKII PMC286.06 FROM (DUVAL ET AL., 2018) ......................................... 144 
FIGURE 58: REACTION NORM AND MODEL FITS FOR CHRYSOSPORUM OVALISPORUM 

PMC312.07 FROM (DUVAL ET AL., 2018) .................................................................. 145 
FIGURE 59: REACTION NORM AND MODEL FITS FOR CHRYSOSPORUM OVALISPORUM 

PMC313.07 FROM (DUVAL ET AL., 2018) .................................................................. 145 
FIGURE 60: REACTION NORM AND MODEL FITS FOR CYLINDROSPERMOPSIS 

RACIBORSKII PMC325.07 FROM (DUVAL ET AL., 2018) ......................................... 146 

FIGURE 61: REACTION NORM AND MODEL FITS FOR CYLINDROSPERMOPSIS 

CURVISPORA PMC330.07 FROM (DUVAL ET AL., 2018) ......................................... 146 
FIGURE 62: REACTION NORM AND MODEL FITS FOR ANABAENA SPHAERICA FROM 

(DUVAL ET AL., 2018) ................................................................................................... 147 

FIGURE 63: REACTION NORM AND MODEL FITS FOR ANABAENA SP. C-10 FROM (JHA 

ET AL., 1987) .................................................................................................................. 147 
FIGURE 64: REACTION NORM AND MODEL FITS FOR CYLINDROSPERMOPSIS 

RACIBORSKII G FROM (MOISANDER ET AL., 2002) ................................................ 148 
FIGURE 65: REACTION NORM AND MODEL FITS FOR ANABAENA VARIABILIS FROM 

(MOORE ET AL., 1985).................................................................................................. 148 
FIGURE 66: REACTION NORM AND MODEL FITS FOR ANACYSTIS NIDULANS FROM 

(MOORE ET AL., 1985).................................................................................................. 149 

FIGURE 67: REACTION NORM AND MODEL FITS FOR ANABAENA CYLINDRICA FROM 

(MOORE ET AL., 1985).................................................................................................. 149 
FIGURE 68: REACTION NORM AND MODEL FITS FOR NOSTOC SP. PCC 7120 FROM 

(PANDEY AND CHATTERJEE, 1999) ........................................................................... 150 

FIGURE 69: REACTION NORM AND MODEL FITS FOR SYNECHOCYSTIS SP. PCC 6803 

FROM (PANDHAL ET AL., 2009) ................................................................................. 150 

FIGURE 70: REACTION NORM AND MODEL FITS FOR CHROOCOCCUS TURGIDUS N41 

FROM (POTTS AND FRIEDMANN, 1981) ................................................................... 151 
FIGURE 71: REACTION NORM AND MODEL FITS FOR CHROOCOCCIDIOPSIS SP. 

CCMEE 29 FROM (POTTS AND FRIEDMANN, 1981) ................................................ 151 
FIGURE 72: REACTION NORM AND MODEL FITS FOR CHROOCOCCIDIOPSIS SP. N6904 

A1 FROM (POTTS AND FRIEDMANN, 1981) .............................................................. 152 

FIGURE 73: REACTION NORM AND MODEL FITS FOR CHROOCOCCIDIOPSIS SP. N6904 

N FROM (POTTS AND FRIEDMANN, 1981) ................................................................ 152 

FIGURE 74: REACTION NORM AND MODEL FITS FOR CHROOCOCCIDIOPSIS SP. N6911 

A6 FROM (POTTS AND FRIEDMANN, 1981) .............................................................. 153 
FIGURE 75: REACTION NORM AND MODEL FITS FOR SYNECHOCOCCUS ELONGATUS 

FROM (REZAYIAN ET AL., 2017) ................................................................................. 153 
FIGURE 76: REACTION NORM AND MODEL FITS FOR NOSTOC ELLIPSOSPORUM FROM 

(REZAYIAN ET AL., 2019) ............................................................................................. 154 
FIGURE 77: REACTION NORM AND MODEL FITS FOR NOSTOC PISCINALE FROM 

(REZAYIAN ET AL., 2019) ............................................................................................. 154 



 

xv 

 

FIGURE 78: REACTION NORM AND MODEL FITS FOR HAPALOSIPHON SP. FROM 

(RUANGSOMBOON, 2014) ........................................................................................... 155 

FIGURE 79: REACTION NORM AND MODEL FITS FOR SYNECHOCYSTIS SP. PCC 6803 

FROM (SCHUBERT AND HAGEMANN, 1990) ............................................................ 155 
FIGURE 80: REACTION NORM AND MODEL FITS FOR ANABAENA DOLIOLUM FROM 

(SINGH AND KSHATRIYA, 2002) ................................................................................. 156 
FIGURE 81: REACTION NORM AND MODEL FITS FOR ANABAENA DOLIOLUM FROM 

(SINGH AND KSHATRIYA, 2002) ................................................................................. 156 
FIGURE 82: REACTION NORM AND MODEL FITS FOR ANABAENA CYLINDRICA 104 

FROM (STULP AND STAM, 1984) ................................................................................ 157 
FIGURE 83: REACTION NORM AND MODEL FITS FOR ANABAENA CYLINDRICA 105 

FROM (STULP AND STAM, 1984) ................................................................................ 157 

FIGURE 84: REACTION NORM AND MODEL FITS FOR ANABAENA CYLINDRICA 1403 2A 

FROM (STULP AND STAM, 1984) ................................................................................ 158 
FIGURE 85: REACTION NORM AND MODEL FITS FOR ANABAENA CYLINDRICA 1446 1A 

FROM (STULP AND STAM, 1984) ................................................................................ 158 

FIGURE 86: REACTION NORM AND MODEL FITS FOR ANABAENA CYLINDRICA 1609 

FROM (STULP AND STAM, 1984) ................................................................................ 159 
FIGURE 87: REACTION NORM AND MODEL FITS FOR ANABAENA CYLINDRICA 1611 

FROM (STULP AND STAM, 1984) ................................................................................ 159 
FIGURE 88: REACTION NORM AND MODEL FITS FOR ANABAENA CYLINDRICA 629 

FROM (STULP AND STAM, 1984) ................................................................................ 160 
FIGURE 89: REACTION NORM AND MODEL FITS FOR ANABAENA RANDHAWAE 1823 

FROM (STULP AND STAM, 1984) ................................................................................ 160 

FIGURE 90: REACTION NORM AND MODEL FITS FOR ANABAENA SPHAERICA 1616 

FROM (STULP AND STAM, 1984) ................................................................................ 161 
FIGURE 91: REACTION NORM AND MODEL FITS FOR ANABAENA TORULOSA 106 FROM 

(STULP AND STAM, 1984) ............................................................................................ 161 

FIGURE 92: REACTION NORM AND MODEL FITS FOR ANABAENA VARIABILIS 1403 12 

FROM (STULP AND STAM, 1984) ................................................................................ 162 

FIGURE 93: REACTION NORM AND MODEL FITS FOR ANABAENA VARIABILIS 1403 4B 

FROM (STULP AND STAM, 1984) ................................................................................ 162 
FIGURE 94: REACTION NORM AND MODEL FITS FOR ANABAENA VARIABILIS 1403 8 

FROM (STULP AND STAM, 1984) ................................................................................ 163 
FIGURE 95: REACTION NORM AND MODEL FITS FOR ANABAENA VARIABILIS 1403 9 

FROM (STULP AND STAM, 1984) ................................................................................ 163 

FIGURE 96: REACTION NORM AND MODEL FITS FOR ANABAENA VARIABILIS 1617 

FROM (STULP AND STAM, 1984) ................................................................................ 164 

FIGURE 97: REACTION NORM AND MODEL FITS FOR ANABAENA VARIABILIS 377 

FROM (STULP AND STAM, 1984) ................................................................................ 164 
FIGURE 98: REACTION NORM AND MODEL FITS FOR ANABAENA CF. FLOS-AQUAE 

1403 13A FROM (STULP AND STAM, 1984)................................................................ 165 
FIGURE 99: REACTION NORM AND MODEL FITS FOR ANABAENA CF. SUBTROPICA 103 

FROM (STULP AND STAM, 1984) ................................................................................ 165 
FIGURE 100: REACTION NORM AND MODEL FITS FOR ANABAENA CF. SUBTROPICA 

1613 FROM (STULP AND STAM, 1984) ....................................................................... 166 



 

xvi 

 

FIGURE 101: REACTION NORM AND MODEL FITS FOR ANABAENA CF. SUBTROPICA 

1618 FROM (STULP AND STAM, 1984) ....................................................................... 166 

FIGURE 102: REACTION NORM AND MODEL FITS FOR ANABAENA CF. VERRUCOSA 

1619 FROM (STULP AND STAM, 1984) ....................................................................... 167 
FIGURE 103: REACTION NORM AND MODEL FITS FOR MICROCYSTIS AERUGINOSA 

PCC 7806 FROM (TONK ET AL., 2007) ....................................................................... 167 
FIGURE 104: REACTION NORM AND MODEL FITS FOR SYNECHOCOCCUS SP. PCC 7002 

FROM (BATTERTON AND VAN BAALEN, 1971)......................................................... 168 
FIGURE 105: REACTION NORM AND MODEL FITS FOR SPHAEROSPERMOPSIS 

APHANIZOMENOIDES M17 FROM (MOISANDER ET AL., 2002) ............................ 168 
FIGURE 106: REACTION NORM AND MODEL FITS FOR ANABAENOPSIS ELENKINII 

FROM (MOISANDER ET AL., 2002) ............................................................................. 169 

FIGURE 107: REACTION NORM AND MODEL FITS FOR NODULARIA SPUMIGENA FL2F 

FROM (MOISANDER ET AL., 2002) ............................................................................. 169 
FIGURE 108: REACTION NORM AND MODEL FITS FOR NODULARIA SPHAEROCARPA 

UP16A FROM (MOISANDER ET AL., 2002) ................................................................ 170 

FIGURE 109: REACTION NORM AND MODEL FITS FOR KATAGNYMENE ACCURATA 

FROM (BANO AND SIDDIQUI, 2004) .......................................................................... 170 
FIGURE 110: REACTION NORM AND MODEL FITS FOR KATAGNYMENE ACCURATA 

FROM (BANO AND SIDDIQUI, 2004) .......................................................................... 171 
FIGURE 111: REACTION NORM AND MODEL FITS FOR LYNGBYA CONTORTA FROM 

(BANO AND SIDDIQUI, 2004) ...................................................................................... 171 
FIGURE 112: REACTION NORM AND MODEL FITS FOR LYNGBYA CONTORTA FROM 

(BANO AND SIDDIQUI, 2004) ...................................................................................... 172 

FIGURE 113: REACTION NORM AND MODEL FITS FOR PSEUDOANABAENA 

LONCHOIDES FROM (BANO AND SIDDIQUI, 2004) ................................................ 172 
FIGURE 114: REACTION NORM AND MODEL FITS FOR PSEUDOANABAENA 

LONCHOIDES FROM (BANO AND SIDDIQUI, 2004) ................................................ 173 

FIGURE 115: REACTION NORM AND MODEL FITS FOR SYNECHOCYSTIS AQUATILIS 

FROM (BANO AND SIDDIQUI, 2004) .......................................................................... 173 

FIGURE 116: REACTION NORM AND MODEL FITS FOR SYNECHOCYSTIS AQUATILIS 

FROM (BANO AND SIDDIQUI, 2004) .......................................................................... 174 
FIGURE 117: REACTION NORM AND MODEL FITS FOR SPIRULINA MAJOR FROM 

(BANO AND SIDDIQUI, 2004) ...................................................................................... 174 
FIGURE 118: REACTION NORM AND MODEL FITS FOR SPIRULINA MAJOR FROM 

(BANO AND SIDDIQUI, 2004) ...................................................................................... 175 

FIGURE 119: REACTION NORM AND MODEL FITS FOR COCCOCHLORIS ELBANS 17A 

FROM (BATTERTON AND VAN BAALEN, 1971)......................................................... 175 

FIGURE 120: REACTION NORMS AND MODEL FITS FOR TRICHODESMIUM 

ERYTHRAEUM GBRTRLI101 FROM (FU AND BELL, 2003) ..................................... 176 
FIGURE 121: REACTION NORM AND MODEL FITS FOR MICROCYSTIS FIRMA FROM 

(HAGEMANN ET AL., 1987) .......................................................................................... 176 
FIGURE 122: REACTION NORM AND MODEL FITS FOR WESTIELLOPSIS PROLIFICA 

ARM 366 FROM (JHA ET AL., 1987) ............................................................................ 177 
FIGURE 123: REACTION NORM AND MODEL FITS FOR OSCILLATORIA SP. FROM 

(KHATOON ET AL., 2010) ............................................................................................. 177 



 

xvii 

 

FIGURE 124: REACTION NORM AND MODEL FITS FOR SYNECHOCYSTIS SP. PCC 7338 

FROM (LEE ET AL., 2021) ............................................................................................ 178 

FIGURE 125: REACTION NORM AND MODEL FITS FOR CHROOCOCCUS TURGIDUS S24 

FROM (POTTS AND FRIEDMANN, 1981) ................................................................... 178 
FIGURE 126: REACTION NORM AND MODEL FITS FOR EUHALOTHECE SP. BAA001 

FROM (PANDHAL ET AL., 2009) ................................................................................. 179 
FIGURE 127: REACTION NORM AND MODEL FITS FOR SYNECHOCOCCUS SP. FROM 

(ROSALES ET AL., 2005) ............................................................................................... 179 
 

 



 

1 

 

Chapter 1: Introduction 

Background 

Cyanobacteria and Earth history 

Cyanobacteria are one of the most widespread phyla on the planet, regularly occurring in 

habitats ranging from sea ice to hot springs, acidic bogs to alkaline seas, desert soil crusts to the 

open ocean (Dvořák et al., 2017; Whitton and Potts, 2012). In addition to their ecological 

contributions as the source of eukaryotic photosynthetic abilities, free-living cyanobacteria 

conduct a significant portion of modern photosynthesis, with just the marine Prochlorococcus 

and Synechococcus strains thought to drive nearly a quarter of marine primary production 

(Flombaum et al., 2013; Sánchez-Baracaldo et al., 2021). While some strains of Cyanobacteria 

are considered laboratory models, and extremely well-studied (Cameron et al., 2015; Gordon et 

al., 2016; Markley et al., 2015; Mehdizadeh Allaf and Peerhossaini, 2022), new strains and new 

habitats are discovered regularly (Jasser et al., 2022; Panou and Gkelis, 2022; Puente-Sánchez et 

al., 2018; Rasouli-Dogaheh et al., 2022). 

Cyanobacteria are often described as one of the most important phyla in Earth history due 

to their role in the oxygenation of the Earth’s atmosphere (Dvořák et al., 2017; Hamilton et al., 

2016; Hammerschmidt et al., 2021; Sánchez-Baracaldo et al., 2021; Sánchez‐Baracaldo and 

Cardona, 2020; Schirrmeister et al., 2016, 2015; Whitton and Potts, 2012). Oxygenic 

photosynthesis evolved in the ancestors of modern cyanobacteria, although exactly when this 

metabolism emerged remains uncertain (Shih et al., 2017). In the absence of alternative sources 

of free O2, oxygenic photosynthesis is thought to be responsible for the accumulation of O2 

known as the Great Oxidation Event (GOE, ~2.5-2.0 Gyr) (Gumsley et al., 2017; Lyons et al., 

2014). The timing of the GOE thus provides a minimum age for the cyanobacterial ancestor. 
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However, attempts to determine the history of the phylum Cyanobacteria prior to this time are 

divergent. 

There are two broad hypotheses about the early history of Cyanobacteria. The first posits 

that stem group cyanobacteria capable of oxygenic photosynthesis arose close in time to the 

appearance of molecular O2 in the atmosphere (Shih et al., 2017; Ward et al., 2016). This 

‘origination’ scenario contrasts with the ‘ecological’ alternative, which posits that oxygenic 

Cyanobacteria existed prior to the rise in atmospheric O2, but environmental constraints made 

them a localized and ineffective biogeochemical agent (Hammerschmidt et al., 2021; Lalonde 

and Konhauser, 2015; Sánchez‐Baracaldo et al., 2005; Sánchez-Baracaldo et al., 2017b; 

Sánchez‐Baracaldo and Cardona, 2020; Swanner et al., 2015). 

While this hypothesis is supported by a preponderance of evidence relative to the 

‘origination’ hypothesis (Czaja et al., 2012; Lalonde and Konhauser, 2015; Planavsky et al., 

2014; Ward et al., 2016), most of this evidence can be traced back to studies that rely on modern 

cyanobacterial traits and physiology to determine the character of the most recent common 

cyanobacterial ancestor, at least 2.5 billion years ago (Cardona et al., 2015; Hammerschmidt et 

al., 2021; Oliver et al., 2021; Sánchez‐Baracaldo et al., 2005; Sánchez‐Baracaldo and Cardona, 

2020). 

One of the key environmental constraints proposed by the ‘ecological’ hypothesis is 

salinity, as trait reconstructions in cyanobacteria often suggest a freshwater ancestor 

(Hammerschmidt et al., 2021; Sánchez‐Baracaldo et al., 2005; Sánchez-Baracaldo et al., 2014; 

Sánchez-Baracaldo, 2015; Sánchez-Baracaldo et al., 2017b; Sánchez‐Baracaldo and Cardona, 

2020; Uyeda et al., 2016). Not only have trait reconstructions often indicated a freshwater 

ancestor, but the geochemical evidence for ‘whiffs’ of oxygen prior to the GOE is mostly from 
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lacustrine systems (Lalonde and Konhauser, 2015; Wilmeth et al., 2019). Thus the ‘ecological’ 

hypothesis suggests that salinity was a factor in preventing cyanobacteria from moving into the 

global oceans and producing significant amounts of O2. 

Cyanobacteria and salinity 

 While cyanobacteria can be found across the entire range of salinities present on Earth’s 

surface (Oren, 2015; Whitton, 2012), we lack consistent and clear language surrounding the 

preferred and tolerated salinities of different strains. In most of the literature, the salinity 

tolerance or preference of a strain is indicated by a habitat label, typically simply derived from 

the approximate isolation environment. These habitats are not clearly defined as shown in Table 

1, with highly variable category boundaries. Additionally, there is often a conflation of 

freshwater and terrestrial habitats, which lumps strains isolated from soils with those isolated 

from freshwater aquatic environments, despite significant differences in the salinities 

experienced in these environments (Chen et al., 2021; Hu et al., 2012). When studies have 

separated terrestrial from freshwater and marine strains in phylum level analyses, they have 

found distinct differences between each category (Chen et al., 2021). As with our classification 

of the thermal preferences and tolerances of microbes, it is beneficial to adopt language of 

tolerance versus preference (halotolerant versus halophilic) (Golubic, 1980). Additionally, if we 

wish to use oligo-/meso-/hyper-saline categories, we must decide on consistent boundaries 

between these categories.
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Table 1: Definitions of the salinity of habitats from assorted literature. “Not included” indicates that the source paper did not 

evaluate the category, “Not defined” indicates that the source paper evaluated the category but did not provide a definition. 

