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ABSTRACT OF THE DISSERTATION 

 
 

Massive Mutant Screens to Illuminate the Dark Side of the Cyanobacterium 
 

 
by 
 

 
Benjamin E. Rubin 

 
 

Doctor of Philosophy in Biology 
 

 
University of California, San Diego, 2017 

 
 

Professor Susan S. Golden, Chair 
 
 

Cyanobacteria are key primary producers in the environment, models for 

photosynthesis and the circadian clock in the lab, and emerging biological 

production platforms for industry. Despite their scope of importance some of the 

most fundamental components of their biology are poorly understood. We know 

little about the functions encoded by most of their genes, and research 

traditionally focused on constant light has left the organisms’ physiology in day-

night conditions obscure. In the studies comprising my thesis, we worked to 

illuminate both of these knowledge gaps in the model cyanobacterium 
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Synechococcus elongatus PCC 7942. We employed traditional molecular biology 

and -omic techniques, and developed and applied a high-throughput approach 

for whole genome mutant screens in S. elongatus (RB-TnSeq). Chapter one 

introduces what is known about cyanobacterial physiology in Light-Dark Cycles 

(LDCs). It also describes RB-TnSeq, which is used here to elucidate gene 

function both generally and specifically to LDCs. Chapter two reports the 

characterization of cellular activities upon light transitions that facilitate survival in 

LDCs. Chapter three presents the development of RB-TnSeq in S. elongatus 

and its use for the assignment of gene importance, the development of an 

improved metabolic model for S. elongatus, and the implementation of screens to 

further our understanding of these genes. Chapter four reports the application of 

RB-TnSeq to understand survival in LDCs. In it, we identified the set of genes 

specifically important for survival of LDCs and followed up on prioritized 

candidates. This work resulted in improved understanding for the roles of the 

circadian clock and nucleotide signaling in LDC survival. Chapter five concludes 

by synthesizing the core achievements of the dissertation and suggesting future 

directions. Together, these chapters explain the development of a powerful 

genomic approach, RB-TnSeq, and its use to illuminate the genetic unknowns in 

Cyanobacteria as well as the organisms’ LDC physiology. These findings will be 

applicable to the basic understanding of this important phylum, its industrial use, 

and photosynthetic organisms more generally, for which Cyanobacteria are the 

most tractable models.



 

 1 

CHAPTER 1: Introduction 

1.1 Summary 

 Cyanobacteria are the most genetically tractable models for 

photosynthesis, the premier prokaryotic organisms for circadian clock research, 

responsible for tremendous environmental impact as primary producers, and 

increasingly popular chassis for industrial product production. Nevertheless, 

there are two large dark spots in our understanding of the phylum. The first is 

darkness itself. The pathways necessary to survive day-night cycles in 

cyanobacteria are currently poorly understood because most research is 

conducted in constant light, leaving half the lifecycle of this keystone phylum 

shrouded in shadow. This shortcoming and the work that has been done so far to 

rectify it is the topic of a review on which I am primary author and which is 

included, in part, as section 1.2 Cyanobacterial Day-Night Physiology. The 

second fundamental knowledge gap is gene annotation. Approximately 40% of 

genes in cyanobacterial species have no-functional prediction and for those that 

do, the annotation is largely inferred from distantly related non-photosynthetic 

organisms. A newly developed approach for whole genome mutant screens 

using barcoded transposon mutagenesis coupled with high-throughput 

sequencing (RB-TnSeq) provides a powerful tool for the illumination of both 

areas. The conceptual basis of this technique is introduced in section 1.3 RB-

TnSeq. In this dissertation, RB-TnSeq and traditional molecular genetic 
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approaches are used on the model cyanobacterium  Synechococcus elongatus 

PCC 7942 for genome-wide functional annotation of genes, as well as targeted 

enquiries into the physiology of day-night cycles.
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1.2  Cyanobacterial Day-Night Physiology 

An Introduction to Day-Night Cycles in Cyanobacteria. The daily 

fluctuation of light is a nearly universal evolutionary challenge to life. For 

cyanobacteria, microorganisms that rely almost exclusively on light for energy, 

the response to these day-night cycles is particularly extreme ranging from 

redirection of central metabolism (Diamond et al., 2017, 2015) to sweeping 

changes in the cell’s transcription (Hosokawa et al., 2011; Ito et al., 2009). 