Fresh Brackish Marine Hypersaline Source 

Not included Not included Not included > 70 ppt (Oren, 2012) 

0 – 0.5 ppt 0.5 – 30 ppt 30 – 50 ppt Not included (Sánchez-Baracaldo et al., 2017b) 

Not defined Not defined 1.5 – 50 ppt 50 – 200 ppt (Sánchez‐Baracaldo et al., 2005) 

Not defined Not defined 20 – 40 ppt > 40 ppt (Blank, 2013) 

< 5 ppt Not included 30 – 50 ppt Not included (Uyeda et al., 2016) 

1 ppt 16 ppt 30 ppt Not included (Herrmann and Gehringer, 2019) 

0 – 3 ppt 5 – 8 ppt 10 – 31 ppt Not included (Herlemann et al., 2011) 

0 – 3 ppt 3 – 6 ppt Not included Not included (Brutemark et al., 2015) 

0.5 ppt 12 ppt 38 ppt Not included (Dittami et al., 2017) 

< 1 ppt 1 – 35 ppt > 35 ppt Not included (Li et al., 2021) 

Not defined Not defined Not defined Not defined (Rippka et al., 1979; Stanier and Cohen-Bazire, 1977) 
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Research into salinity tolerance is further confounded by the need to distinguish between 

osmotic stress and salt stress. Osmotic stress is caused by significant differences in the 

osmolarity of the external environment relative to the intracellular environment (Galinski, 1995). 

Higher osmolarity inside the cell results in the osmotic pressure driving water into the cell, and 

higher osmolarity in the environment draws water out of the cell (Galinski, 1995). These 

differences in osmolarity can be caused by both salt ions and non-ionic solutes (Galinski, 1995). 

Salt stress is the unique combination of both osmotic stress and ionic stress, and does not 

necessarily match the stress response of the same organism to similar osmolarities caused by 

non-ionic solutes (Allakhverdiev et al., 2000; Fernandes et al., 1993; Kanesaki et al., 2002). 

Additionally, ionic stress can be induced by changes in the contributions of different ions 

without changes to the net ionic balance (Beer et al., 2014; Billini et al., 2008; Mikkat et al., 

2000; So et al., 1998). 

My dissertation focuses on the salinity tolerance of Cyanobacteria, which means that I am 

interested in the combination of osmotic and ionic stresses and am trying to utilize quantitative 

measures of salinity rather than broad categories. When terms such as 

freshwater/terrestrial/brackish/marine/hypersaline are used, they are used to communicate the 

habitat of isolation as best known, and to allow for connection to existing literature. 

Additionally, salinity lacks a consistent scale due to differences in measurement techniques. I 

have opted to use units of parts per thousand (ppt) as it is a common and easily convertible unit 

of measurement. For reference, modern marine salinities range from 30 to 35 ppt and NaCl is 

soluble in water up to 357 ppt at 25°C (Lee et al., 2018; Oren, 2012). 
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Cyanobacterial salinity tolerance mechanisms 

 All domains of life, including Cyanobacteria, are known to have an assortment of 

mechanisms by which they maintain osmotic homeostasis (Avonce et al., 2006; Csonka and 

Hanson, 1991; Empadinhas and da Costa, 2011; Galinski, 1995; Hagemann, 2013, 2011; Klähn 

et al., 2021; Oren, 2016, 2011, 2002; Singh et al., 2022). In addition to the broad need to 

maintain homeostasis, there are some unique aspects of salinity tolerance in cyanobacteria, due 

to the role of Na+ in photosynthesis and other key processes (Billini et al., 2008; Brown et al., 

1990; Espie et al., 1988; Mikkat et al., 2000; Ritchie, 1992; So et al., 1998; Wang et al., 2002). 

Below I outline osmoregulation mechanisms in cyanobacteria. This summary is necessarily 

deficient but acts to provide sufficient information for further discussion throughout my 

dissertation. 

Ion transport 

 The simplest set of osmoregulation mechanisms is the transport of salt ions into and out 

of the cell (Table 2). While salt ions can diffuse through cell membranes, there are also multiple 

types of transporters known to move salt ions into and out of the cell. These include ATP-

dependent transporters as well as proton antiporter systems (Hagemann, 2011). 

Transport of Na+ both into and out of cyanobacterial cells is well established (Billini et 

al., 2008; Blumwald et al., 1984; Elanskaya et al., 2002; Hagemann, 2011; Inaba et al., 2001; 

Mikkat et al., 2000; Tsunekawa et al., 2009; Waditee et al., 2001; Wutipraditkul et al., 2005). 

Several cyanobacterial genomes are known to have multiple genes for Na+/H+ antiporters which 

can be used to both import and export Na+ from the cell (Billini et al., 2008; Bualuang et al., 

2010; Elanskaya et al., 2002; Hagemann, 2011; Inaba et al., 2001; Mikkat et al., 2000; 

Tsunekawa et al., 2009; Wang et al., 2002). Knockout studies of these genes suggest that most 
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are in fact redundant, however in Synechocystis sp. PCC 6803 but not Aphanothece halophytica, 

the NhaS3 gene was essential for cell function (Billini et al., 2008; Elanskaya et al., 2002; Inaba 

et al., 2001; Tsunekawa et al., 2009; Wang et al., 2002; Wutipraditkul et al., 2005). There is 

evidence for the localization of the NhaS3 antiporter in the thylakoid membrane, suggesting that 

in cyanobacteria it is directly involved in the maintenance of Na+ concentrations specifically 

around the photosynthetic electron transport chain and allowing for inactivation of the 

production of active oxygen species when cells are under Na+ stress (Tsunekawa et al., 2009). 

Additionally, the NhaS3 Na+/H+ antiporter appears to be the most highly conserved Na+/H+ 

antiporter amongst cyanobacteria (Wang et al., 2002). 

While other Na+/H+ antiporters are not essential for cell function in most conditions, 

knockout studies have shown NhaS2 to cause low Na+ sensitivity (Wang et al., 2002). The 

NhaS2 antiporter also appears to be absent from some marine cyanobacterial genomes, further 

supporting its role in maintaining Na+ concentrations at low salinities (Wang et al., 2002).  

In the halotolerant strain Aphanothece halophytica, research has shown that some Na+/H+ 

antiporters, including NhaP and NapA, can also use other cations to exchange with H+, including 

Li+, K+, and Ca2+, however the ATPase-based Na+ uniporter is Na+-specific (Bualuang et al., 

2010; Hamada et al., 2001; Soontharapirakkul and Incharoensakdi, 2010; Waditee et al., 2006, 

2001). Genetic studies have shown that expression of Na+/H+ antiporters from halophilic 

cyanobacteria including Aphanothece halophytica improves the salinity tolerance of non-

halophilic strains including Synechococcus sp. PCC 7942 (Waditee et al., 2002; Wutipraditkul et 

al., 2005). 

Research on both Synechocystis sp. PCC 6803 and Aphanothece halophytica has shown 

that the NhaP Na+/H+ antiporter is largely homologous to eukaryotic NhaP antiporters, however 
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there is a significant lack of homology in the C-terminal tails which are significantly longer in 

the cyanobacterial variants (Hamada et al., 2001; Waditee et al., 2006, 2001). The C-terminus of 

Na+/H+ antiporters is cytoplasmic and believed to be involved in regulation while the N-terminus 

contains transmembrane portions involved in the ion exchange (Hamada et al., 2001; Padan et 

al., 2004; Waditee et al., 2006, 2001). Truncation of the cyanobacterial NhaP C-terminal tail 

results in altered ion specificity, reducing the ability of the Synechocystis sp. PCC 6803 NhaP to 

transport Li+ in addition to Na+ and the ability of the Aphanothece halophytica NhaP to transport 

Ca+ in addition to Na+ (Hamada et al., 2001; Waditee et al., 2006, 2001). 

Cyanobacterial K+ transport is similarly complex (Ballal et al., 2007; Hagemann, 2011). 

There are three primary K+ uptake transporter families in prokaryotes: Ktr/Trk/HKT (Na+/K+ 

symport), Kup/HAK/KT, and Kdp (K+-transport ATPase) (Berry et al., 2003; Nanatani et al., 

2015). There are two K+ transporter pathways, Ktr and Kdp, that have been identified in 

Cyanobacteria (Berry et al., 2003; Nanatani et al., 2015). In Synechocystis sp. PCC 6803 the kdp 

transport system appears to primarily be used for maintenance of intracellular K+ concentrations 

in K+ limiting environments, while the ktr system is used to rapidly transport K+ at higher 

environmental concentrations (Berry et al., 2003; Nanatani et al., 2015). While many 

cyanobacterial strains contain a version of the common prokaryotic high-affinity K+ transport 

system kdp, this version is unique with a truncated KdpD lacking membrane-spanning domains 

and no KdpE (Alahari et al., 2001; Ballal et al., 2007; Berry et al., 2003). Additionally, there 

seems to be a difference in unicellular versus filamentous K+ transport, as unicellular 

cyanobacterial strains have at most one kdp system, while filamentous strains have at least two 

kdp systems (Ballal et al., 2007). Regulation of the kdp system also appears to be distinct in 
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cyanobacteria, responding to environmental K+ concentrations but not to osmotic stress as seen 

in Escherichia coli (Alahari et al., 2001; Ballal and Apte, 2005). 

Cl- transport in cyanobacteria is significantly less well characterized (Hagemann, 2011). 

A handful of putative Cl- transport genes have been identified, including ion efflux pumps 

(Kobayashi et al., 2006). Despite the lack of specific proteins involved in Cl- transport, it has 

been repeatedly shown that export of Cl- is essential for Photosystem II function (Allakhverdiev 

and Murata, 2008; Inoue-Kashino et al., 2005; Katoh et al., 2001; Kobayashi et al., 2006; 

Popelková and Yocum, 2007; Shen et al., 1998).
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Table 2: Cyanobacterial transport systems associated with salt ions and compatible solutes. 

Solute Gene/Protein Strains Source 

Na+ NhaS/P PCC 6803, Aphanothece halophytica (Tsunekawa et al., 2009; 

Waditee et al., 2001) 

Na+ Mrp PCC 7120, Aphanothece halophytica (Blanco-Rivero et al., 2009, 

2005; Fukaya et al., 2009) 

Na+ NapA Aphanothece halophytica (Wutipraditkul et al., 2005) 

K+ Ktr Synechocystis sp. PCC 6803, Anabaena sp. PCC 

7120 

(Nanatani et al., 2015) 

K+ Kdp Synechocystis sp. PCC 6803, Anabaena sp. PCC 

7120, Anabaena sp. L-31, Anabaena torulosa, 

Nostoc punctiforme, Nodularia spumigena 

CCY9414, Gloeobacter violaceous 

(Alahari et al., 2001; Ballal et 

al., 2007; Ballal and Apte, 2005; 

Nanatani et al., 2015) 

Cl- sll1864 (putative 

gene) or Slr0753 

Synechocystis sp. PCC 6803, Thermosynechococcus 

elongatus, Thermosynechococcus vulcanus 

(Inoue-Kashino et al., 2005; 

Katoh et al., 2001; Kobayashi et 

al., 2006; Shen et al., 1998) 
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Sucrose/trehalose/ 

glucosyglyercol 

Ggt Synechocystis sp. PCC 6803, Synechoccocus sp. 

PCC 7002, Synechococcus sp. PCC 6301, 

marine Synechoccocus and Prochlorococcus strains 

(M. Hagemann et al., 1997; 

Mikkat et al., 1996, 1997; 

Mikkat and Hagemann, 2000; 

Scanlan et al., 2009) 

Glycine betaine BetT Aphanothece halophytica, marine Synechococcus 

and Prochlorococcus strains 

(Laloknam et al., 2006; Scanlan 

et al., 2009) 

Glycine 

betaine/choline 

ProU “terrestrial” strains, Nodularia spumigena 

CCY9414 

(Chen et al., 2021; Voß et al., 

2013) 

Glycine 

betaine/proline 

nsp6940/nsp6950 Nodularia spumigena CCY9414 (Voß et al., 2013) 
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 There are only a handful of studies on the transport of other ions by cyanobacteria, but it 

is believed that Ca2+, Mg2+, and Li+ all have import and export mechanisms maintained in 

cyanobacteria (Koropatkin et al., 2007; Lockau and Pfeffer, 1983; Pandey et al., 1996; Pohland 

and Schneider, 2019; Wever et al., 2019). 

Compatible solutes 

 There are five common organic osmolytes synthesized by cyanobacteria: sucrose, 

trehalose, glucosylglycerol (GG), glucosylglycerate (GGA), and glycine betaine (GB) 

(Bianchini, 2022; Blank, 2013; Hagemann, 2013, 2011). The general understanding is that 

terrestrial strains use sucrose and trehalose, the sugar osmolytes, while marine strains use GG 

and halophilic strains use GB (Klaehn et al., 2021; Klähn et al., 2021). However, this rule of 

thumb is known to have exceptions (Klähn et al., 2010; Pade et al., 2016, 2012). 

 

Figure 1: Structures of common compatible solutes used by cyanobacteria. 

 Sucrose is the most widespread osmolyte biosynthesized within the cyanobacterial 

phylum, likely due to its role in photoautotrophic carbon metabolism (Hagemann, 2013; Kolman 

et al., 2015, 2012; Porchia and Salerno, 1996). Accumulation of sucrose as an osmoprotectant 
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occurs predominantly within the heterocystous, N2-fixing Nostocales clade (Ehira et al., 2014; 

Hagemann, 2013), however several non-Nostocales strains of cyanobacteria have been shown to 

induce sucrose biosynthesis under salt stress conditions (Cumino et al., 2010; Curatti et al., 1998; 

Hagemann, 2013; Hagemann and Marin, 1999; Lunn, 2002). Sucrose biosynthesis for osmotic 

regulation purposes requires two enzymes: sucrose-phosphate synthase (Sps) and sucrose-

phosphate phosphatase (Spp) (Cumino et al., 2010; Curatti et al., 1998; Ehira et al., 2014; 

Hagemann, 2013; Hagemann and Marin, 1999; Kirsch et al., 2019; Kolman et al., 2015, 2012; 

Lunn, 2002; Porchia and Salerno, 1996). 

𝑈𝐷𝑃 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 +  𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 6 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 
𝑆𝑝𝑠
→  𝑠𝑢𝑐𝑟𝑜𝑠𝑒 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 +  𝑈𝐷𝑃 

𝑆𝑢𝑐𝑟𝑜𝑠𝑒 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 
𝑆𝑝𝑝
→   𝑠𝑢𝑐𝑟𝑜𝑠𝑒 + 𝑃𝑖 

Also relevant for the balance of intracellular sucrose concentrations are several additional 

enzymes involved in sucrose degradation: sucrose synthase (Sus), amylosucrase (AMS), and 

invertase or sucrase (Hagemann, 2013; Kirsch et al., 2019; Perez-Cenci and Salerno, 2014). 

𝑆𝑢𝑐𝑟𝑜𝑠𝑒 +  𝑈𝐷𝑃 
𝑆𝑢𝑠
↔  𝑈𝐷𝑃 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 +  𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 

𝑆𝑢𝑐𝑟𝑜𝑠𝑒 
𝑖𝑛𝑣𝑒𝑟𝑡𝑎𝑠𝑒
→       𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 +  𝑔𝑙𝑢𝑐𝑜𝑠𝑒 

𝑆𝑢𝑐𝑟𝑜𝑠𝑒 
𝐴𝑀𝑆
→   𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 +  𝑔𝑙𝑢𝑐𝑜𝑠𝑒 

In at least the laboratory model cyanobacterium Synechococcus sp. PCC 7002, sucrose 

synthesis genes have been shown to occur in the gene cluster with amylosucrase and downstream 

fructose activation genes (Perez-Cenci and Salerno, 2014). This is notable as the coordination of 

sucrose biosynthesis genes in oxygenic phototrophs was previously established for the first time 

in Synechococcus sp. PCC 7002 (Cumino et al., 2010). 
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 The studies of the evolution of Sps/Spp sucrose biosynthesis suggest that the pathway is 

modular (Lunn, 2002; Martínez-Noël et al., 2013; Roy, 1999; Snel and Huynen, 2004). It has 

been hypothesized that the enzymes were originally domains in a single bidomain enzyme with 

both glucosyltransferase (GTD) and phosphohydrolase (PHD) catalytic domains (Lunn, 2002; 

Martínez-Noël et al., 2013). In one cyanobacterial strain, Synechococcus elongatus PCC 7942, 

there is evidence for a bidomainal SPS enzyme containing active sites with both GTD and PHD 

activity (Martínez-Noël et al., 2013). It has also been shown that in several cyanobacterial 

species (Synechoccocus sp. PCC 7002, Synechocystis sp. PCC 6803, and Anabaena sp. PCC 

7120), the spsA gene produces a bidomainal SPS with a functioning GTD and a non-functional 

PHD; these strains each have an additional SPP protein with a catalytic PHD domain (Martínez-

Noël et al., 2013). 

 The primary trehalose biosynthesis pathway in bacteria is the OtsAB pathway, using 

trehalose-phosphate synthase (OtsA) and trehalose-phosphate phosphatase (OtsB) (Hagemann, 

2013).  

𝑈𝐷𝑃 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 +  𝑔𝑙𝑢𝑐𝑜𝑠𝑒 6 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 
𝑂𝑡𝑠𝐴
→   𝑡𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 +  𝑈𝐷𝑃 

𝑇𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 
𝑂𝑡𝑠𝐵
→   𝑡𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 + 𝑃𝑖 

Alternate pathways include the TreYZ pathway (Avonce et al., 2006; Hagemann, 2013): 

𝛼 − 1,4 − 𝑝𝑜𝑙𝑦𝑔𝑙𝑢𝑐𝑜𝑠𝑒 
𝑇𝑟𝑒𝑌
→   𝛼 − 1,1 − 𝑚𝑎𝑙𝑡𝑜𝑜𝑙𝑖𝑔𝑜𝑠𝑦𝑙𝑡𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 

𝛼 − 1,1 − 𝑚𝑎𝑙𝑡𝑜𝑜𝑙𝑖𝑔𝑜𝑠𝑦𝑙𝑡𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 
𝑇𝑟𝑒𝑍
→   𝑡𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 +  𝛼 − 1,4 𝑝𝑜𝑙𝑦𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑛 − 2) 

TreS pathway (Avonce et al., 2006): 

𝑚𝑎𝑙𝑡𝑜𝑠𝑒 
𝑇𝑟𝑒𝑆
→  𝑡𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 

TreP pathway (Avonce et al., 2006): 
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𝑔𝑙𝑢𝑐𝑜𝑠𝑒 1 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 +  𝑔𝑙𝑢𝑐𝑜𝑠𝑒 
𝑇𝑟𝑒𝑃
↔  𝑡𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 + 𝑃𝑖 

and TreT pathway(Avonce et al., 2006): 

𝐴𝐷𝑃 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 +  𝑔𝑙𝑢𝑐𝑜𝑠𝑒 
𝑇𝑟𝑒𝑇
↔  𝑡𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 +  𝐴𝐷𝑃 

Trehalose as the primary compatible solute seems to primarily occur in filamentous 

cyanobacteria, as well as more dessication tolerant strains (Azua-Bustos et al., 2014; Fagliarone 

et al., 2020; Hagemann, 2013, 2011; Hershkovitz et al., 1991; Heyer et al., 1989; Kothari et al., 

2013; Murik et al., 2017; Page-Sharp et al., 1999; Sakamoto et al., 2011; Shang et al., 2019; 

Shimura et al., 2015; Starkenburg et al., 2011; Xu et al., 2021). The TreYZ pathway appears to 

be the primary trehalose synthesis pathway in cyanobacteria (Asthana et al., 2008; Fagliarone et 

al., 2020; Hagemann, 2013; Higo et al., 2006; Meeks et al., 2001; Ohmori et al., 2009; Page-

Sharp et al., 1999; Sakamoto et al., 2009; Shang et al., 2019; Starkenburg et al., 2011; Voß et al., 

2013; Wu et al., 2011; Yoshida and Sakamoto, 2009), although the OtsAB pathway is thought to 

have been laterally transferred into Crocosphaera watsonii WH 8501 (Pade et al., 2012). The 

non-filamentous/N2 fixing strains with the TreYZ pathway are thermophiles and may use 

trehalose as a thermoprotectant rather than an osmoprotectant (Furuki, 2009; Hagemann, 2013). 

The TreS pathway has been identified via in silico analyses in several dessication tolerant strains 

including Chroococcidiopsis sp. CCMEE 029, Gloeocapsopsis sp. UTEX B3054, Leptolyngbya 

ohadii, Leptolyngbya boryana PCC 6306, Leptolyngbya sp. NIES-2104, and Microcoleus 

vaginatus FGP-2 (Fagliarone et al., 2020; Hershkovitz et al., 1991; Murik et al., 2017; Shimura 

et al., 2015; Starkenburg et al., 2011; Urrejola et al., 2019). The in silico analyses on 

Leptolyngbya ohadii also suggested the strain may have genes in the TreP and OtsAB pathways 

as well (Murik et al., 2017).  
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The TreYZ pathway often appears in an operon containing TreH, a trehalase, however 

TreH does not seem to be associated as closely with TreYZ in some cyanobacteria (Fagliarone et 

al., 2020; Higo et al., 2006; Murik et al., 2017; Shimura et al., 2015). Of the marine 

picocyanobacteria, only Procholorococcus sp. MED4 possesses TreH (Scanlan et al., 2009). 

 Glucosylglycerol (GG)  is generally considered an indication of moderate halotolerance 

and strains which accumulate GG are often capable of growth in both freshwater and marine 

media (Engelbrecht et al., 1999; Hagemann, 2013; Marin et al., 1998). GG biosynthesis is a two-

step process using GG-phosphate synthase (GgpS) and GG-phosphate phosphatase (GgpP/StpA) 

(Engelbrecht et al., 1999; Hagemann, 2013; M Hagemann et al., 1997). 

𝐴𝐷𝑃 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 +  𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 3 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 
𝐺𝑔𝑝𝑆
→   𝑔𝑙𝑢𝑐𝑜𝑠𝑦𝑙𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 +  𝐴𝐷𝑃 

𝐺𝑙𝑢𝑐𝑜𝑠𝑦𝑙𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 
𝐺𝑔𝑝𝑃
→    𝑔𝑙𝑢𝑐𝑜𝑠𝑦𝑙𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 +  𝑃𝑖 

In at least Synechocystis sp. PCC 6803, while sucrose and trehalose biosynthesis can use 

UDP- or ADP-glucose, GG was strictly dependent on ADP-glucose (Hagemann and Erdmann, 

1994; Miao et al., 2003). GG synthesis seems to be specific to salt stress rather than osmotic 

stress (Hagemann et al., 2001; Hagemann and Erdmann, 1994; Marin et al., 2006; Stirnberg et 

al., 2007). 

 Cyanobacterial GgpS genes form two closely related clades, those from picoplanktic 

cyanobacteria and those from other cyanobacteria, and these clades are separate from 

heterotrophic GgpS genes phylogenetically (Hagemann, 2011). While heterotrophic GgpS and 

GgpP are typically a fused protein, they appear to be separate proteins in cyanobacterial genomes 

(Hagemann et al., 2008). Additionally, while the ggpS and ggpP genes are often found adjacent 

in marine picoplanktic Synechoccocus strains, they are never found in an operon-like 

configuration in the beta-cyanobacteria (Hagemann, 2013; Scanlan et al., 2009). In 
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Synechococcus sp. RCC307 the putative GG-transport system is also linked to the ggpS/ggpP 

genes (Scanlan et al., 2009). 

 GG accumulation is common in marine cyanobacteria, however while ggpS is nearly 

universal within the marine picoplanktic Synechococcus strains, it is absent from the marine 

picoplanktic Procholorococcus strains (Klähn et al., 2010; Scanlan et al., 2009). However, 

marine Prochlorococcus strains do have the ggpP gene present; this is thought to be due to the 

loss of the ggpS gene from Prochlorococcus strains after divergence from the marine 

Synechococcus/Prochlorococcus common ancestor (Scanlan et al., 2009). 

 Comparison of the regulation of ggpS in Synechococcus sp. PCC 7002 and Synechocystis 

sp. PCC 6803 indicates that while PCC 7002 uses transcriptional control, PCC 6803 uses 

posttranslational control (Engelbrecht et al., 1999; Stirnberg et al., 2007). 

 Glucosylglycerate (GGA) biosynthesis occurs via a nearly identical pathway to GG 

biosynthesis using GGA-phosphate synthase (GpgS) and GGA-phosphate phosphatase (GpgP) 

(Hagemann, 2013). 

𝑁𝐷𝑃 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 +  𝑔𝑙𝑦𝑐𝑒𝑟𝑎𝑡𝑒 3 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 
𝐺𝑝𝑔𝑆
→    𝐺𝐺𝐴 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 +  𝑁𝐷𝑃 

𝐺𝐺𝐴 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 
𝐺𝑝𝑔𝑃
→    𝐺𝐺𝐴 + 𝑃𝑖 

 gpgS genes are typically found in an operon with gpgP and a gene encoding GGA 

hydrolase (Hagemann, 2013). Unlike most compatible solutes, GGA is a charged molecule 

(Klähn et al., 2010). While GGA biosynthesis has been detected in many cyanobacterial strains, 

it seems to be primarily used by marine picoplanktic Synechococcus and Prochlorococcus 

strains, and is upregulated under nitrogen limiting conditions (Hagemann, 2013; Klähn et al., 

2010). Using a charged compatible solute may allow the cells to use GGA as both a compatible 
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solute and a charged counter to inorganic anions, replacing the more commonly used glutamate, 

a nitrogen-containing molecule (Klähn et al., 2010). 

Glycine betaine biosynthesis in most organisms occurs through a two-step oxidative 

pathway starting with choline and using a choline dehydrogenase (CDH) followed by a betaine 

aldehyde dehydrogenase (BADH), however while this pathway has been suggested to be present 

in some cyanobacteria, its activity has not been confirmed (Hagemann, 2013; Incharoensakdi and 

Wutipraditkul, 1999; Waditee et al., 2003). All glycine betaine accumulating cyanobacteria use a 

direct methylation biosynthesis pathway which occurs in three steps through two enzymes which 

both use S-adenosyl-methionine (SAM) as the methyl-donor: glycine/sarcosine-N-

methyltransferase (GSMT) and dimethylglycine-N-methyltransferase (DMT) (Hagemann, 2013; 

Waditee et al., 2003). 

𝐺𝑙𝑦𝑐𝑖𝑛𝑒 +  𝑆𝐴𝑀 
𝐺𝑆𝑀𝑇
→    N − methylglycine (sarcosine) +  SAH 

𝑆𝑎𝑟𝑐𝑜𝑠𝑖𝑛𝑒 +  𝑆𝐴𝑀 
𝐺𝑆𝑀𝑇
→    𝑁, 𝑁 − 𝑑𝑖𝑚𝑒𝑡ℎ𝑦𝑙𝑔𝑙𝑦𝑐𝑖𝑛𝑒 +  𝑆𝐴𝐻 

𝑁,𝑁 − 𝑑𝑖𝑚𝑒𝑡ℎ𝑦𝑙𝑔𝑙𝑦𝑐𝑖𝑛𝑒 +  𝑆𝐴𝑀 
𝐷𝑀𝑇
→   𝑁,𝑁,𝑁 − 𝑡𝑟𝑖𝑚𝑒𝑡ℎ𝑦𝑙𝑔𝑙𝑦𝑐𝑖𝑛𝑒 (𝑔𝑙𝑦𝑐𝑖𝑛𝑒 𝑏𝑒𝑡𝑎𝑖𝑛𝑒)  

+  𝑆𝐴𝐻 

Glycine betaine is often associated with halophily, however it has been found in 

cyanobacterial strains with only moderate salinity tolerance (Hagemann, 2011; Lu et al., 2006; 

Mackay et al., 1984; Yang et al., 2020). There has been some phylogenetic evidence for glycine 

betaine synthesis early in the cyanobacterial phylogeny (Bianchini, 2022; Lu et al., 2006). 

The regulation of compatible solute biosynthesis is an active area of research (Ehira et al., 

2014; Liang et al., 2020). Transcriptional regulators, including orrA, sigB2 and sigJ, have been 

identified as associated with salt induction of genes including compatible solute synthesis genes 

in multiple cyanobacterial strains (Ehira et al., 2014; Higo et al., 2006; Nikkinen et al., 2012; 
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Schwartz et al., 1998; Yoshimura et al., 2007). There is also evidence for post-translational 

regulation of SpsA in Anabaena sp. PCC 7120 (Ehira et al., 2014). It has also been established 

that salt stress and osmotic stress do not induce the same sets of genes and same physiological 

responses, indicating that these two related processes need to be studied with a careful eye 

towards separating the effects of each (Allakhverdiev et al., 2000; Liang et al., 2020). 

 In addition to biosynthesis of these compatible solutes, many organisms actively transport 

compatible solutes into and out of the cell. While import of compatible solutes is a primary 

response to salt stress in heterotrophic bacteria, in cyanobacteria it seems to mostly be used to 

counteract the diffusion of synthesized compatible solutes out of the cell (Hagemann, 2011). 

However, compatible solute transporters have been identified in cyanobacteria (Chen et al., 

2021; Hagemann, 2011; M. Hagemann et al., 1997; Laloknam et al., 2006; Mikkat et al., 1997, 

1996; Mikkat and Hagemann, 2000; Scanlan et al., 2009) and are included in Table 2. 

 In addition to mechanisms described above, there are potential salinity tolerance 

mechanisms which have yet to be thoroughly investigated including: lipid membrane 

composition changes and hydrocarbon production (Allakhverdiev et al., 2001, 1999, 1998), 

export of phosphatase/phosphodiesterase (Kageyama et al., 2011), synthesis of proline/glutamate 

betaine/oligosaccharides/mycosporin-like amino acids as compatible solutes (Chaneva et al., 

2011; Hagemann, 2011; Lin and Wu, 2014; Mackay et al., 1984; Pontis et al., 2007; Salerno et 

al., 2004; Yadav et al., 2021), and chaperone proteins induced in salt stress conditions (Hibino et 

al., 1999; Lee et al., 1997; Waditee et al., 2002). 

 Given the complex array of molecular mechanisms by which cyanobacteria manage salt 

stress, trying to understand salt stress across the entire cyanobacterial phylum is a task for a 

generation of scientists. Instead of trying to understand the individual mechanisms used by 
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cyanobacteria, I am approaching the study of cyanobacterial salinity tolerance from a high-level 

viewpoint. My dissertation attempts to understand broad patterns in cyanobacterial salinity 

tolerance, in cyanobacterial phylogeny, physiology, and evolution. While this work does not 

target specific molecular mechanisms, it works to provide broad understanding, and provoke 

questions which can be asked of any salinity tolerance mechanism. 

Overview 

The overarching approach to my dissertation is illustrated in Figure 2, each chapter 

addresses a different timescale, from macroevolution in Chapter 2 to physiology in Chapter 3 

and adaptation in Chapter 4. 

 

Figure 2: Diagram highlighting the approaches of each chapter of the dissertation. 

In Chapter 2: Simulating cyanobacterial trait evolution: influences of deep time and 

global events, I assess the impact of deep time on our ability to reconstruct microbial traits. 

Ancestral state reconstructions (ASR) combine our knowledge of modern traits with phylogenies 
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to predict the likely trait of ancestral species. ASR methods were developed on eukaryotic 

species with fossil records which could verify not only the phylogeny, but the trait value at 

specific ancestral nodes. Given our inability to determine specifics of species or traits from 

microfossils, we rely on eukaryotic methods to predict ancient microbial traits. 

Given the extremely deep roots of the cyanobacterial phylogeny, I wondered how 

environmental change would impact ASR of microbial traits. I approach this from a 

computational perspective, simulating trait evolution under different evolutionary scenarios and 

evaluating the ability of ASR methods to predict the ‘true’ ancestral state.  

In Chapter 3: Reevaluating the plastic response of extant cyanobacteria to changes in 

salinity, I assess two related questions: is salinity a discrete or continuous trait? And does the 

habitat from which a cyanobacterium was isolated predict its salinity tolerance?  

There is evidence in the literature that salinity tolerance is in fact a continuous trait, with 

some cyanobacterial strains having salinity optima which do not match their habitat of isolation 

(Bano and Siddiqui, 2004; Batterton and Van Baalen, 1971; Brand, 1984; Duval et al., 2018; Fu 

and Bell, 2003; Herrmann and Gehringer, 2019; Khatoon et al., 2010; Melero‐Jiménez et al., 

2019; Stam and Holleman, 1979, 1975; Stulp and Stam, 1984). Additionally, as with temperature 

tolerance, there is evidence that salinity tolerance should not be constricted simply to its 

optimum but rather described via a reaction norm (Bano and Siddiqui, 2004; Duval et al., 2018; 

Herrmann and Gehringer, 2019; Melero‐Jiménez et al., 2019). I hypothesized that salinity 

tolerance in cyanobacteria is both a continuous trait and not restricted to an optimum, thus 

providing evolutionary potential for cyanobacteria to relatively easily move between 

environments with varying salinities. 
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To assess these questions, I curated a database of cyanobacterial responses to changes in 

salinity from the literature. My database contains reaction norms from over 70 strains, from 

dozens of papers across more than 6 decades. Using this database, I assess how we classify 

salinity tolerance and provide a mechanistic model to allow for quantitative assessment of 

cyanobacterial salinity tolerances. 

In Chapter 4: Experimental evolution of salinity tolerance in a laboratory model 

cyanobacterium, I assess the stability of the response of a cyanobacterium to changes in salinity 

under selective pressure. 

For phylogenetic trait reconstructions to be applied to the cyanobacterial ancestor, the 

trait must be conserved enough that the modern trait distribution retains information about the 

ancestral state. However, salinities of isolation are rarely monophyletic within the phylum 

(Hagemann, 2011). Additionally, there is experimental evidence from eukaryotic oxygenic 

phototrophs that adaptation to a different salinity can occur within hundreds to thousands of 

generations (Lachapelle et al., 2015; Perrineau et al., 2014). If salinity tolerance in Cyanobacteria 

is not conserved relative to the age of the phylum, the modern distribution of salinity tolerance 

on the cyanobacterial tree cannot independently determine the salinity tolerance of the 

cyanobacterial ancestor. 

I evolved 16 lineages of the laboratory model cyanobacterium Synechococcus sp. PCC 

7002 for over 750 generations in 4 different salinity conditions via serial transfer. Over the 

course of the experiment, I assessed the changes in the general fitness of the evolved lineages as 

well as changes in the response of the evolved lineages to changes in salinity. 

Together these three chapters assess key assumptions underlying our understanding of 

cyanobacterial salinity tolerance and the early history of Cyanobacteria. By looking across 
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timescales, and providing quantitative assessment of these assumptions, I provide a key 

foundation on which to move our understanding of cyanobacterial salinity tolerance forward and 

develop a more comprehensive model for future research. 
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Chapter 2: Simulating cyanobacterial trait evolution: influences of deep time and global 

events 

Introduction 

Cyanobacteria have long been a focal phylum in geobiological research due to their 

dominant role in Earth history and in modern biogeochemical cycling. Additionally, the 

evolution of cyanobacteria is deeply interconnected with that of Earth systems and of interest 

from both evolutionary biology and Earth history perspectives. Beyond their pivotal role in the 

initial oxidation of the Earth's atmosphere at the Great Oxidation Event (GOE), they were the 

primary endosymbiont in the evolution of eukaryotic phototrophs, and their physiological 

evolution likely played a significant role in both the low primary productivity that characterized 

the Proterozoic as well as the Neoproterozoic Oxidation Event and Cryogenian glaciations 

(Hamilton et al., 2016; Hammerschmidt et al., 2021; Hurley et al., 2021; Sánchez-Baracaldo et 

al., 2021, 2014). The Earth system dominance of Cyanobacteria persists today, as the phylum is 

directly responsible for a significant portion of modern primary productivity (Flombaum et al., 

2013). 

Given their history, the evolution of Cyanobacteria has been researched extensively from 

physiological, ecological, and macroevolutionary perspectives. The application of these tools to 

cyanobacterial evolution has been discussed in previous literature (Schirrmeister et al., 2016, 

2015). Despite the long history and multidisciplinary nature of these approaches, there is still 

uncertainty about when the last common ancestor of modern Cyanobacteria originated, as well as 

its primordial habitat and the ecological and environmental constraints on subsequent 

evolutionary radiation. Estimates for the evolution of oxygenic photosynthesis range from the 

origin of life to 3.7 Gyr to 2.5 Gyr (Cardona et al., 2019; Lalonde and Konhauser, 2015; 
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Planavsky et al., 2014; Rosing and Frei, 2004; Sánchez‐Baracaldo and Cardona, 2020; 

Schirrmeister et al., 2015; Shih et al., 2017). These estimates broadly fall into two categories: 

those based on molecular clock reconstructions of the Cyanobacteria phylum or key enzymes for 

oxygenic photosynthesis (Cardona et al., 2019; Sánchez‐Baracaldo and Cardona, 2020; 

Schirrmeister et al., 2015; Shih et al., 2017), and those based on geochemical signatures of 

oxidation in the rock record (Lalonde and Konhauser, 2015; Planavsky et al., 2014; Rosing and 

Frei, 2004). Central to the wide range in estimates in both categories is the lack of any clear and 

definitive signatures of oxygenic photosynthesis or oxygenic photosynthesizers in the rock 

record prior to the GOE (Hamilton, 2019). Unlike the evolutionary history of animal 

diversification, the majority of the history of Cyanobacteria lacks any fossils on which to anchor 

key innovations (Schirrmeister et al., 2016; Schopf, 2011). 