Moreover, as progenitors via endosymbiosis to all oxygen-evolving 

photosynthetic organisms (de Vries and Archibald, 2017), their response to light-

dark cycles (LDCs) has broad implications for understanding photosynthesis, and 

for characterizing a phylum that has tremendous ecological impact and 

biotechnological potential (Flombaum et al., 2013; Oliver et al., 2016). However, 

due to the practical advantages of experimentation in continuous light, most 

research, and all reviews on cyanobacteria to date, have focused on these 

unnaturally static conditions. As a result, half of the lifecycle of this keystone 

phylum is largely unexplored. 

New research has begun to address this shortcoming by probing the 

physiology of cyanobacteria in LDCs. Here, we consolidate current knowledge on 

the cyanobacterial response to LDCs by discussing functions of importance for 

the day state, the night state, and the regulation that is required for the drastic 

transitions between the two. We will also discuss how our paradigm for the 

response to LDCs generalizes beyond cyanobacteria. 
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Surviving the Day. Each day, a cyanobacterium wakes to the formidable 

task of turning inorganic carbon into the organic molecules of life via 

photosynthetic carbon dioxide assimilation. Its metabolic challenges are 

numerous. The cell must simultaneously duplicate its molecules to prepare for 

division while also storing energy reserves for the night. These reactions take 

place in the background of photosynthesis, which requires significant cellular 

resources for efficient function and generates damaging reactive oxygen species 

(ROS) as a secondary byproduct (Latifi et al., 2009). As a consequence, 

cyanobacterial metabolism is carefully orchestrated in both space and time (Ito et 

al., 2009; Stanier and Cohen-Bazire, 1977; Vijayan et al., 2009). 

Central Carbon Metabolism. The temporal organization of cyanobacterial 

metabolism can be generalized as anabolic during the day and catabolic at night. 

Daytime metabolism begins with shifting flux from the catabolic oxidative pentose 

phosphate pathway (OPPP) and initiating the anabolic Calvin-Benson-Bassham 

Cycle (CBBC) via the activity of the photosynthetic light reactions (Knoop et al., 

2013; You et al., 2015; Young et al., 2011). One of the critical steps in this 

process is inactivation of CP12, a redox-sensitive protein that is a master 

regulator of the CBBC (Tamoi et al., 2005). During the night, oxidized CP12 

structurally sequesters glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

and phosphribulokinase (PRK) and inhibits the CBBC. At the onset of light, 

photosynthetic reducing equivalents are generated, CP12 is inhibited, and CBBC 

activity resumes. Metabolomic analysis supports upregulation of anabolic 

metabolism during this phase of the day including pathways related to amino 
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acid, nucleotide, and quinone biosynthesis (Diamond et al., 2015). Upregulation 

of amino acid and nucleotide production agrees with historical observations that 

protein translation and DNA replication largely occur only during the day (Mori et 

al., 1996; Singer and Doolittle, 1975). 

Energy Storage and Electron Sinks. A principal activity during the daytime 

is accumulation of excess photosynthate, which is sequestered as the glucose 

polymer glycogen. Under LDC growth, glycogen daytime accumulation serves 

two primary purposes: it is synthesized as the primary storage polymer in 

preparation for night  (Diamond et al., 2015; Gaudana et al., 2013; Hanai et al., 

2014; Suzuki et al., 2007; Wyman and Thom, 2012), and it serves as a 

“regulatory valve” for excess reducing power produced under conditions of 

particularly high light intensity (Latifi et al., 2009; Li et al., 2014; Miao et al., 2003; 

Work et al., 2015). The importance of glycogen storage is highlighted by the fact 

that mutations targeting the its biosynthetic pathway genes glgA, glgC, and glgP 

significantly attenuate the ability of cells to grow in LDC (Gründel et al., 2012; 

Osanai et al., 2007). 

 

Surviving the Night. 

Transcription and Translation. It is perhaps not surprising that darkness 

triggers widespread changes in transcription and translation in the cyanobacteria 

Synechococcus elongatus. Rates of both processes generally decrease 

(Doolittle, 1979; Hosokawa et al., 2011; Takano et al., 2015), but specific genes 

are induced upon a transition to darkness. Many of these genes are of unknown 
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function, and some are annotated simply as dig, for dark-induced gene 

(Hosokawa et al., 2011). Better-annotated examples within this list include a 

protein with a high degree of sequence similarity to CP12, (Tamoi et al., 2005); 

hpf (lrtA), a regulator of ribosomal status (Hood et al., 2016); and heat shock 

protein A (hspA), a predicted chaperone. Learning more about the identities and 

functions of these genes may provide us with clues about how S. elongatus 

survives periods of darkness.  