Ancestral state reconstructions (ASR) can be used to predict the evolutionary history of 

DNA and protein sequences, geographical range, and phenotypes based on a provided model of 

evolution (Joy et al., 2016). Typically, the model for evolution underlying ASR is a stochastic 

process; either Markov chain for discrete traits, or Brownian Motion or Ornstein-Uhlenbeck 

processes for continuous traits (Joy et al., 2016). Evaluation of trait reconstruction typically 

occurs through either maximum likelihood (ML) or Bayesian inference methods (Joy et al., 

2016). ASR typically relies on the fossil record to provide constraints and calibration points for 

the reconstruction, and it has been repeatedly shown that reconstructions without fossil data are 

significantly less reliable (Slater et al., 2012). ASR has been applied to Cyanobacteria with 

regard to the history of specific traits, as well as with regard to the evolution of key enzymes 

(Blank and Sánchez-Baracaldo, 2010; Cardona et al., 2019; Hammerschmidt et al., 2021; Kacar 

et al., 2017; Sánchez-Baracaldo, 2015; Sánchez-Baracaldo et al., 2017b; Uyeda et al., 2016). 



 

26 

 

While traditionally ASR is thought of as reconstructing the evolutionary history of traits within a 

lineage, we must consider that in deep time ASRs on microbial lineages may instead reconstruct 

the history of the Earth environment. 

Salinity tolerance, often based on the habitat of isolation, is a regular target of ASR in 

Cyanobacteria. Due to results from both ASR and geochemical studies, ancestral salinity 

tolerance has been central to hypotheses surrounding the timing of the evolution of 

Cyanobacteria and the GOE (Hammerschmidt et al., 2021; Lalonde and Konhauser, 2015; 

Sánchez-Baracaldo et al., 2017b). Given its role in models of early biogeochemistry, and its 

frequent evaluation in ASR, we utilize it here as the trait of interest. Additionally, existing 

literature suggests that salinity tolerance may be a continuous trait (Duval et al., 2018; 

Hagemann, 2011; Herrmann and Gehringer, 2019; Reed et al., 1986, 1985; Reed and Stewart, 

1985), and here we consider both continuous and discrete representations of salinity tolerance as 

a character trait. In addition to its use in investigations of cyanobacterial evolutionary history, 

salinity tolerance is a complex trait known to be influenced by multiple genetic mechanisms, 

including compatible solute synthesis and transport, ion pumps, and water movements 

(Hagemann, 2011). Investigations of compatible solute synthesis genes on the cyanobacterial 

species tree have shown that different compatible solute genes have different evolutionary 

histories on the cyanobacterial phylogeny (Bianchini, 2022; Blank, 2013). While this paper 

focuses on a specific evolutionary scenario, the results are applicable to other geobiological 

contexts.  

Here I aim to specifically address the application of phylogenetic trait reconstruction 

tools and the influence of deep time on the underlying assumptions of these methods. As shown 

in Figure 3, I utilize two models of trait evolution, Brownian Motion and Ornstein-Uhlenbeck 
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processes, to produce simulated “modern” traits on previously published cyanobacterial 

phylogenies. Within each trait evolution model, I evaluate across a wide range of both 

evolutionary variabilities and selective pressures as well as running each scenario on multiple 

phylogenetic topologies. I evaluate these simulated trait datasets from multiple perspectives, 

including the distributions of traits, phylogenetic significance of traits both before and after 

discretization, evolutionary rates predicted from the scenarios, and finally for accuracy of ASR 

models. By using datasets with a “true” answer, I can assess how ASR functions in different 

evolutionary scenarios without fossil constraints. 

 

 

Figure 3: Workflow diagram for simulating trait data on cyanobacterial phylogenies and 

downstream analyses 

Methods 

Phylogenies 

To ensure that the phylogenies used as the basis for my simulations were realistic, I 

utilized published cyanobacterial phylogenies based on Bayesian analyses on concatenated 

amino acid and ribosomal RNA sequences (Uyeda et al., 2016). I chose to use phylogenies 

identified as lacking long branch attraction and utilized the phylogenies with 105 species 

included, for a total of 100 phylogenies. I also generated a maximum clade credibility phylogeny 
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from this set of phylogenies using the maxCladeCred function from the phangorn R package 

(Schliep, 2011). 

Forward simulations 

Forward simulations were run using two models for trait evolution. The first model is 

Brownian Motion (BM) which represents a 2D random walk as: 𝛿𝑋(𝑡)  =  σ ∗ 𝛿𝛽(𝑡), 𝑋(0)  =

 X0 . Under Brownian evolution, lineages evolve through time via variations determined by 

random selection from a Gaussian distribution with a mean of 0 and variance of 𝛿𝑡 and 

magnified by the value of σ, the evolutionary variance.  

The second model for trait evolution is the Ornstein-Uhlenbeck (OU) expansion on 

Brownian motion: 𝛿𝑋(𝑡)  =  α(θ −  𝑋(𝑡))𝛿𝑡 +  σ 𝛿𝛽(𝑡). This model adds an adaptive optimum 

(θ) and a rate of movement towards said optimum (α). While this model can allow for movement 

of the optimum through time and is typically written as 𝜃(𝑡), in this study the optimum is set at 

the same value across the entire timespan of each simulation.  

To implement these models, I utilized the OUwie R package which allowed for setting 

and changing evolutionary regimes across the trees. I modified the OUwie.sim function to 

include upper and lower bounds on the possible trait values. The boundaries set for these 

simulations were 0 ppt and 357 ppt, to avoid negative salinities or salinities higher than the 

saturation point of sodium chloride. Cyanobacteria have been observed growing at both extremes 

of this range, so utilizing physical restrictions is an appropriate choice for boundaries (Oren, 

2011). The datasets presented here use boundaries that reflect the trait value back across the 

boundary. For example, if a trait value reaches 362, it is converted to 352 (now 5 below the 

bound as it was 5 above the bound) and the simulation continues. I also evaluated the use of 
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boundaries which take any value which exceeds a boundary and modifies to be at the boundary, 

and comparisons between these boundary types can be found in Appendix A. 

For each model I tested a range of values for the controlling parameters (σ for both BM 

and O , and α for O ).  he parameter choices for the various simulations are shown in  able 1. 

For the OU model, I tested each pairing of σ and α values to evaluate how the changes in each 

parameter affect the trait evolution independently and in conjunction with each other. For both 

models and all parameter sets tested, I ran a simulation on each of the 100 phylogenies described 

above, providing a total set of simulations for each model that is 100 times the number of 

parameter options evaluated. This allows me to investigate potential effects of phylogenetic 

topology on the results, as well as providing a sampling of the evolutionary space generated by 

the random variation underlying both models. 

Analysis of simulated trait values 

To allow for comparison with the evaluations of the history of the habitat salinity of 

cyanobacteria in the existing literature, I discretized the simulated trait data using a published 

discretization cutoff where salinities below 5 ppt were designated as fresh and those above 5 ppt 

were designated as marine (Uyeda et al., 2016).  

To compare the rates of evolution observed in my simulated datasets with evolutionary 

rates measured empirically and in the fossil record, I calculate the rate of evolution for each 

simulated trait value. Given the lack of population data, I utilize the calculation for evolutionary 

rates in darwins: revo  =  
ln
X

X0

𝛿t
  (Haldane, 1949). The evolutionary rate, revo, is determined by the 

difference in the natural logarithm of the trait value (X) and the natural logarithm of the ancestral 

trait value (X0), normalized to the time over which this evolutionary change occurred (𝛿t).  
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To investigate the phylogenetic significance of the data I generate, I utilize Pagel's λ 

(Pagel, 1999). I evaluated the signal on both the continuous trait data generated by the 

simulations, as well as on the discretized datasets and compared the predicted λ values and 

model fits with those conducted on a phylogeny in which all extant species are equally distant 

from a single common ancestor. I utilized the fitContinuous and fitDiscrete functions from the 

geiger R package for each respective dataset and used the lambda transform option to produce 

the λ values for comparison (Pennell et al., 2014). 

Ancestral state reconstructions 

Discretized simulation datasets were analyzed using the make.simmap function in the 

phytools R package (Revell, 2012). Reconstructions were conducted using both the equal-rates 

(ER) and the all-rates-differ (ARD) models of trait transitions. Transition matrices were derived 

via Markov chain Monte Carlo sampling of the posterior probability distribution. 

Reconstructions were sampled every 100 simulations after burn-in to generate a dataset of 100 

reconstructions. The reported likelihood of a freshwater ancestor is the percent of the 100 

sampled reconstructions which had a root node with the fresh trait. 
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Table 3: Parameters for simulated datasets 

Simulation σ α θ X0 Total simulated 

datasets 

Brownian Motion 

(BM) 

10-5 to 100 (n = 

100) 

10-16 (n = 1) NA 0 104 

Ornstein-Uhlenbeck 

(OU) 

10-5 to 100 (n = 

10) 

10-5 to 100 (n = 

10) 

35 0 104 

 

Results 

Forward simulations 

The trait distributions derived from the Brownian motion forward simulations are 

primarily controlled by the 𝜎 value of the simulation (Figure 4A). As 𝜎 increases, the width of 

the distribution increases, and the mean trait value slowly follows. The maximum trait value only 

surpasses 35 ppt (modern marine salinity) at 𝜎 >  1e−2, but given the threshold for being 

discretized as marine (> 5 ppt), approximately 50% of tips are considered marine by this point 

(Figure 4B). 
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Figure 4: Simulated trait data from the Brownian Motion forward simulations. In a is the 

number of tips with a given salinity across the simulations. In b is the proportion of tips which 

are discretized as fresh versus marine. 

The Ornstein-Uhlenbeck (OU) forward simulations have two controlling parameters for 

the trait distributions: σ and α. Generally, whichever parameter is greater is the one driving the 

trait distribution. As with the BM data, the trait distribution is very narrow until σ values are 
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greater than 1e−2, but this threshold also increase with α, until the distribution is very narrow 

across the full range of σ values (Figure 5). 

 

Figure 5: Simulated trait data from the Ornstein-Uhlenbeck forward simulations. Each panel 

has a different α value. The y-axis has been restricted to a range of 0 - 50 ppt. 

Unlike the BM simulations, the mean trait value shifts considerably, primarily controlled 

by α. As α increases to 1e−3, the mean shifts from approximately 10 ppt to 35 ppt, the defined 
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optimum, and then remains constant at the optimum for all higher values of α (Figure 5). As a 

result, there are no OU simulations where more than 25% of the tips are discretized as fresh. 

When the simulated data are used to estimate evolutionary rates, the rates obtained are small 

(3.6 ∗ 10−9 to 0.0038). I calculated rates using three potential timespans over which the salinity 

of cyanobacteria evolved:  

• over the entire cyanobacterial phylogeny dating back to 3.5 billion years ago 

• over the entire cyanobacterial phylogeny dating back to the Great Oxidation Event 2.5 

billion years ago 

• since the most recent Neoproterozoic Snowball Earth period, 635 million years ago 

Regardless of the length of evolution, the general trend is that increasing sigma results in 

increasing rates. Generally, the OU simulated data has lower rates than the BM simulated data, 

likely due to the constraint provided by the optima. 

On the continuous data produced in BM forward simulations, the median value across all 

σ values for Pagel's λ is 0.98, with a minimum median λ of 0.97 at a σ value of 10 and a 

maximum median λ of 0.99 at a σ value of 0.34.  he continuous O  data exclusively produces 

Pagel's λ values of 1. 

For the BM forward simulations, the calculated Pagel's λ after discretization covers the 

full range of values (0 to 1). Using both equal rates and all-rates-differ transition matrices, the 

highest phylogenetic significance is observed around σ values of approximately 0.01, which 

coincides with the crossover point where more tips are discretized as marine than fresh. Outside 

of this region, λ values range from 0 to 1, but are generally weighted towards higher values. 
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For the O  forward simulations where tips were not entirely discretized as marine (σ > 

1e-2 and α < 0.06), calculated λ values again ranged from 0 to 1, with the highest densities of 

values at either 0 or 1. 

Ancestral state reconstructions 

For the datasets from BM simulations, a freshwater ancestor was predicted nearly 100% 

of the time at 𝜎 values below 0.001 regardless of model choice (Figure 6 A and C). At 𝜎 > 0.001, 

the equal-rates model rapidly shifts from 100% likelihood of fresh ancestor to 0% likelihood of 

fresh ancestor by σ values of 0.1 (Figure 6A). In contrast, the all-rates-differ model consistently 

produces a 50% likelihood of fresh ancestry at σ values above 0.001 (Figure 6C). 
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Figure 6: Likelihood of reconstruction of freshwater habitat for the last common ancestor given 

the value of sigma used to produce the simulated trait data. a and b show reconstructions using 

the equal-rates (ER) model for the Brownian Motion and Ornstein-Uhlenbeck simulations 

respectively. C and D show reconstructions using the all-rates-differ (ARD) model for the 

Brownian Motion and Ornstein-Uhlenbeck simulations respectively. For the Ornstein-Uhlenbeck 

reconstructions (B and D), all α values tested for each σ are shown. Breakouts of the impact of α 

on the likelihoods can be seen in the supplemental materials (Figure 32). 

For the O  simulation datasets, any likelihood of a fresh ancestor only occurs at α values 

less than 0.02, and the maximum likelihood of a fresh ancestor is 67% (Figure 6 B and D). While 

the equal-rates model has likelihoods that taper off as α increases at each σ (Figure 6B), the all-

rates-differ model produces likelihoods of 0.0 or 0.5 in almost all cases (Figure 6D). 
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Discussion 

General implications 

Model choice has a large impact on reconstructed ancestral states when transition rates 

are not constrained (Nakov et al., 2017; Sánchez-Baracaldo et al., 2017b, 2017a). Using only the 

simulated trait distributions, it is clear that as a phylum, Cyanobacteria only require very low 

evolutionary variance in order to sample the entire trait space for salinity. This is supported by 

the observation of the “blunderbuss pattern” in which the bounds of evolutionary divergences 

expand dramatically over timescales greater than one million years (Uyeda et al., 2011). 

Rates of change of salinity tolerance in cyanobacteria need to be orders-of-magnitude 

lower than natural rates for reliable reconstruction of ancestral habitats. If we consider only the σ 

space over which BM models have a greater than 50% chance of reconstructing a freshwater 

ancestor (𝜎 <  0.001), the evolutionary rates predicted by the trait data range from 3.6 ∗ 10−9 to 

0.0038 darwins given an ancestor at the GOE. In comparison, a survey of evolutionary rates in 

the literature provided magnitudes of rates ranging from 0 to over 8,000 darwins for fossil 

studies, and from 0 to over 2,000,000 darwins for field studies (Uyeda et al., 2011). These 

simulated rates likely do not reflect evolutionary reality as salinity tolerance is a complex 

multivariate trait that we represent as the mode of a salinity reaction norm. However, even when 

the timescale over which these rates is reduced dramatically, from the Great Oxidation Event to 

the Neoproterozoic Oxidation Event, the rates for simulations which can reconstruct the ancestral 

state are only 1.4 ∗  10−8 to 0.015 darwins. Additionally, generational timescales in natural 

populations of cyanobacteria may vary by orders-of-magnitude, which will potentially lead to a 

biased sharpening up of the rate distributions estimate here. 



 

38 

 

Geobiological implications 

Over geologic timescales, even extremely weak selective pressures can lead to significant 

adaptive change. This has previously been established when surveying evolutionary rates from 

microevolutionary, historical, and paleontological datasets, where less than 107 generations are 

required to show significant response to even very weak selection (Estes and Arnold, 2007). As 

such, when microbial evolution occurs in the presence of a selective regime, as modeled in the 

OU simulations, ASR reconstructs the regime, not the ancestral state. While I do not consider 

rate shifts that may be associated with rapid environmental changes or lineage-specific 

evolutionary regimes and instead apply a global selective regime, the approach presented here 

can be modified to take such processes into account.  

Moving forward as geobiologists, we must take care to acknowledge the limitations of 

our methods, both geological and biological, and consider whether the assumptions underlying 

these methods remain reasonable as we utilize them in new contexts. Additionally, we must 

evaluate whether methods validated on macrofossils can be applied to microbial evolutionary 

history when fossil constraints are significantly less available. ASR remains a useful and 

informative tool for interrogating the appearance of traits in evolutionary history, and its 

applications to the cyanobacterial phylogeny continue to provide new hypotheses to investigate 

surrounding their role in the evolution of our planet. 

The ensemble of phenotypic traits in cyanobacterial populations may reflect the tempo, 

mode, and variation of environmental change on Earth rather than the evolutionary history of 

cyanobacterial lineages themselves. This is due largely to the fact that the timescales over which 

microbes evolve to selective regimes are many orders of magnitude smaller than the timescales 
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over which we apply ASR. We must consider the possibility that we are observing the impact of 

strong fluctuating selection rather than evolutionary stasis. 

 This study suggests several important lessons moving forward in the use of ASR to study 

the evolution of microbes in deep time. While we rarely, if ever, have fossils which can be tied to 

a specific branch of a microbial tree as well as a specific trait, our results suggest that accounting 

for broader scale changes in the environment may provide a better understanding of the evolution 

of microbial traits alongside environmental change. There may be space to connect our 

knowledge of major climatic shifts to microbial phylogenies to ask new questions using ASR. 

The results also suggest that we should focus on developing clearer understandings of the 

complexities of traits to better understand how trait complexity interplays with adaptation in 

microbial populations. 
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Chapter 3: Reevaluating the plastic response of extant cyanobacteria to changes in salinity 

Introduction 

Cyanobacteria are the only phylum to have independently evolved the ability to perform 

oxygenic photosynthesis (Blankenship and Hartman, 1998; Cardona, 2016; Nisbet et al., 2007; 

Sánchez-Baracaldo et al., 2021; Sánchez‐Baracaldo and Cardona, 2020; Soo et al., 2017). Not 

only did a cyanobacterium become the primary chloroplast driving eukaryotic photosynthesis, 

but the evolution of oxygenic photosynthesis in Cyanobacteria is believed to be the primary 

driver in the oxidation of the Earth's atmosphere 2.5 – 2.0 billion years ago at the Great 

Oxidation Event (GOE) (Blank and Sánchez-Baracaldo, 2010; Sánchez-Baracaldo et al., 2021; 

Sánchez‐Baracaldo and Cardona, 2020; Schirrmeister et al., 2016; Soo et al., 2017; Ward et al., 

2016). In addition to their historical importance, cyanobacteria remain dominant primary 

producers in modern ecosystems and perform a significant portion of global oxygen production 

(Dvořák et al., 2014; Falkowski et al., 2008; Flombaum et al., 2013). 