 Are transcript decreases in darkness mirrored by protein level? The 

answer to this question is less clear. Ansong et al. (Ansong et al., 2014) showed 

that only 4% of proteins change in abundance between light and dark, 

suggesting that overall protein levels remain relatively constant. However, 

several studies have shown that translation rates decrease in the dark (Hood et 

al., 2016; Singer and Doolittle, 1975), and that dark-synthesized proteins differ 

from those synthesized in the light (Suranyi et al., 1987). Determining the 

identities of these dark-synthesized proteins using a technique such as ribosomal 

profiling represents an important next step in understanding translational 

responses to darkness. 

Though a cyanobacterium in darkness is typically viewed as being in a 

dormant state, the cell is not inactive – many processes still operate dynamically. 

Studies on transcription, translation, and metabolism have demonstrated a 

specific, adaptive response to darkness in S. elongatus. While overall rates of 

these processes may be lower or close to zero, as is the case with DNA 

replication (Ohbayashi et al., 2013; Watanabe et al., 2012), they are coordinated 
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in such a way that the cell can conserve energy, ensuring its survival until the 

light shines again. 

 

Regulation. 

Transcription factors. RpaA and RpaB are transcription factors in 

cyanobacteria that act as control hubs of LDC physiology. RpaA has been studied 

thoroughly as the output mechanism for the cyanobacterial circadian clock and controls 

oscillation of thousands of genes in a clock-dependent manner (Shultzaberger et al., 

2015). While RpaA serves to connect the circadian clock and transcription, RpaB, an 

essential response regulator of the histidine kinase NblS, integrates environmental 

signals. RpaB has been studied extensively as a light-responsive regulator of gene 

expression (Seino et al., 2009; Wilde and Hihara, 2016). Mutations that cause changes 

in RpaB level and phosphorylation have fitness phenotypes in LDCs (Espinosa et al., 

2015). RpaB’s activity in LDCs appears to be independent of the circadian clock; 

however, its output overlaps with that of the clock through antagonism of RpaA activity. 

These studies suggest that whereas RpaA acts as the output of the clock, RpaB 

integrates signals of LDCs into the transcriptional regime of the cell in a clock-

independent way, and that both signals are necessary for survival of LDCs. 

Chromosome Topology. One of the best-described examples of spatial 

organization changes in cyanobacteria during LDCs is that of chromosome compaction. 

Several studies have shown that the extent of chromosome or plasmid compaction in S. 

elongatus changes depending on the time of day (Murata et al., 2016; Smith and 

Williams, 2006; Vijayan et al., 2009; Woelfle et al., 2007). This phenomenon persists in 

constant light, but not constant darkness, and is thought to be circadian-regulated. 
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Furthermore, when supercoiling is altered using an inhibitor of DNA gyrase, gene 

expression patterns change (Min et al., 2004; Vijayan et al., 2009). 

 These studies provide insight into how gene expression might be controlled 

during circadian or diel cycles, but they are mostly correlative, relating DNA compaction 

or supercoiling with transcriptional outputs. The mechanistic details of how chromatin 

state and nucleoid organization are controlled – by the circadian oscillator, by histone-

like DNA-binding proteins, and/or by changes in DNA topology – remain largely 

unknown. 

Signaling nucleotides. Evidence is accumulating that signaling nucleotides act 

as intracellular messengers of LDCs. Levels of cAMP, c-di-AMP, c-di-GMP, and ppGpp 

have all been found to be light dependent in cyanobacteria (Agostoni and Montgomery, 

2014) (See Section 4.3). Synthesis of ppGpp in S. elongatus after a light-to-dark 

transition leads to transcriptional responses, which in at least one case affect the 

physiological status of the cell (Hood et al., 2016). Survival of a strain that cannot make 

ppGpp is impaired after exposure to darkness, though the mechanisms behind this 

phenotype are not yet known. 

C-di-AMP, a newly discovered signaling nucleotide in cyanobacteria, is also 

important for S. elongatus survival of darkness. Inactivation of its cyclase, dacA, leads to 

increased oxidative stress and decreased survival of the night periods of LDCs (See 

Section 4.3). C-di-AMP and ppGpp levels are linked in Firmicutes (Corrigan et al., 2015; 

Whiteley et al., 2015), suggesting the possibility that their activity inLDCcycles is 

coordinated, but evidence does not yet exist in cyanobacteria. Although there are many 

unknowns in the roles of nucleotide signaling in Cyanobacteria, they appear to have a 

role in regulation of LDC physiology.  
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Beyond Cyanobacteria. The response to changing light conditions induced by 

diel cycles is also a dominating force for plants and eukaryotic algae and influences 

global geochemical cycles such as CO2 fixation and climate change. In plants, constant 

adjustments to light quality, intensity, and duration are made through the use of 

photoreceptors. Varying LDCs cue plants to undergo different phases of growth, 

development, and metabolism (Seluzicki et al., 2017).  In Arabidopsis, for example, 

darkness elicits the expression of over 80 proteins that code for functions involved in 

photosystem II inhibition, starch degradation, chloroplastic translation inhibition, and 

redox regulation, all common themes that are familiar to what we observe in 

cyanobacteria (Wang et al., 2016). 

There are also relevant responses plants make to darkness and LDCs from an 

economic/agricultural point of view. It has been shown that post-harvest storage and 

exposure of green leafy vegetables, such as kale and cabbage, compared to storage in 

non-LDC conditions, resulted in significantly improved appearance and health value of 

crops due to increased tissue integrity, chlorophyll content, and levels of glucoinoslates, 

a phytonutrient (Liu et al., 2015). These consequences of crop storage in LDCs were 

comparable to that of refrigeration and reiterate the importance of understanding 

physiological responses to LDCs. As the most tractable photosynthetic model 

organisms, cyanobacteria can inform the industrial and applied sciences. For further 

discussion of how darkness, carbon storage, and plant productivity are interrelated, we 

direct readers to a review by Graf and Smith (Graf and Smith, 2011).  

Some of the mechanisms developed to deal with the stresses inherent to LDCs 

in photosynthetic organisms may be conserved far beyond them. Cyanobacteria are not 

alone in struggling with oxidative stress. Hovering flight of nectarivores is an immensely 

energetic endeavor and comes with high metabolic turnover and ROS. In hawkmoths, 
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like cyanobacteria, this oxidative stress is likely detoxified by activity of the OPPP during 

rest, to produce the antioxidants NADPH and reduced glutathione (Levin et al., 2017). 

Furthermore, this strategy for oxidative stress management after intense exercise may 

be of importance in animals far beyond hawkmoths (Del Rio and Dillon, 2017). 

Therefore, strategies evolved in cyanobacteria to support LDC survival are present at 

distant ends of the tree of life for unique environmental concerns.   
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1.3 RB-TnSeq 

 RB-Tn-seq is a method that exploits transposon mutagenesis coupled to 

high throughput sequencing to elucidate gene function. In RB-TnSeq a dense 

mutant library is created with transposons, each of which contains a unique 

barcode. The library is grown up and genomic DNA is sequenced to connect 

each barcoded transposon to the surrounding sequence, so the barcode serves 

as an identity tag for each mutant in the S. elongatus library (Fig. 1-1). In addition 

to linking barcode to surrounding sequence, library analysis can be used to 

provide genomic essentiality information by looking for genes and intergenic 

regions where transposons are underrepresented because the mutants are not 

viable. In this way initial characterization of the library allows unique barcodes be 

used as identifiers for each mutant, and provides genome wide essentiality data. 

 After initial linking of transposon barcodes to surrounding sequence the 

library can be used for pooled screening for fitness contribution of individual loci 

under specific growth conditions. In this approach the library is split into one 

control condition and into any number of experimental conditions.  After some 

prescribed period of growth the culture grown in each condition is screened by 

high throughput sequencing of the barcodes. The count of each barcode is 

inversely correlated with the importance of the associated gene in the condition 

sampled (Fig. 1.3-1).  For example, in a screen conducted in high temperatures, 

an underrepresented barcode indicates that the gene linked to the barcode is 

important for survival in high heat because few mutants for that gene survived 

the condition. By using pooled barcoded mutants, this approach plays into the 
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strengths of next generation sequencing, resulting in an unbiased, inexpensive, 

and quantitative whole-genome screen.  