One environmental parameter of interest in the study of cyanobacteria is salinity. Salinity 

is a primary controlling factor in microbial biodiversity, and transitions between freshwater and 

marine environments are uncommon across many domains of life (Cabello-Yeves and 

Rodriguez-Valera, 2019; Dittami et al., 2017; Logares et al., 2009; Paver et al., 2018; Vermeij 

and Dudley, 2000; Whittle et al., 2021). However, in research on the phylum, salinity tolerance 

is typically classified as based on the habitat the strain was isolated from, and rarely direct 

measures of tolerance (Bianchini, 2022; Blank, 2013; Sánchez-Baracaldo et al., 2017b; Uyeda et 

al., 2016). 

Salinity, or more broadly osmolarity, is known to impact growth rates due to the stresses 

it can place on a cell to retain or exclude solutes. It has been theorized that the relationship 
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between salinity and growth rate is caused by the impact of salinity on the macromolecular 

packing density of the cell (Dill et al., 2011; Ghosh et al., 2016). There are varying mechanisms 

by which cells can control their internal osmolarity, including transport of salt ions and the 

production and transport of small organic molecules (Hagemann, 2011). 

In this chapter, I will present a meta-analysis of cyanobacterial responses to salinity. 

Through this dataset I will answer two questions: Does habitat of isolation predict salinity 

tolerance? And is salinity tolerance a discrete trait? Upon establishing an observational 

perspective on cyanobacterial salinity tolerance, I will provide an updated framework for 

understanding salinity tolerance based on biophysical constraints. This framework provides both 

a conceptual and quantitative framework by which we can move forward in our understanding of 

salinity tolerance. 

Rather than developing a fine-grained model to precisely fit a well-constrained system, 

my conceptual model takes a coarse-grained approach. Using this approach, the model predicts 

the phenotypic response of cyanobacteria to changes in salinity, rather than considering the 

specific mechanisms. Given the complex array of osmoregulatory mechanisms, this provides a 

model useful outside of laboratory model systems. Additionally, this approach does not focus on 

the molecular specifics, but rather on the downstream effects of those specifics. 

Methods 

Literature data 

I extracted data from figures using WebPlotDigitizer if data was not reported in a table or 

supplemental file. Where available, I used growth rates reported in the original paper. 

If only growth curve data was available, I extracted this data and performed a simple realized 

growth rate calculation in which the growth rate (µ) was simply the change in the cell growth 

https://automeris.io/WebPlotDigitizer/
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metric (x) over time (t): 𝜇 =  
𝑥𝑓 − 𝑥0

𝑡𝑓− 𝑡0
. Where possible, the strains used in each paper were 

matched with their NCBI Taxonomy ID to assist in downstream analyses and avoid errors due to 

strain naming histories. Raw data extracted from these papers is available on request. 

Laboratory data 

For strains newly characterized for this paper, growth measurements were made based on 

the optical density determined from the absorbance at 730nm measured on a ThermoScientific 

Genesys 30 visible spectrophotometer. Cultures were grown in 10 mL of medium in aerobic 

culturing vials, shaking under continuous LED 5300K white light illumination. The salinity 

gradient was created by mixing BG-11 (a freshwater medium) with AASW (an artificial 

seawater medium). All raw optical density data is available on request. Growth rates were 

determined from the realized growth of each strain in each condition. 

Normalization 

Growth rates were normalized to the maximum growth rate observed for each specific 

experiment and strain. Strains that were measured repeatedly in a single paper or across multiple 

papers were normalized separately for each set of measurements. All processing scripts are 

available on request. 

The salinity of optimal growth was identified as the salinity at which the normalized 

growth rate was equal to 1. The maximum salinity of growth was determined to be the highest 

salinity at which the normalized growth rate was > 0.1. 

K-means clustering 

 I assessed the ability to categorize cyanobacterial strains by their salinity tolerance by 

conducting k-means clustering analyses based on the salinity of optimal growth and maximum 
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salinity of growth for each strain. I compared results of clustering with 2 to 5 categories utilizing 

the total within-cluster sum of squares. 

Results 

Salinity of optimum growth 

The range of salinities at which the optimal growth occurred in all strains was 0 to 40 ppt. 

Only 3 strains, all isolated from marine habitats, had optimal salinities above 35 ppt. One 

terrestrially isolated strain had an optimal salinity of 35 ppt. The lack of a significant relationship 

between habitat of isolation and the optimal salinity of growth was confirmed via a one-way 

analysis of means which failed to reject the null hypothesis that the mean optimal salinity of 

growth was equal in different habitats of isolation (p = 0.074). 
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Figure 7: Salinity in parts per thousand (ppt) at which the optimal growth rate was observed for 

each strain. Strains are categorized by their habitat of isolation. The dashed vertical line 

indicates modern marine salinity at 35 ppt. 

Maximum salinity of growth 

The range of maximum salinities of growth was 1.5 to 240 ppt. The highest maximum 

salinity of growth occurred in a terrestrial strain. Oddly, several strains identified as having been 

isolated from marine habitats had maximum salinities of growth significantly less than 35 ppt. 

All strains isolated from hypersaline environments had maximum salinities of growth above 

marine salinities. The lack of a significant relationship between habitat of isolation and the 

maximal salinity of growth was confirmed via a one-way analysis of means which failed to reject 
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the null hypothesis that the mean maximal salinity of growth was equal in different habitats of 

isolation (p = 0.086). 

 

Figure 8: Maximum salinity in parts per thousand (ppt) at which growth was observed in each 

strain. Strains are categorized according to their habitat of isolation. The vertical dashed line 

indicates modern marine salinity at 35 ppt. 
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Figure 9: The optimal salinity of growth against the maximal salinity of growth for each strain. 

Color indicates the habitat of isolation for each strain. 

Reaction norms 

Individual reaction norms for each strain can be found in Appendix B. 

K-means clustering 

 The results of each clustering analysis are shown in Figure 10. The comparison on the 

total within-cluster sum of squares for different numbers of clusters is shown in Figure 34. These 

results suggest that grouping strains into four salinity tolerance clusters is ideal, however, the 



 

47 

 

divisions are primarily based on the maximum salinity of growth, rather than the optimal salinity 

of growth. 

 

Figure 10: Each subplot shows the same data plotted with the optimal salinity of growth against 

the salinity of maximum growth. The Xs indicate the center of each cluster. Each subplot shows 

the result of clustering with a different number of clusters, from 2-5. 

Biophysics-informed conceptual model of salinity tolerance 

 Based on the varied response shapes of the different strains to salinity, I developed a 

conceptual model of mechanisms of osmoregulation and the impact of salinity on growth rate 

based on biophysics. The growth rate of a cell is strongly correlated with the volume fraction of 

proteins within the cell, or the macromolecular packing density (Dill et al., 2011; Ghosh et al., 

2016). This packing density controls the diffusion rate of proteins within the cell, too low of a 

packing density will cause interactions between proteins to occur only rarely, too high of a 

packing density and the crowding will slow diffusion (Dill et al., 2011). The bacterial salt growth 

law supposes that the growth rate of a cell is proportional to the collision rate between proteins 
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within the cell caused by protein diffusional transport (Ghosh et al., 2016). Modeling and 

experimental work has suggested that this protein diffusion-based growth law is driven by the 

impact of diffusion on protein translation through the change in diffusion of the tRNA complexes 

which bring amino acids to the ribosome (Ghosh et al., 2016; Klumpp et al., 2013). Thus the 

intracellular packing density is a tightly controlled parameter which directly impacts cell growth 

and fitness (Dill et al., 2011). 

 As illustrated in Figure 11, the packing density, 𝜙, has a proportional impact on the rate 

of diffusion-limited reactions in cells, 𝑟𝑑, which can be defined as: 𝑟𝑑 ~ 𝜙 (1 − 
𝜙

𝜙𝑐
)
2

 (Dill et 

al., 2011; Ghosh et al., 2016; Schmit et al., 2009).  𝜙𝑐 is the macromolecular packing density at 

which the glass transition occurs and diffusion stops (𝜙𝑐  =  0.58) (Weeks et al., 2000). This 

glass transition density has been proposed to be a mechanism for inducing cell dormancy under 

extreme osmotic stress (Mourão et al., 2014). The packing density at which the diffusion-limited 

reaction rate, and thus growth, is optimized is 𝜙𝑜𝑝𝑡  =  
𝜙𝑐

3
 =  0.19 (Dill et al., 2011; Schmit et 

al., 2009). This is reflected in the fact that cell protein densities are typically around 20% (Dill et 

al., 2011; Ellis, 2001; Zimmerman and Trach, 1991). 
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Figure 11: Relationship between normalized growth rate and packing density. 

Osmotic stress is associated with the movement of water into or out of the cell, causing 

changes in the cell volume and its macromolecular packing density. Thus, the ability of a strain 

to maintain its macromolecular packing density across a range of salinities directly leads to the 

ability to maintain its growth rate across a range of salinities. When environmental salinity 

increases, the cell volume decreases as water is lost to the environment, this results in the 

macromolecular packing density increasing and diffusion rates slowing. Conversely, when the 

environmental salinity decreases, the cell volume increases due to the rush of water into the cell, 

this results in a decrease in macromolecular packing density and interactions between 

macromolecules. While macromolecular packing density is an important physiological variable, 

it is significantly impacted by environmental osmolarity and salinity. 

 The normalized growth rate response of a specific strain to a change in salinity can thus 

be considered the result of its ability to control how the environmental salinity changes the 
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macromolecular packing density, or the cell’s ability to osmoregulate. This is illustrated in 

Figure 12 showing how various levels of osmoregulation impact the response of the 

macromolecular packing density to changes in environmental salinity. No osmoregulation results 

in a simple linear relationship between the macromolecular packing density and the 

environmental salinity as increased environmental salinity leads to decreased cell volume and 

increased macromolecular packing density. In contrast, perfect osmoregulation would result in a 

constant optimal packing density across the full range of salinities, allowing for a cell to maintain 

its optimal macromolecular packing density regardless of environmental salinity. While neither 

of these endmember cases are likely in living cells, they begin to allow us to consider how 

different methods of maintaining homeostasis impact this relationship. 
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Figure 12: Impacts of various levels of osmoregulation on intracellular packing density across a 

range of environmental salinities 

At simplest this can be considered a change in the slope of the relationship between 

packing density and external salinity. However, this simply results in a change of the salinity of 

optimal growth and does not fundamentally change the shape of the response curve. For strains 

to have response curves which maintain near optimal growth rates across a range of salinities 

they must be able to stabilize their intracellular packing densities near the optimal packing 

density across that range. This suggests that the response of intracellular packing density to 
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external salinity must be considered a piecewise function, where the slope of the packing density 

versus salinity relationship changes at different salinity ranges. 

I assessed four theoretical models of osmoregulation for the relationship between 

environmental salinity and macromolecular packing densities. These relationships are shown in 

Figure 13.  

 

Figure 13: Macromolecular packing density and salinity relationships of the four theoretical 

models. 

The simplest model (Linear) has only one parameter, the slope of the relationship 

between the salinity and the packing density (k1), and a set y-intercept of 0:  

𝜑 = 𝑘1 × 𝑆 

In this model, cell growth rates in fully fresh conditions are always 0 and increase to an 

optimum at the packing density of maximum growth (φ   0.19) based on the slope of the 

relationship between the packing density and the salinity (k1). As shown in Figure 14, the higher 
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the slope (k1), the faster the packing density of maximum growth is reached. However, because 

the slope of the packing density-salinity relationship is constant, the faster the packing density of 

maximum growth is reached, the faster the glass transition packing density is reached. For a 

strain to have a high growth rate at low salinities, it must then also reach its maximum salinity of 

growth, at the glass transition, at low salinities. This restricts all strains with high initial growth 

rates to a limited range of salinities. 

 

Figure 14: Impact of varying k1 in the Linear model on the packing density versus salinity 

relationship (A) and the normalized growth rate versus salinity relationship (B). Each colored 

line represents a different value for the slope in the packing density versus salinity relationship. 

The resulting growth rate for each of these packing density-salinity slopes is shown in B as the 

relationship between the normalized growth rate and the salinity. As k1 increases, the packing 

density of maximal growth is reached faster, and thus the maximum growth rate occurs at a 

lower salinity.  

 Figure 15 shows the next model for the packing density-salinity relationship (Intercept) 

which adds only a single additional free parameter, the value of the y-intercept (b):  

𝜑 = 𝑘1 × 𝑆 + 𝑏 
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When b is 0, this model simply recapitulates the Linear model. When b is increased 

without any change to the slope, the growth rate curve is shifted towards lower salinities. 

Increasing b indicates the ability of the cell to maintain sufficient macromolecular packing 

density even in low salinities. This allows for strains to have maximum growth rates at lower 

salinities while having a slower increase in the macromolecular packing density with salinity 

(k1). This means that strains with low optimal salinities are able to continue growing across a 

wider range of salinities than possible in the Linear model.  

 

Figure 15: Impact of varying k1 and b in the Intercept model on the packing density versus 

salinity relationship (A) and the normalized growth rate versus salinity relationship (B) Each 

colored line represents a different combination for the slope (k1) and intercept (b) in the packing 

density versus salinity relationship. The resulting growth rate for each of these packing density-

salinity relationships is shown in B as the relationship between the normalized growth rate and 

the salinity. Increases in b results in a decrease of the salinity of optimum growth at the same k1. 

The third model (Split Slope), shown in Figure 16, allows for a change in the slope of the 

relationship between the packing density and the salinity, with one slope before and one slope 
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after the salinity of maximum growth rate in addition to the y-intercept (b) remaining a free 

parameter. The slopes are calculated based on the salinity of optimal growth (xopt) and the 

salinity of maximum growth (xmax), where the slope before the packing density of maximum 

growth is defined as 𝑘 =
𝜑𝑜𝑝𝑡−𝑏

𝑥𝑜𝑝𝑡
 and the slope after the packing density of maximum growth is 

defined as 𝑘 =  
𝜑𝑐−𝜑𝑜𝑝𝑡

𝑥𝑚𝑎𝑥−𝑥𝑜𝑝𝑡
. The packing density-salinity relationship is defined as two functions, 

one for below xopt: 

𝜑 =
𝜑𝑜𝑝𝑡 − 𝑏

𝑥𝑜𝑝𝑡
× 𝑆 +  𝑏 

And one for above xopt: 

𝜑 =  
𝜑𝑐 − 𝜑𝑜𝑝𝑡

𝑥𝑚𝑎𝑥 − 𝑥𝑜𝑝𝑡
× 𝑆 + 𝜑𝑜𝑝𝑡 

This divides osmoregulation abilities of a strain between osmoregulation below the 

optimal salinity of growth and osmoregulation above the optimal salinity of growth. This reflects 

the reality that osmoregulatory mechanisms do not function equally well across all salinities. 
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Figure 16: Impact of varying the optimal and maximal salinities and b in the Split Slope model 

on the packing density versus salinity relationship (A) and the normalized growth rate versus 

salinity relationship (B) Each colored line represents a different combination of the intercept (b) 

and the slopes in the packing density-salinity relationship determined by xopt and xmax as 

described in the text. The resulting growth rate for each of these parameter combinations is 

shown in B as the relationship between the normalized growth rate and the salinity. Higher 

values of xopt result in maximum growth rates at higher salinities, while higher values of xmax 

result in higher maximum salinities of growth. 

 The final model (Plateau), shown in Figure 17, adds a region of salinity over which the 

strain is able to maintain a constant packing density. This allows for an extension of the range at 

which the growth rate is near optimal, while still allowing for rapid declines in growth rate on 

either side of this plateau. As with the Split Slope model, this results in different functions for the 

packing density-salinity relationship based on the salinity. Below xopt it is defined as: 

𝜑 =
𝜑𝑜𝑝𝑡 − 𝑏

𝑥𝑜𝑝𝑡
× 𝑆 +  𝑏 

Along the length of the plateau (from xopt to xopt plus the length of the plateau) it is defined as: 
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𝜑 = 𝜑𝑜𝑝𝑡 

And above the plateau it is defined as: 

𝜑 = 
𝜑𝑐 − 𝜑𝑜𝑝𝑡

𝑥𝑚𝑎𝑥 − 𝑥𝑜𝑝𝑡 + 𝑝𝑙𝑎𝑡𝑒𝑎𝑢
× 𝑆 + 𝜑𝑜𝑝𝑡 
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Figure 17: Impact of varying the optimal and maximal salinities, plateau length, and b in the 

Plateau model on the packing density versus salinity relationship (A) and the normalized growth 

rate versus salinity relationship (B) Each colored line represents a different combination of the 

intercept (b), plateau length and the slopes in the packing density-salinity relationship 

determined by xopt and xmax as described in the text. The resulting growth rate for each of these 

parameter combinations is shown in B as the relationship between the normalized growth rate 

and the salinity. Increasing plateau length results in an increase of the range of salinities at 

which the maximum growth rate is maintained. 

 The y-intercept parameter, b, can be interpreted as a measure of the ability of a strain to 

maintain the necessary intracellular osmolarity when in environments with low osmolarities. 

Strains which struggle to maintain sufficient intracellular osmolarity or concentrations of specific 

ions needed for metabolic processes will have lower b values than those which are adapted to 

obtaining and maintaining intracellular ion concentrations in ion-poor environments. 

 The slope of the packing density-salinity relationship at any given point in time reflects 

how quickly the strain gains or loses its ability to osmoregulate with changes in salinity. Strains 

0.0

0.1

0.2

0.3

0.4

0.5

0 25 50 75 100

Salinity (ppt)

M
ac
ro
m
o
le
cu
la
r 
p
ac
k
in
g 
d
en
si
ty

 

0.00

0.25

0.50

0.75

1.00

0 25 50 75 100

Salinity (ppt)

 
o
rm

al
iz
ed
 g
ro
w
th
 r
at
e

 

Model parameters

xopt  25  b  0.01  plateau  0  xmax  100

xopt  25  b  0.01  plateau  25  xmax  100

xopt  25  b  0.01  plateau  50  xmax  100

Packing density of optimum growth

Maximum

 packing density



 

59 

 

tolerant to wider ranges of salinities will have lower slopes. In the Split Slope and Plateau 

models, this slope is not required to be constant over the entire range of salinities. 

Model fitting results 

I fit these theoretical models to the reaction norm datasets I collected from the literature 

to assess how well they could be used to interpret experimental data. To ensure the best use of 

the datasets available, each dataset was fit to any model for which the dataset had one more 

datapoint than free parameters (Table 4). Figures showing the predicted packing densities and 

growth rates relative to salinity for each dataset are shown in Appendix B. 

Table 4: Number of free parameters and datasets fit for each model. 