 Another use of the library is arrayed screening for novel mutants. In this 

approach the mutant library would be plated on agar in Petri dishes to separate 

out single cloned mutants. The mutation responsible for any phenotype of 

interest could be determined by PCR using universal primers surrounding the 

barcode and then Sanger sequencing. The sequence of the barcode would 

identify the mutation location, which was determined during library analysis.  

 

Figures. 

 

Figure 1.3-1. RB-TnSeq Aproach. In library analysis the location of each 
barcoded transposon in the genome is found using high-throughput sequencing. 
In pooled screening the survival of every mutant in the library is tracked in a 
control and experimental conditions using high-throughput sequencing of the 
barcodes. The representation of the mutants, as determined by the number of 
barcodes specific to it, can be used to determine the survival of that mutant in the 
experimental condition.  
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CHAPTER 2: Physiology Under Light-Dark Transitions 

2.1 Chapter Summary  

Although it has long been known that the circadian clock provides a fitness 

advantage under LDCs, nothing was previously known about how the output of 

this simple yet robust time-keeping mechanism afforded such an advantage. 

Through observation of the metabolic changes of S. elongatus upon transitions 

into light and into darkness, many of the important roles of the circadian clock in 

LDC survival have come into focus. Upon transition into light, the active state of 

the clock, present at dawn, draws flux away from central metabolism and towards 

the production of secondary metabolites that likely have small but significant 

fitness roles. This transition is explained in the form of a PNAS paper on which I 

was third author, in section 2.2 Physiology of the Dark to Light Transition. 

Upon transition into darkness, the inactive state of the circadian clock, present at 

dusk, allows for a remarkable metabolic stability to be maintained despite the 

perturbation of darkness. This active maintenance of metabolism is likely 

necessary to detoxify oxidative stress that can become lethal at night if not 

subdued. Mutants in which the circadian clock is constituently active and that are 

unable to achieve the normal night-time state have catastrophic phenotypes in 

LDCs. These findings are elaborated in a PNAS paper on which I was second 

author, in section 2.2 Physiology of the Dark to Light Transition. Together, the 

beneficial roles of each state of the circadian clock shed light on the necessity of 

its oscillation between a dawn and dusk state.
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2.2 Physiology of the Dark to Light Transition 

  

The circadian oscillator in Synechococcus elongatus
controls metabolite partitioning during diurnal growth
Spencer Diamond, Darae Jun1, Benjamin E. Rubin, and Susan S. Golden2

Center for Circadian Biology, California Center for Algal Biotechnology, Division of Biological Sciences, University of California, San Diego, La Jolla, CA 92093

Contributed by Susan S. Golden, March 6, 2015 (sent for review February 6, 2015; reviewed by Shota Atsumi and Dan Ducat)

Synechococcus elongatus PCC 7942 is a genetically tractable model
cyanobacterium that has been engineered to produce industrially
relevant biomolecules and is the best-studied model for a prokary-
otic circadian clock. However, the organism is commonly grown in
continuous light in the laboratory, and data on metabolic processes
under diurnal conditions are lacking. Moreover, the influence of the
circadian clock on diurnal metabolism has been investigated only
briefly. Here, we demonstrate that the circadian oscillator influences
rhythms of metabolism during diurnal growth, even though light–
dark cycles can drive metabolic rhythms independently. Moreover,
the phenotype associated with loss of the core oscillator protein,
KaiC, is distinct from that caused by absence of the circadian output
transcriptional regulator, RpaA (regulator of phycobilisome-associated
A). Although RpaA activity is important for carbon degradation
at night, KaiC is dispensable for those processes. Untargeted metab-
olomics analysis and glycogen kinetics suggest that functional KaiC
is important for metabolite partitioning in the morning. Addition-
ally, output from the oscillator functions to inhibit RpaA activity in
the morning, and kaiC-null strains expressing a mutant KaiC phos-
phomimetic, KaiC-pST, in which the oscillator is locked in the most
active output state, phenocopies a ΔrpaA strain. Inhibition of RpaA
by the oscillator in the morning suppresses metabolic processes that
normally are active at night, and kaiC-null strains show indications
of oxidative pentose phosphate pathway activation as well as in-
creased abundance of primary metabolites. Inhibitory clock output
may serve to allow secondary metabolite biosynthesis in the morn-
ing, and some metabolites resulting from these processes may feed
back to reinforce clock timing.