Model Free parameters Datasets with at least n+1 datapoints 

Linear 1 93 

Intercept 2 88 

Split Slope 3 42 

Plateau 4 25 
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Figure 18: Distribution of best fitting or equally good fitting models by habitat of isolation. Only 

results for models with n ≥ 5 are shown. 

 Figure 18 shows the differences in which theoretical model best fit the measured data for 

a strain based on its habitat of isolation. The relative fit of models was determined by the Akaike 

information criterion (AIC), which penalizes models with additional parameters. Despite 

requiring additional parameters, the Plateau model is the most commonly best fitting model for 

datasets from terrestrial and marine habitats of isolation. 

Comparing the results of fitting both of the Linear and Intercept models, it is clear that 

providing b as a free parameter allows for a much wider range of slopes controlling the 

relationship between the salinity and the packing density (Figure 19). Given that higher values of 

k1 mean steeper slopes and lower optimal salinities, the distribution of k1 values being wider for 

strains isolated from terrestrial habitats makes sense. 
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Figure 19: Values of k1 from fitting data with the Linear and Intercept models. Only results from 

datasets with n ≥ 3 are shown here. 

The high frequency of low b values in strains isolated from terrestrial environments is 

surprising (Figure 20), but likely reflects the wide range of salinities that comprise “freshwater” 

environments. 
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Figure 20: Values of b from fitting data with the Intercept, Split Slope and Plateau models 

The Plateau model has two unique features to the parameter values it predicts relative to 

the Split Slope model. The Plateau model has b values higher than the optimal packing density 

while the Split Slope model never does (Figure 20), and the Plateau model has xopt values below 

0 while the Split Slope model never does (Figure 21). 
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Figure 21: Values of x0 from fitting data with the Split Slope and Plateau models 

Discussion 

Does habitat predict salinity tolerance? 

The habitat of isolation, at least on the coarse terrestrial/brackish/marine/hypersaline 

scale, does not provide the ability to estimate either the optimal salinity of growth or the 

maximal salinity of growth. More specific information about the habitat of isolation might allow 

for improved ability to estimate the maximal salinity of growth, particularly if the terrestrial 

category is divided into aquatic and soil dwelling categories, potentially with information about 

the aridity of the local climate given the impact of desiccation cycles on soil salinity (Hu et al., 

2012). However, the optimal salinity of growth seems to vary only slightly across all species 

surveyed here, falling below modern marine salinity in all but four strains (Figure 7). 
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This disconnect between the habitat of isolation and the salinity tolerance of a strain 

makes clear that they should not be considered synonymous. While salinity varies between 

environments, cyanobacteria do not have salinity tolerances exclusive to their current habitat, 

meaning that salinity is likely not the primary factor in the distribution of strains. There is 

considerable literature investigating the apparent lack of transitions between habitats of differing 

salinities (Cabello-Yeves and Rodriguez-Valera, 2019; Logares et al., 2009; Paver et al., 2018), 

however salinity tolerance itself may play only a minor role in this phenomenon. We need to 

consider the roles of competition and community ecology in investigating transitions between 

terrestrial and marine habitats. 

In cases where the salinity tolerance of a strain is a primary focus, these data highlight the 

need to empirically evaluate the salinity tolerance of a strain rather than assuming it based on the 

habitat it was isolated from. 

Is salinity tolerance a discrete trait? 

 I made an initial effort to test the ability to consider salinity tolerance as a discrete trait by 

evaluating the ability to cluster strains by their optimal and maximal salinities of growth using k-

means clustering. However, this method divided the strains by their maximal salinity of growth, 

which still requires the establishment of boundaries for categorization. 

 Additionally, in evaluating the reaction norms, even strains with similar maximal 

salinities of growth displayed highly varied responses across the range of salinities at which they 

could grow. Some strains showed a clear optimal salinity of growth, with rapidly declining 

normalized growth rates away from this salinity; others had growth rates which were constant 

across salinity ranges of over 100 ppt. 
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 Given the continuous nature of salinity tolerance, ancestral state reconstructions should 

be adjusted to consider salinity and salinity tolerance as a continuous trait. While in some cases 

this may be well served by considering the salinity of optimum growth for strains, it is also an 

opportunity to explore new methods in phylogenetics which consider reaction norms and 

function-valued traits (Goolsby, 2015; Griswold et al., 2008; Kingsolver et al., 2014; Knies et al., 

2009, 2006; Stinchcombe and Kirkpatrick, 2012; The Functional Phylogenies Group, 2012; 

Tittes et al., 2019). 

Conceptual model 

 The conceptual model outlined above provides a unique ability to develop an 

understanding of the physiological impacts of changes in environmental salinity. It is easy to use 

the fit of these models to predict strains with minimum NaCl concentration requirements, and 

what those requirements may be, based on the value of b predicted by the model fitting. 

 As our knowledge of the reaction norms of strains improves and can be connected to 

genomic data, the ability to understand the ranges over which specific compatible solutes are 

able to act as osmoprotectants will be helpful, both in understanding the specifics of their use, 

and developing the ability to predict salinity tolerances from genomes. Connecting the 

compatible solutes synthesized by a strain to the length or maximum value of the growth plateau 

will allow us to move beyond generally categorizing compatible solutes as those used in low or 

high salinity environments. 

 The results of fitting the models make it clear that while some strains of cyanobacteria 

have very restricted salinity ranges, and clear optimization for a specific salinity, others have 

extremely wide ranges. Some of these strains with very large salinity ranges still show a distinct 

optimal salinity of growth and show significant growth rate decreases away from this optimum, 
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but others are clearly able to osmoregulate to their ideal packing densities at a wide range of 

salinities. This is particularly interesting because it diverges significantly from thermal 

adaptation curves which typically show an increase to a maximum growth rate followed by a 

sharp decline in growth after the maximum (Izem and Kingsolver, 2005; Knies et al., 2009, 

2006; Stinchcombe and Kirkpatrick, 2012). Much of the existing research on function-value trait 

evolution has focused on thermal adaptation curves, and the impact of the broad plateaus and 

slow declines in growth rate seen in the salinity reaction norms may provide insight into changes 

need to generalize function-value trait methods for non-thermal adaptation curves (Goolsby, 

2015; Izem and Kingsolver, 2005). 

A common issue I faced while working with these datasets is that not all experiments 

attempted to find the full range of salinities at which any given strain could grow, this means 

there are many datasets where the maximum salinity measured is not the maximal salinity of 

growth. While this can make the use of function-value trait methods more difficult (Izem and 

Kingsolver, 2005), my models provide the ability to extrapolate these reaction norms. 

In addition to providing a new framework for understanding cyanobacterial responses to 

changes in salinity, this model provides predictions about subcellular physiology from a simple 

set of growth rate experiments. Future research into the molecular mechanisms of 

osmoregulation can now use this model to predict macromolecular packing density based on 

growth rate, and evaluate how a specific molecular mechanism impacts the reaction norm of the 

strain. 

I am not the first to attempt to model osmoregulation in bacteria, however my model 

framework provides a uniquely simple method for interpreting osmoregulation. Previous models 

of bacterial osmoregulation have used substrate-inhibition models to predict the salinity 
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dependence of growth rates (Dötsch et al., 2008). These substrate-inhibition models were then 

used to develop a model of the synthesis and transport of compatible solutes and ions in response 

to changes in salinity in a continuous growth culture setup (Dötsch et al., 2008). This model is 

highly specific to the study organism, as it relies on specific compatible solute synthesis and 

transport pathways in addition to K+ transport (Dötsch et al., 2008). 
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Chapter 4: Experimental evolution of salinity tolerance in a laboratory model 

cyanobacterium 

Introduction 

Experimental evolution is a useful tool for interrogating questions of evolution via an 

empirical framework (McDonald, 2019). As a tool, experimental evolution has answered 

questions about the interactions of history, chance and adaptation (Travisano et al., 1995), the 

evolution of multicellularity (Boyd et al., 2018; Herron et al., 2018; Ratcliff et al., 2015, 2012), 

the role of predation on diversification (Bohannan and Lenski, 2000; Boyd et al., 2018; Chao et 

al., 1977; Koskella and Brockhurst, 2014), evolutionary trade-offs (Wenger et al., 2011), genetic 

mechanisms of evolution (Brown et al., 1998; Dunham et al., 2002; Kroll et al., 2013; Nilsson et 

al., 2005; Piotrowski et al., 2012), the impact of changing environments (Baym et al., 2016; Bell, 

2010; Cesar et al., 2020; Hughes et al., 2007; Kellermann et al., 2015; Ketola and Hiltunen, 

2014; Kim et al., 2014; Manenti et al., 2015; Skoracka et al., 2022), evolution in communities 

(Chao et al., 1977; Hansen et al., 2007; Koskella and Brockhurst, 2014), and evolution of 

symbioses ranging from mutualisms to endosymbiosis (Hillesland and Stahl, 2010; Hosoda et al., 

2014; Marchetti et al., 2017, 2014, 2010; Nilsson et al., 2005). 

Salinity tolerance has been a target of selection experiments across organisms in all three 

domains of life (Table 5) (Beer et al., 2014; Bell and Gonzalez, 2009; Cesar et al., 2020; 

Delpech, 2009; Dhar et al., 2011; Gonzalez and Bell, 2013; Gostinčar et al., 2021; He et al., 

2010; Ketola and Hiltunen, 2014; Lachapelle et al., 2017, 2015; Lachapelle and Bell, 2012; 

Samani and Bell, 2010; Zhou et al., 2017, 2015, 2013). But there have been relatively few 

salinity selection experiments in Cyanobacteria, and these have primarily focused on relatively 

short-term (<100 generations) adaptation (Georges des Aulnois et al., 2019; Lu and Vonshak, 
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1999; Melero-Jiménez et al., 2022, 2020; Melero‐Jiménez et al., 2019). We lack empirical 

examination of the rates of gain and loss of salinity tolerance, and thus rely on observational 

patterns of species distributions and diversity to estimate its conservation (Cabello-Yeves and 

Rodriguez-Valera, 2019; Dittami et al., 2017; Logares et al., 2009; Paver et al., 2018).
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Table 5: Summary of salinity selection experiments from the literature. Bolded species are in the cyanobacterial phylum. 

Domain Species Generations Type of 

stress 

Results Source 

Bacteria 

Escherichia coli 250 Proline, 

sorbitol, 

sucrose, 

glycine 

betaine, NaCl 

Adaptations can be broadly applicable to 

different osmolytes or specific to the 

osmolyte, observed some trade-offs, different 

sets of mutations in populations adapted in 

different osmolytes 

(Cesar et al., 

2020) 

Desulfovibrio 

vulgaris 

Hildenborough 

<20 

generations 

NaCl Transcriptional changes and accumulation of 

glutamate and alanine 

(He et al., 

2010) 

1200 NaCl Increased organic solutes, decreased cell 

motility, PFLA saturation changes 

(Zhou et al., 

2017, 2015, 

2013) 

5000 NaCl Increased organic solutes, increased cell 

motility, PFLA saturation changes 

(Zhou et al., 

2017) 
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Serratia marcescens 300 NaCl observed biggest changes in salt tolerance in 

highest constant stress levels 

(Ketola and 

Hiltunen, 

2014) 

Spirulina platensis <100 NaCl PSII changes (Lu and 

Vonshak, 

1999) 

Microcystis 

aeruginosa MaAVc 

<100 NaCl Higher initial stress led to higher final 

tolerance 

(Melero‐

Jiménez et al., 

2019) 

Microcystis 

aeruginosa Ma1Vc, 

Ma5Vc, and 

MaAVc 

~25 NaCl More populations reached lethal levels when 

change was slow, strains responded 

differently 

(Melero-

Jiménez et al., 

2020) 

Microcystis 

aeruginosa Ma5Vc 

<100 NaCl Increased dispersal and prior stress exposure 

increased ability to survive exposure to lethal 

stress 

(Melero-

Jiménez et al., 

2022) 
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Microcystis 

aeruginosa PCC 

7820 and PCC 7806 

~50 Artificial 

seawater 

Acclimation increases salt tolerance, 

differences in compatible solutes accumulated 

between strains 

(Georges des 

Aulnois et al., 

2019) 

Archaea 

Halobacterium 

salinarum NRC-1 

~50 years lab 

culturing 

Total salinity, 

Na:K, 

MgSO4 

retention of peaks in complex fitness 

landscape after growth in constant 

environment as lab model strain, best growth 

across a range of salinity variables matched 

with conditions found in ancestral 

environment not lab environment 

(Beer et al., 

2014) 

Eukaryotes 

Chlamydomonas 

reinhardtii 

300 NaCl Differences caused by population size and 

sexual/asexual reproduction in adaptation to 

increasing salt, bigger population and sexual 

reproduction led to faster adaptation/better 

evolutionary rescue 

(Lachapelle 

and Bell, 

2012) 
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<500 NaCl Exposure to increasing salt concentrations 

showed both an acclimation response and an 

adaptation response 

(Lachapelle et 

al., 2015) 

500 NaCl Impact of history of selection on extinction 

risk, more stressful history increased 

extinction risk 

(Lachapelle et 

al., 2017) 

Saccharomyces 

cerevisiae 

25 NaCl evolutionary rescue in yeast is possible and 

occurs quickly, but requires a large enough 

initial population size 

(Bell and 

Gonzalez, 

2009) 

Saccharomyces 

paradoxus 

~50 NaCl Yeast exposure to increasing salt 

concentrations, stress can’t increase too 

much, and population size has to be big 

enough 

(Samani and 

Bell, 2010) 

Saccharomyces 

cerevisiae and 

100 NaCl yeast exposed to sublethal stress before 

exposure to lethal stress, success in lethal 

stress found in either large populations that 

(Gonzalez and 

Bell, 2013) 
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Saccharomyces 

paradoxus 

had experience minimal stress or highly 

stressed small populations, but significant 

differences seen in the two species of yeast 

used. 

Saccharomyces 

cerevisiae 

300 NaCl saw increased genome size and expression 

changes, only one SNP that conferred 

increased tolerance 

(Dhar et al., 

2011) 

Hortaea werneckii 800 NaCl evolution in stressful but not lethal levels of 

salt, saw phenotypic changes but not with 

regards to salt tolerance or growth rate 

(Gostinčar et 

al., 2021) 
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 Given the spectrum of reaction norms observed in Chapter 3, a particular question of 

interest for this chapter is: How do reaction norms change during evolution?  Reaction norms are 

defined as the function describing the phenotypes expressed by a given genotype over different 

environmental parameters (Kirkpatrick and Heckman, 1989). There is existing literature on the 

evolution of thermal response curves that use template modes of variation to quantifiably 

identify different types of evolution (Izem and Kingsolver, 2005). Template mode of variation is 

a method in which variation in a response curve can be quantifiably separated into predetermined 

modes of variation. Typically, these modes are vertical shift, horizontal shift, and generalist-

specialist shift (Izem and Kingsolver, 2005; Kingsolver et al., 2014; Knies et al., 2009, 2006). 

Vertical shifts indicate an increase in the average fitness observed (parameterized as h). 

Horizontal shifts indicate a change in the location of the maximum fitness along the 

environmental variable (parameterized as w). And finally, generalist-specialist shifts indicate 

changes in the range of conditions tolerated. For a shift towards generalist, even if the average 

fitness (h) and location (m) of the optimum condition are constant, the area under the response 

curve is larger, and vice versa for specialist shifts. Using these three modes of evolution, thermal 

adaptation could decomposed and more directly assessed (Izem and Kingsolver, 2005; Latimer et 

al., 2011). One aim of this experiment was to begin to evaluate if similar modes of evolution 

could be applied to the evolution of salinity tolerance reaction norms. 

The experiment described here acts to provide a framework for further evaluation of the 

evolution of cyanobacterial salinity tolerance. This experiment was conducted on the laboratory 

model cyanobacterial strain Synechococcus sp. PCC 7002, which is generally considered to be a 

euryhaline strain (Batterton and Van Baalen, 1971; Ludwig and Bryant, 2012).  
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Methods 

General culturing conditions 

Cultures were maintained and assayed in 20mL borosilicate glass tubes with plain ends 

and polypropylene caps. They were grown at 30°C under continuous LED 5300K white light 

illumination with constant shaking and exposure to atmospheric gas concentrations. 

Salinity gradients, for both reaction norms and selection conditions, were produced by 

mixing a freshwater medium (BG-11) with a saltwater medium (AASW). Recipes for each 

individual medium can be found in Appendix C. While BG-11 is a standard freshwater growth 

medium for cyanobacteria, AASW is an amendment of the standard ASW medium for marine 

cyanobacteria with additional salts to increase the salinity from ~18 ppt (ASW) to ~35 ppt 

(AASW). 

Establishing isogenic founder population 

 The initial inoculation for the selection experiment came from a dilution series to produce 

an isogenic founder population. This population was maintained in a 50:50 mix of the two media 

for 3 transfers before the individual lineages were established. 

Serial transfer parameters 

Four lineages were maintained in each of four treatment conditions: 100% AASW, the 

medium in which the ancestor had been cultured in our laboratory, 90% AASW, 50% AASW 

and 10% AASW (Table 6). 10% AASW was the freshest treatment condition because it was the 

lowest percentage of AASW that had consistent growth. 90% AASW was included as a mirror to 

the 10% AASW mix, a mostly marine condition with a mixture of the two media types. This was 

included so that differences due to minor components (e.g., iron provided by chelated iron versus 
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ferric ammonium citrate) of each of the media could be accounted for even in a highly saline 

condition. 

Table 6: Treatment conditions for each lineage in the selection experiment. 

Treatment condition Lineages 

10% AASW A, B, C, D 

50% AASW E, F, G, H 

90% AASW I, J, K, L 

100% AASW M, N, O, P 

 

Transfers were conducted twice a week, with slightly unequal gaps in the duration of 

growth of 3 and 4 days. As with transfers for assays, cultures were inoculated with 100µL of the 

previous culture into 10mL of the fresh medium. After being used as inoculants, the previous 

transfer was maintained until the next transfer timepoint for further growth characterization and 

to maintain a viable stock of each lineage in case of any issues with growth. 

Freezing protocols 

 After ~50, 100, 200, 400, 600, 775 generations, freezer stocks of the lineages experiment 

were grown in 50 or 100mL batches, centrifuged and preserved with 4% DMSO for storage in an 

ULT freezer set at -70°C. 

Resurrection protocols 

 Frozen stocks were resurrected from the freezer by thawing at room temperature. After 

thawing, samples were microcentrifuged at 3000rpm for 5 minutes to pellet the cells. The 

supernatant was then discarded, and the cells resuspended in 2mL of the standard growth 

medium for the strain (100% AASW for the ancestor and the treatment medium for the evolved 
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lineages). The resuspended cells were then centrifuged again, and the supernatant discarded. The 

rinsed cell pellet was then resuspended in 1mL of the standard growth medium for the strain and 

transferred into a culture tube containing 10mL of growth medium. 

Growth characterization 

Growth of each culture was measured via optical density at 730nm using a 

ThermoScientific Genesys 30 visible spectrophotometer. These measurements were then 

converted to cells per mL using a calibration curve of optical densities against cell concentrations 

measured on a Beckman Coulter Multisizer 4e. 

Due to cell shading, phototrophic cultures experience a short period of exponential 

growth followed by a linear growth period (Sinetova et al., 2012; Zavřel et al., 2021). Given this 

linear growth rate for most of the growth of the cultures, growth rates were calculated as realized 

growth rates, which is the change in cell concentration over the period of growth. Growth rates 

measured during the serial transfer experiment were based on the growth until the culture was 

used to inoculate the next culture, rather than the final measurement taken.  

Salinity tolerance assays 

Measurements of the change in growth rate in different salinity conditions (salinity 

reaction norm) of the ancestor and evolved lineages were conducted in the same light, 

temperature and atmospheric conditions as the serial transfers. Each test condition was 

inoculated in triplicate. During the serial transfer experiment coarse-grained reaction norms were 

measured at only the treatment condition salinities (10% AASW, 50% AASW, 90% AASW, 

100% AASW) as well as 0% AASW. After the serial transfer experiment, the salinity response 

curves of the ancestor and the lineages evolved in 10% AASW were tested at higher resolution 

after resurrection from the freezer and three passages in their standard growth medium (100% 



 

79 

 

AASW for the ancestor, 10% AASW for the evolved lineages). These lineages were selected as 

they experienced the strongest selective pressure. The high-resolution reaction norms were 

conducted at 11 different salinity levels, increasing from 0 to 100% AASW with 10% step sizes. 

During salinity assays, lack of growth was determined after there was no change in 

absorbance was detected for two weeks. 

Results 

Growth rate changes 

 As shown in Figure 22 and Table 7, there was an increase in the realized growth at the 

time of transfer across the lineages grown in their respective selection conditions. ANOVA 

comparisons of the measured growth rates in the first 50 generations (0 – 50 generations) with 

the measured growth rates in the last 50 generations (677 – 727 generations) showed that the 

growth rate in the last 50 generations was significantly higher in all but one lineage (lineage L, 

Table 7). 
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Table 7: Realized growth at transfer point for the first and last 50 generations by lineage. p 

values from ANOVA (not always assuming equal variance) test 

Lineage µinit (ΔOD/Δt) µfinal (ΔOD/Δt) p 

A 3.77 ± 0.63 * 10-3 4.45 ± 0.41 * 10-3 0.0317 

B 3.45 ± 0.68 * 10-3 5.85 ± 2.47 * 10-3 0.0290 

C 3.12 ± 0.85 * 10-3 5.51 ± 1.57 * 10-3 0.0041 

D 3.41 ± 0.70 * 10-3 4.95 ± 0.47 * 10-3 0.0004 

E 3.52 ± 0.45 * 10-3 5.87 ± 1.80 * 10-3 0.0064 

F 3.68 ± 0.46 * 10-3 5.49 ± 0.65 * 10-3 5.85 * 10-5 

G 3.45 ± 0.47 * 10-3 5.54 ± 0.25 * 10-3 2.25 * 10-7 

H 3.72 ± 0.48 * 10-3 5.18 ± 0.29 * 10-3 4.47 * 10-5 

I 3.63 ± 0.73 * 10-3 5.51 ± 1.43 * 10-3 0.0092 

J 3.42 ± 0.40 * 10-3 5.46 ± 0.21 * 10-3 2.19 * 10-7 

K 4.09 ± 0.51 * 10-3 5.85 ± 1.11 * 10-3 0.0025 

L 4.24 ± 1.50 * 10-3 5.12 ± 0.72 * 10-3 0.2178 

M 3.84 ± 0.65 * 10-3 6.24 ± 0.88 * 10-3 8.61 * 10-5 

N 3.44 ± 0.41 * 10-3 5.30 ± 0.50 * 10-3 5.86 * 10-6 

O 3.36 ± 0.34 * 10-3 5.72 ± 0.42 * 10-3 7.52 * 10-8 

P 2.87 ± 0.44 * 10-3 7.42 ± 1.74 * 10-3 2.17 * 10-5 
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Figure 22: Realized growth rate at transfer time point for each lineage in the first (pink) and last 

(blue) 50 generations. 

To compare the adaptation observed to other microbial evolution experiments, 

particularly the Long Term Evolution Experiment conducted for more than 50,000 generations in 

Escherichia coli (LTEE) (Lenski, 2017; Lenski et al., 2015; Lenski and Travisano, 1994; Wiser 

et al., 2013), I used relative growth rate as a proxy for fitness. I fit the fitness versus generations 
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evolution experiments (Lenski and Travisano, 1994; Wiser et al., 2013). Using the fitness (w) 

and number of generations (t), the hyperbolic model is defined as: 𝑤 =  1 + 
𝑎×𝑡

𝑡+𝑏
. The power 

law model is defined as: 𝑤 =  (𝑏𝑡 + 1)𝑎. The offsets of +1 constrain the ancestral fitness to be 

1. While both models have decelerating trajectories, the hyperbolic model approaches an 

asymptote, but the power law model has no upper limit, allowing for continuously increasing 

fitness. The difference between the hyperbolic and power law models was only observable in the 

LTEE after approximately 20,000 generations, significantly longer than the duration of this 

experiment. The model fits are shown with the relative growth rates in Figure 23. The model fits 

were assessed using Akaike information criterion (AIC) which has a lower value for a better 

fitting model but penalizes models which overfit the data with too many parameters. No lineage 

had a difference in AIC between the models of more than 6, the difference threshold which 

indicates statistically significant differences in the model fits. 
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Figure 23: Hyperbolic and power law model fits to the realized growth rate versus generations 

relationship for each evolved lineage. Measured data points are shown in solid black while the 

growth rates predicted by the hyperbolic and power law models are shown in the solid and 

dashed lines respectively. 
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 In order to increase the statistical power of these analyses, I pooled the growth rates 

within each treatment condition and calculated the fitness for each treatment condition. Upon 

refitting the hyperbolic and power law models I found that the treatment fitness improvement 

still could not distinguish between the models (Figure 24).  

 

Figure 24: Hyperbolic and power law model fits to the relative growth rate versus generations 

relationship pooled by selection condition. Measured data points are shown in solid black while 

the growth rates predicted by the hyperbolic and power law models are shown in the solid and 

dashed lines respectively. 

Finally, I fit the models to the pooled data for the entire experiment. While treatment 

differences were ignored for this analysis, it allowed further interrogation of the potential for 

continued long term improvements in fitness. For the experiment-wide fitness, the hyperbolic 

model was a significantly better fit than the power law model (AIChyper - AICpower = -8.86, Figure 

25). Over the course of my selection experiment, I was not able to observe the improved fitting 

of the power law model in long term evolution experiments. 
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Figure 25: Hyperbolic and power law model fits to the relative growth rate versus generations 

relationship on the pooled evolved lineages. Measured data points are shown in solid black 

while the growth rates predicted by the hyperbolic and power law models are shown in the solid 

and dashed lines respectively. 

Coarse-grained salinity response curves 

I conducted coarse-grained salinity tolerance responses during the serial transfer 

experiment after approximately 600 generations (Figure 26). The primary feature seen in all the 

salinity responses is poor, but variable, growth in the 0% AASW condition, and a significant 

improvement in growth at 10% AASW. Every condition but the 0% AASW has relatively 

similar growth rates. However, many of the lineages have variable growth in 0% AASW, with 

some replicates failing to grow and others growing near the growth rates of the rest of the 

salinities tested. Two lineages (J and N) had growth in all replicates at 0% AASW, and the 

growth rates observed were only slightly lower than those at the higher salinities. 
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Figure 26: Realized growth rate at 0% AASW as well as the treatment conditions for the evolved 

lineages after > 600 generations. The line in each subplot represents the mean growth rate for 

that lineage at that salinity. 
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Fine-grained salinity response curves 

After the serial transfer experiment, I resurrected frozen stocks of the ancestor as well as 

stocks from the final timepoint for the lineages selected in 10% AASW. I conducted fine-grained 

salinity response curves on these samples, with salinity increases of 10% across the range of 0 to 

100% AASW (Figure 27). These lineages were selected for more detailed analysis because they 

experienced selection in the condition most different from the ancestral condition. 
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Figure 27: Fine-grained salinity response curves for the ancestor and lineages evolved in 10% 

AASW. Solid lines indicate the median growth rate for each condition while the shading 

indicates the full range of growth rates observed for each condition. 
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 An analysis of variance (ANOVA) in the growth rates at different salinities within each 

lineage showed that all had significant variation in growth rate with salinity (Ancestor: p = 5.38e-

15, A: p = 1.49e-19, B: p = 2.74e-9, C: p = 1.71e-14, D: p = 3.00e-14). I performed post-hoc Tukey 

tests to identify where the variation occurred in the response of each lineage. The ancestor grew 

uniformly across the salinity conditions from 20 – 100% AASW. There were statistical 

improvements in growth from the 0% to 10% AASW conditions (p = 5.7e-14) and 10% to 20% 

AASW conditions (p = 0.0027). Lineage A showed a slight, but significant, decrease in growth 

in the 90 and 100% AASW conditions relative to growth in the 10 – 80% AASW range (p <= 

0.031). Lineage B showed a more complex salinity tolerance response. Growth at 40% AASW 

was significantly higher than growth in 10 – 20% AASW or 80 – 100% AASW (p <= 0.029) and 

growth at 50% AASW was significantly higher than growth in 80 – 100% AASW (p <=0.010). 

Lineages C and D both had uniform growth rates from 10% AASW to 100% AASW, showing 

only a minor improvement in the relative growth rates at 10% AASW relative to the higher 

salinities than the ancestral salinity tolerance response. Neither lineage C nor D lost salinity 

tolerance in the range tested. 

The salinity tolerance response of the ancestor was compared with that of the lineages 

evolved in 10% AASW (A, B, C, D). ANOVA tests of the variance in growth rate at each 

salinity tested by lineage showed that there were significant differences in growth at 10, 20, 40, 

60, 80, 90, and 100% AASW caused by the lineage (Table 8). At 0% AASW, both the ancestor 

and all the evolved lineages failed to grow (Figure 27).  In 10% AASW, the condition that the 

evolved lineages were grown in for the entire experiment, lineages A, C, and D were all grew 

statistically faster than the ancestor (p < 0.05). The growth of lineage B in 10% AASW was 

statistically slower than lineage C (p = 0.0057), but not statistically different than the ancestor or 
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lineages A and D (p > 0.05). In AASW, the growth of the ancestor and lineages A, B and C 

could not be distinguished (p > 0.05), but lineage D grew significantly faster than the ancestor (p 

= 0.004). 

When the salinity response curves of the ancestor and lineages evolved in 10% AASW 

were fit with the models outlined in Chapter 3, all were best fit by the Plateau model (Figure 28). 

Comparisons of the Plateau model fits for the ancestor and 10% AASW evolved lineages are 

shown in Figure 29. For the Plateau model, lineage B had a predicted plateau length of 0, but a 

lower salinity of optimum growth predicted by the Plateau model than the Split Slope model. 

Lineages C and D had lower predicted salinities of optimum growth and larger plateau lengths 

than either the ancestor or lineage A. 
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Figure 28: Salinity tolerance model fits to the response curves of the ancestor and lineages 

evolved in 10% AASW. 
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 I used the fits of the Plateau model to evaluate the changes in the salinity response curves 

seen in the evolved lineages (Figure 29). The Plateau model highlights the improvement in 

growth of the evolved lineages in their treatment condition (10% AASW). Additionally, the 

differences in how the response of the different lineages are clear, with lineages C and D having 

the best growth across the entire range of salinities, and lineage B having decreasing growth rates 

with increasing salinities. The plateau length increased for lineages A, C and D relative to the 

ancestor, while the plateau length for lineage B went to 0. The beginning of the plateau also 

decreased for all the evolved lineages relative to the ancestor. 

 

Figure 29: Comparison of the predicted growth rates from the Plateau model fits for each 

lineage. 
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Discussion 

Potential for long-term fitness improvements 

Previous evolution experiments have shown that fitness improvements lack an upper 

bound. The LTEE showed that over more than 20,000 generations, Escherichia coli fitness was 

better fit by a power law model than a hyperbolic model, implying that there was no upper limit 

to the fitness improvements (Wiser et al., 2013). Based on the hyperbolic model fit for the entire 

pooled dataset, the evolved strains had essentially reached their maximum fitness levels (~1.9) 

by 800 generations, with approximately 10% further improvement possible. In the absence of 

competition, the experimental evolved lineages maximized their fitness in the different salinity 

conditions, highlighting the speed of microbial evolution and how rapidly the physiology of a 

microbe reflects its environment. 

Evolution of salinity responses 

When the salinity tolerance response of the lineages evolved in the lowest salinity 

treatment (10% AASW, A – D) was assessed, there was improvement seen in the ability of the 

evolved lineages to grown in 10% AASW relative to the ancestor. However, the lineages showed 

differences in their responses at high salinities (100% AASW). Two lineages showed no 

decrease in growth at the highest salinity, while two showed decreased growth at the highest 

salinity. Additionally, none of the evolved lineages gained the ability to grow in purely fresh 

conditions (0% AASW). 

These different changes in the salinity tolerance responses of the evolved lineages can be 

associated with the modes of evolution used to assess evolution of thermal response curves (Izem 

and Kingsolver, 2005). When I apply these standard template modes of variation to the evolved 

lineages I observe a predominantly horizontal mode shift in Lineage A, a predominantly vertical 
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mode shift in B, and C and D predominantly generalist/specialist mode shifts. These mode shifts 

can also be seen in the changes in the Plateau model parameters predicted for each lineage. 

Lineage A has a lower optimum salinity, with a similar plateau length to the ancestor, while 

lineages C and D have both lower optimum salinities and longer plateau lengths. The vertical 

shift in lineage B is less well captured given the normalization of the growth rate data in the 

model fits, however the significant decrease in the plateau length does highlight the near 

optimum growth rates at a narrower range of salinities than seen in the ancestor. 

Given the consistent discovery that acclimation to increasing salinities results in high 

salinity tolerances, it is likely that evolved responses will expand on this capacity (Georges des 

Aulnois et al., 2019; Ketola and Hiltunen, 2014; Melero-Jiménez et al., 2022; Melero‐Jiménez et 

al., 2019). This acclimation response suggests that salinity tolerance adaptation will likely 

proceed largely through regulation-based changes (Lachapelle et al., 2015), and supports 

significant broadening of the salinity tolerance as a primary mode of adaptation. 

The relative stability of the salinity response curves of the 10% AASW evolved lineages 

at 100% AASW, with half the lineages showing no loss of tolerance, highlights how salinity 

tolerance does not appear to be susceptible to rapid loss (Beer et al., 2014). While salinity 

selection experiments have observed significant increases in the salinity tolerance after 

evolution, the lack of a loss of tolerance to the ancestral condition has been observed previously 

(Melero‐Jiménez et al., 2019). This suggests that it may be easier to gain salinity tolerance than 

lose it. 

Every lineage evolved at the lowest salinities had improvements in growth in the low 

salinity conditions relative to the ancestor. However, their responses to higher salinities were 

varied. The experiment supports the importance of investigating the evolution of salinity 
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tolerance as a function-valued trait. This evidence supports the rapid adjustment of salinity 

tolerance to new environments, without consistent loss of tolerance to the ancestral salinity 

condition. 
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Chapter 5: Conclusions 

 The results from each of my chapters suggest that salinity tolerance, while variable, is not 

the primary factor driving the environments in which specific cyanobacterial strains live. This 

suggests that we should consider the role of competition and ecology in the apparent lack of 

transitions between habitats of differing salinities (Logares et al., 2009). 

While salinity tolerance is often considered a complex trait due to the numerous 

mechanisms and underlying genotypes associated with maintenance of osmotic homeostasis 

(Hagemann, 2011; Martiny et al., 2015), it may be useful to consider it a complex converged 

trait, where organisms can combine different sets of individually simple mechanisms to create 

similar phenotypes. 

In Chapter 2, I used simulations of evolution to evaluate what rates of evolution allow for 

the reconstruction of salinity as a trait on the cyanobacterial phylogeny. This dataset showed that 

to reconstruct the trait history of salinity cyanobacteria must have evolved very slowly. With the 

evaluation of the impacts of applying selective pressure on their evolution, I showed that the 

apparent salinity trait history could instead reflect the environmental history. While these results 

do not provide the ability to definitively say that reconstruction of the trait history of salinity 

tolerance is not possible across the cyanobacterial phylogeny, it does provide some bounds on 

the evolutionary rates that would allow such reconstruction. 

In Chapter 3 I evaluated the currently available data on how cyanobacterial species 

respond to changes in salinity. I used data from the literature to assess how we currently classify 

salinity as a trait in cyanobacteria and established that while the current classification can 

provide information for some strains, it fails to capture the diversity of salinity responses. I then 

used the dataset to quantitatively evaluate a new framework for understanding salinity tolerance 
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based on our understanding of the biophysical limits of cells. My model provides the ability to 

evaluate salinity tolerance quantitatively, compare tolerance between strains, and evaluate the 

trait without requiring consistent molecular mechanisms of osmoregulation. By taking a 

population level measurement of growth and producing a subcellular prediction of 

macromolecular packing density, I provide a simple quantitative method for evaluating how 

different molecular mechanisms impact salinity tolerance. 

 In Chapter 4 I evaluated the salinity tolerance of a laboratory model strain of 

cyanobacteria, Synechococcus sp. PCC 7002, and used experimental evolution to understand if 

and how salinity tolerance changes for strains with broad tolerances. Over the course of 750 

generations, the apparent upper limit of fitness improvements was more than 90% reached. 

Simultaneously, the lineages evolved in the most different, and freshest, condition showed 

consistent gains in their fitness at lower salinities but did not all have decreases in fitness in the 

ancestral condition. 

 The results from Chapter 4 allow me to revisit the conclusions from Chapter 2 and 

emphasize the role of the environment in cyanobacterial salinity tolerance history. The rapid 

fitness changes observed via experimental evolution confirm that extremely slow rates of 

evolution are unlikely to have existed over the entire cyanobacterial phylogeny. 

 Moving forward, my dissertation provides a new framework for evaluating salinity 

tolerance in cyanobacteria as well as understanding how different molecular mechanisms impact 

salinity tolerance. This framework is useful across many scales of research, from providing 

quantitative measures of salinity tolerance, to making predictions of the impact of environmental 

salinity on cell physiology and intracellular dynamics. Combined with the tools of experimental 

evolution, it provides a method for understanding the broad pathways over which salinity 
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tolerance evolves without needing strains to use similar methods of osmoregulation to be 

compared to one another. 
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Appendices 

Appendix A 

Supplemental Methods 

Boundary method testing: To test the effects of the different boundary methods we implemented, 

we conducted BM and OU simulations across the maximum clade credibility tree using both 

boundary methods. The absorbing method took any trait value that exceeded the boundaries and 

set the value at that node to be the boundary limit that it had exceeded. The reflecting method 

took any trait value that exceeded the boundaries and set the value to be equally far from the 

boundary in the opposite direction. Comparisons of the simulations using each method can be 

seen in Supplemental Figures 1 and 2 for the BM and OU simulations respectively. 
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Supplemental Figures 

 

Figure 30: Distribution of salinities at the tips of Brownian Motion simulations (0.001 < σ < 

0.01) using absorbing versus reflecting boundaries. 
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Figure 31: Distribution of salinities at the tips of Ornstein-Uhlenbeck simulations (0.001 < σ < 

0.01) using absorbing versus reflecting boundaries. 

  

  

  

  

                  

 
 
  
 
  
 
  
 
 
  

               

      

       



 

130 

 

 

Figure 32: Likelihood of reconstructing a fresh ancestor for Ornstein-Uhlenbeck simulations 

using the equal-rates model (a) and all-rates-differ model (b). Each subpanel has a constant α 

value and shows the likelihood across the range of σ values tested. 
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Figure 33: Distribution of evolutionary rates in darwins from dataset provided by (Uyeda et al., 

2011). 
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Appendix B 

 

Figure 34: The total within-cluster sum of squares against the number of clusters in the analysis. 
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Reaction norms and model fits 

 
Figure 35: Reaction norm and model fits for Microcystis aeruginosa from (Georges des Aulnois 

et al., 2019) 
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Figure 36: Reaction norm and model fits for Microcystis aeruginosa from (Georges des Aulnois 

et al., 2019) 

 
Figure 37: Reaction norm and model fits for Anacystis nidulans TX20 from (Batterton and Van 

Baalen, 1971) 
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Figure 38: Reaction norm and model fits for Synechococcus leopoliensis from (Bemal and Anil, 

2018) 

 
Figure 39: Reaction norm and model fits for Cylindrospermopsis raciborskii PMC117.02 from 

(Duval et al., 2018) 
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Figure 40: Reaction norm and model fits for Cylindrospermopsis raciborskii PMC118.02 from 

(Duval et al., 2018) 

 
Figure 41: Reaction norm and model fits for Cylindrospermopsis raciborskii PMC139.02 from 

(Duval et al., 2018) 
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Figure 42: Reaction norm and model fits for Cylindrospermopsis curvispora PMC144.02 from 

(Duval et al., 2018) 

 
Figure 43: Reaction norm and model fits for Anabaena sphaerica var. tenuis PMC188.03 from 

(Duval et al., 2018) 
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Figure 44: Reaction norm and model fits for Anabaenopsis circularis PMC191.03 from (Duval 

et al., 2018) 

 
Figure 45: Reaction norm and model fits for Anabaenopsis circularis PMC192.03 from (Duval 

et al., 2018) 
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Figure 46: Reaction norm and model fits for Anabaenopsis circularis PMC193.03 from (Duval 

et al., 2018) 

 
Figure 47: Reaction norm and model fits for Dolichospermum planctonicum PMC196.03 from 

(Duval et al., 2018) 
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Figure 48: Reaction norm and model fits for Dolichospermum planctonicum PMC200.03 from 

(Duval et al., 2018) 

 
Figure 49: Reaction norm and model fits for Dolichospermum flos-aquae PMC206.03 from 

(Duval et al., 2018) 
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Figure 50: Reaction norm and model fits for Dolichospermum flos-aquae PMC207.03 from 

(Duval et al., 2018) 

 
Figure 51: Reaction norm and model fits for Dolichospermum flos-aquae PMC208.03 from 

(Duval et al., 2018) 
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Figure 52: Reaction norm and model fits for Chrysosporum bergii PMC215.03 from (Duval et 

al., 2018) 

 
Figure 53: Reaction norm and model fits for Anabaena sphaerica var. tenuis PMC229.04 from 

(Duval et al., 2018) 
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Figure 54: Reaction norm and model fits for Dolichospermum planctonicum PMC230.04 from 

(Duval et al., 2018) 

 
Figure 55: Reaction norm and model fits for Anabaena sphaerica var. tenuis PMC229.04 from 

(Duval et al., 2018) 
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Figure 56: Reaction norm and model fits for Cylindrospermopsis curvispora PMC262.06 from 

(Duval et al., 2018) 

 
Figure 57: Reaction norm and model fits for Cylindrospermopsis raciborskii PMC286.06 from 

(Duval et al., 2018) 
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Figure 58: Reaction norm and model fits for Chrysosporum ovalisporum PMC312.07 from 

(Duval et al., 2018) 

 
Figure 59: Reaction norm and model fits for Chrysosporum ovalisporum PMC313.07 from 

(Duval et al., 2018) 
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Figure 60: Reaction norm and model fits for Cylindrospermopsis raciborskii PMC325.07 from 

(Duval et al., 2018) 

 
Figure 61: Reaction norm and model fits for Cylindrospermopsis curvispora PMC330.07 from 

(Duval et al., 2018) 
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Figure 62: Reaction norm and model fits for Anabaena sphaerica from (Duval et al., 2018) 

 
Figure 63: Reaction norm and model fits for Anabaena sp. C-10 from (Jha et al., 1987) 
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Figure 64: Reaction norm and model fits for Cylindrospermopsis raciborskii G from (Moisander 

et al., 2002) 

 
Figure 65: Reaction norm and model fits for Anabaena variabilis from (Moore et al., 1985) 
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Figure 66: Reaction norm and model fits for Anacystis nidulans from (Moore et al., 1985) 

 
Figure 67: Reaction norm and model fits for Anabaena cylindrica from (Moore et al., 1985) 
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Figure 68: Reaction norm and model fits for Nostoc sp. PCC 7120 from (Pandey and Chatterjee, 

1999) 

 
Figure 69: Reaction norm and model fits for Synechocystis sp. PCC 6803 from (Pandhal et al., 

2009) 
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Figure 70: Reaction norm and model fits for Chroococcus turgidus N41 from (Potts and 

Friedmann, 1981) 

 
Figure 71: Reaction norm and model fits for Chroococcidiopsis sp. CCMEE 29 from (Potts and 

Friedmann, 1981) 
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Figure 72: Reaction norm and model fits for Chroococcidiopsis sp. N6904 A1 from (Potts and 

Friedmann, 1981) 

 
Figure 73: Reaction norm and model fits for Chroococcidiopsis sp. N6904 N from (Potts and 

Friedmann, 1981) 
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Figure 74: Reaction norm and model fits for Chroococcidiopsis sp. N6911 A6 from (Potts and 

Friedmann, 1981) 

 
Figure 75: Reaction norm and model fits for Synechococcus elongatus from (Rezayian et al., 

2017) 
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Figure 76: Reaction norm and model fits for Nostoc ellipsosporum from (Rezayian et al., 2019) 

 
Figure 77: Reaction norm and model fits for Nostoc piscinale from (Rezayian et al., 2019) 
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Figure 78: Reaction norm and model fits for Hapalosiphon sp. from (Ruangsomboon, 2014) 

 
Figure 79: Reaction norm and model fits for Synechocystis sp. PCC 6803 from (Schubert and 

Hagemann, 1990) 
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Figure 80: Reaction norm and model fits for Anabaena doliolum from (Singh and Kshatriya, 

2002) 

 
Figure 81: Reaction norm and model fits for Anabaena doliolum from (Singh and Kshatriya, 

2002) 
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Figure 82: Reaction norm and model fits for Anabaena cylindrica 104 from (Stulp and Stam, 

1984) 

 
Figure 83: Reaction norm and model fits for Anabaena cylindrica 105 from (Stulp and Stam, 

1984) 
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Figure 84: Reaction norm and model fits for Anabaena cylindrica 1403 2a from (Stulp and Stam, 

1984) 

 
Figure 85: Reaction norm and model fits for Anabaena cylindrica 1446 1a from (Stulp and Stam, 

1984) 
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Figure 86: Reaction norm and model fits for Anabaena cylindrica 1609 from (Stulp and Stam, 

1984) 

 
Figure 87: Reaction norm and model fits for Anabaena cylindrica 1611 from (Stulp and Stam, 

1984) 
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Figure 88: Reaction norm and model fits for Anabaena cylindrica 629 from (Stulp and Stam, 

1984) 

 
Figure 89: Reaction norm and model fits for Anabaena randhawae 1823 from (Stulp and Stam, 

1984) 
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Figure 90: Reaction norm and model fits for Anabaena sphaerica 1616 from (Stulp and Stam, 

1984) 

 
Figure 91: Reaction norm and model fits for Anabaena torulosa 106 from (Stulp and Stam, 

1984) 
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Figure 92: Reaction norm and model fits for Anabaena variabilis 1403 12 from (Stulp and Stam, 

1984) 

 
Figure 93: Reaction norm and model fits for Anabaena variabilis 1403 4b from (Stulp and Stam, 

1984) 
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Figure 94: Reaction norm and model fits for Anabaena variabilis 1403 8 from (Stulp and Stam, 

1984) 

 
Figure 95: Reaction norm and model fits for Anabaena variabilis 1403 9 from (Stulp and Stam, 

1984) 
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Figure 96: Reaction norm and model fits for Anabaena variabilis 1617 from (Stulp and Stam, 

1984) 

 
Figure 97: Reaction norm and model fits for Anabaena variabilis 377 from (Stulp and Stam, 

1984) 
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Figure 98: Reaction norm and model fits for Anabaena cf. flos-aquae 1403 13a from (Stulp and 

Stam, 1984) 

 
Figure 99: Reaction norm and model fits for Anabaena cf. subtropica 103 from (Stulp and Stam, 

1984) 
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Figure 100: Reaction norm and model fits for Anabaena cf. subtropica 1613 from (Stulp and 

Stam, 1984) 

 
Figure 101: Reaction norm and model fits for Anabaena cf. subtropica 1618 from (Stulp and 

Stam, 1984) 
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Figure 102: Reaction norm and model fits for Anabaena cf. verrucosa 1619 from (Stulp and 

Stam, 1984) 

 
Figure 103: Reaction norm and model fits for Microcystis aeruginosa PCC 7806 from (Tonk et 

al., 2007) 
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Figure 104: Reaction norm and model fits for Synechococcus sp. PCC 7002 from (Batterton and 

Van Baalen, 1971) 

 
Figure 105: Reaction norm and model fits for Sphaerospermopsis aphanizomenoides M17 from 

(Moisander et al., 2002) 
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Figure 106: Reaction norm and model fits for Anabaenopsis elenkinii from (Moisander et al., 

2002) 

 
Figure 107: Reaction norm and model fits for Nodularia spumigena FL2f from (Moisander et al., 

2002) 
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Figure 108: Reaction norm and model fits for Nodularia sphaerocarpa Up16a from (Moisander 

et al., 2002) 

 
Figure 109: Reaction norm and model fits for Katagnymene accurata from (Bano and Siddiqui, 

2004) 
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Figure 110: Reaction norm and model fits for Katagnymene accurata from (Bano and Siddiqui, 

2004) 

 
Figure 111: Reaction norm and model fits for Lyngbya contorta from (Bano and Siddiqui, 2004) 
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Figure 112: Reaction norm and model fits for Lyngbya contorta from (Bano and Siddiqui, 2004) 

 
Figure 113: Reaction norm and model fits for Pseudoanabaena lonchoides from (Bano and 

Siddiqui, 2004) 
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Figure 114: Reaction norm and model fits for Pseudoanabaena lonchoides from (Bano and 

Siddiqui, 2004) 

 
Figure 115: Reaction norm and model fits for Synechocystis aquatilis from (Bano and Siddiqui, 

2004) 
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Figure 116: Reaction norm and model fits for Synechocystis aquatilis from (Bano and Siddiqui, 

2004) 

 
Figure 117: Reaction norm and model fits for Spirulina major from (Bano and Siddiqui, 2004) 
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Figure 118: Reaction norm and model fits for Spirulina major from (Bano and Siddiqui, 2004) 

 
Figure 119: Reaction norm and model fits for Coccochloris elbans 17A from (Batterton and Van 

Baalen, 1971) 
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Figure 120: Reaction norms and model fits for Trichodesmium erythraeum GBRTRLI101 from 

(Fu and Bell, 2003) 

 
Figure 121: Reaction norm and model fits for Microcystis firma from (Hagemann et al., 1987) 
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Figure 122: Reaction norm and model fits for Westiellopsis prolifica ARM 366 from (Jha et al., 

1987) 

 
Figure 123: Reaction norm and model fits for Oscillatoria sp. from (Khatoon et al., 2010) 
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Figure 124: Reaction norm and model fits for Synechocystis sp. PCC 7338 from (Lee et al., 

2021) 

 
Figure 125: Reaction norm and model fits for Chroococcus turgidus S24 from (Potts and 

Friedmann, 1981) 
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Figure 126: Reaction norm and model fits for Euhalothece sp. BAA001 from (Pandhal et al., 

2009) 

 
Figure 127: Reaction norm and model fits for Synechococcus sp. from (Rosales et al., 2005)  
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Appendix C 

BG-11 recipe 

Stock solution Volume (mL) 

100X BG-FPC 10 

1000X Fe ammonium citrate 1 

1000X Na2CO3 1 

1000X KH2PO4 1 

1M HEPES buffer 10 

 

Combine stock solutions in 1L MQ H2O. pH adjust to pH 7.5. Store in the dark. 

Trace minerals (1L recipe) 

Chemical Mass (g) 

H3BO3 2.86 

MnCl2 4H2O 1.81 

ZnSO4 7H2O 0.222 

Na2MoO4 2 H2O 0.39 

CuSO4 5H2O 0.079 

Co(NO3)2 6H2O 0.0494 

 

Combine chemicals in 1L MQ H2O. Store at 4°C. 

100X BG-FPC (1L recipe) 

Chemical Mass (g) Volume (mL) 

NaNO3 149.58 --- 
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MgSO4 7H2O 7.49 --- 

CaCl2 2H2O 3.6 --- 

Citric acid 0.596 --- 

Na-EDTA (119 mM aka 4.43g per 100mL, pH 8.0) --- 2.35 

Trace minerals --- 100 

 

Combine chemicals in 1L MQ H2O. Store at 4°C. 

1000X Fe ammonium citrate (50mL recipe) 

0.3g Fe ammonium citrate in 50mL MQ H2O. Store at 4°C. 

1000X Na2CO3 (50mL recipe) 

1g Na2CO3 in 50mL MQ H2O. Store at 4°C. 

1000X KH2PO4 (50mL recipe) 

1.997g KH2PO4 3H2O in 50mL MQ H2O. Store at 4°C. 

1M HEPES buffer (250mL recipe) 

59.575g HEPES in 250mL MQ H2O. pH adjusted to pH 7.8. 

AASW Recipe 

For 1L Total 

1. To approximately 800mL of MQ H2O, add each of the components in Table 1 in the 

order specified (except vitamins) while stirring constantly. 

2. Adjust the pH to 8.1 

3. Bring the volume to just under 1L with MQ H2O. 

• For 1.5% agar medium: add 15g of agar to the flask; do not mix 
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4. Cover and autoclave medium 

5. Allow to cool and add components in Table 2 

• For agar medium: add Table 2 components, mix, and dispense before agar solidifies 

6. Store in the dark 

 

Table 1: Components added before autoclaving 

Chemical Amount Stock Solution Concentration 

NaCl* 28.1g --- 

KCl* 11.2mL 6g/100mL MQ H2O 

NaNO3* 10mL 10g/100mL MQ H2O 

KH2PO4* 10mL 0.5g/100mL MQ H2O 

Tricine (adjust to pH 8)* 20mL 22.4g/100mL MQ H2O 

P-II Metal Solution 10mL --- 

Chelated Iron Solution 1mL --- 

NH4Cl* 1mL 2.7g/100mL MQ H2O 

 

Table 2: Components added after autoclaving 

Chemical Amount Stock Solution Concentration 

CaCl2 2H2O* 10 mL 14.7g/100mL MQ H2O 

MgSO4* 15 mL 46.01g/100mL MQ H2O 

MgCl2 6H2O* 10 mL 54.89g/100mL MQ H2O 

Vitamin B12 1mL --- 

 

All stock solutions in Table 2 should be filter sterilized prior to adding to medium. Vitamin B12 

should be stored in the refrigerator and wrapped in foil to avoid photodegradation. 

https://docs.google.com/document/d/1fy83uCTILfltzMFvn8hkj1Pdu9pedRoNtd-4QH-pruw/edit#heading=h.pn9d3glkcf03
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P-II trace metal solution 

For 100mL Total 

1. To approximately 70mL MQ H2O, add each of the components in the order specified 

while stirring continuously. 

2. Bring total volume to 100 mL with MQ H2O 

3. Store at 4°C 

 

Chemical Mass (g) 

Na2EDTA 2H2O 0.1 

H3BO3 0.114 

FeCl3 6H2O 0.0049 

MnSO4 H2O 0.0164 

ZnSO4 7H2O 0.0022 

CoCl2 6H2O 0.00048 

 

Chelated iron solution 

Component A 

1. Pour approximately 450 mL MQ H2O into a beaker. Heat the beaker in the microwave to 

near boiling. 

2. Add 10.0g of Na2EDTA to the stirring beaker. 

3. After the EDTA fully dissolves, bring the total volume to 500 mL with MQ H2O 

 

Component B 

1. Pour approximately 450mL 0.1M HCl into a beaker. 

2. Add 0.81g of FeCl3 6H2O to the beaker. 

3. Bring the total volume to 500mL with MQ H2O. 
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Slowly add Component B to the heated Component A while stirring. 

 

Ingredients 

 

Chemical Mass (g) Volume (mL) 

Na2EDTA 2H2O 10 --- 

0.1M HCl --- 450 

FeCl3 6H2O 0.81 --- 

 

Vitamin B12 recipe 

For 200mL total 

1. Prepare 200 mL of HEPES buffer (50mM) 

2. Adjust the pH to 7.8 

3. Add Vitamin B12 (0.1 mM), wait until fully dissolved 

4. Sterilize by 0.45µm Millipore filter. Store in dark at freezer temperature. 

Chemical Mass (g) 

HEPES buffer 2.4 

Vitamin B12 (cyanocobalamin) 0.027 
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Growth rate comparisons 

Table 8: Results from analysis of variance (ANOVA) tests of the growth rate of lineages A, B, C, 

D and the ancestor in different salinity conditions. Growth media in which statistically 

significant variance occurred between lineages are bolded. 

Growth medium Statistic p value 

0% AASW 1.92 0.183 

10% AASW 39.9 4.1e-6 

20% AASW 64.2 4.3e-7 

30% AASW 2.98 0.074 

40% AASW 12.5 0.00067 

50% AASW 2.94 0.076 

60% AASW 4.02 0.034 

70% AASW 1.41 0.30 

80% AASW 9.32 0.0021 

90% AASW 48.9 1.6e-6 

100% AASW 10.7 0.0012 

 