metabolomics | metabolism | circadian clock | cyanobacteria | diurnal

Cyanobacteria comprise a promising engineering platform for
the production of fuels and industrial chemicals. These

organisms already have been engineered to produce ethanol,
isobutyraldehyde, alkanes, and hydrogen (1–4). However, the
efficient industrial-scale application of these photosynthetic
organisms will require their growth and maintenance in the
outdoors where they will be subjected to light–dark (LD) cycles
(5). Phototrophic cyanobacteria present a completely different
engineering challenge relative to heterotrophic bacteria such as
Escherichia coli: their cellular activities respond strongly to the
presence and absence of light because their metabolism is cen-
tered on photosynthesis (6, 7). Diverse cyanobacteria also pos-
sess a true circadian clock that synchronizes with external LD
cycles and has been demonstrated to drive both gene expression
and metabolic rhythms (8–10). It is important to understand how
signals from the external environment and the internal circadian
clock are integrated to modulate metabolic processes in envi-
ronmentally relevant LD cycles to optimize the engineering of
these organisms. In this work we attempt to separate the
influences of environment and circadian control using the cya-
nobacterium Synechococcus elongatus PCC7942, because it is
both a highly tractable genetic system and the foundational
model for the prokaryotic circadian clock.
The circadian clock in S. elongatus is based on a central os-

cillator formed by the proteins KaiA, KaiB, and KaiC (11). The
reversible phosphorylation of KaiC over a 24-h period sets the

timing of the clock mechanism. The clock synchronizes to the
environment through KaiA and a histidine protein kinase, CikA.
Both proteins bind quinone cofactors, likely plastoquinone
present in the photosynthetic membrane, that reflect the cellular
redox state (12, 13). KaiC activity also is modulated by the cel-
lular ATP/ADP ratio (14), and both the cellular redox state and
ATP/ADP ratio are dependent on the availability of external
light. Thus, it has been demonstrated that changes in energy
metabolism feed back in setting the timing of clock oscillations
(15). The output of the clock is relayed to gene expression
through the Synechococcus adaptive sensor (SasA)–regulator of
phycobilisome-associated A (RpaA) two-component system (16)
in which RpaA is a transcription factor that binds more than 170
gene targets. Many of the genes strongly activated by RpaA
function in nighttime metabolic processes, including glycogen
degradation, glycolysis, and the oxidative pentose phosphate
pathway (OPPP) (17).
Under constant-light (LL) growth conditions circadian control

in S. elongatus is quite pervasive, with up to 64% of transcripts
displaying 24-h clock-dependent oscillations (10). Gene expres-
sion has roughly two distinct phases in LL: genes with an ex-
pression peak at subjective dusk (class 1) and genes with an
expression peak at subjective dawn (class 2) (18). Recent work by
Paddock et al. (19) suggests that a single output from the central
oscillator is responsible for both out-of-phase rhythms and that
the oscillator has maximum output activity in the morning when
KaiC-pST becomes the most prevalent phosphorylation state.
Furthermore, there is evidence that oscillator activity is in-
hibitory (20), and rhythms may manifest as different responses to

Significance

Cyanobacteria are increasingly being considered for use in
large-scale outdoor production of fuels and industrial chem-
icals. Cyanobacteria can anticipate daily changes in light avail-
ability using an internal circadian clock and rapidly alter their
metabolic processes in response to changes light availability.
Understanding how signals from the internal circadian clock
and external light availability are integrated to control met-
abolic shifts will be important for engineering cyanobacteria
for production in natural outdoor environments. This study
has assessed how “knowing” the correct time of day, via the
circadian clock, affects metabolic changes when a cyanobac-
terium goes through a dark-to-light transition. Our data show
that the circadian clock plays an important role in inhibiting
activation of the oxidative pentose phosphate pathway in
the morning.
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2.3 Physiology of the Light to Dark Transition
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CHAPTER 3: Associating Genotype to Phenotype with  

RB-TnSeq 

3.1 Chapter Summary 

Chapter 3 describes the development and use of RB-TnSeq in S. 

elongatus to achieve improved functional understanding of genes and intergenic 

regions throughout the genome. Section 3.2 RB-TnSeq Development and 

Essential Genes in S. elongatus describes the creation of a pooled library of 

approximately 250,000 barcoded transposon mutants. The tracking of these 

mutants by sequencing led to identification of the first essential gene set in a 

photosynthetic organism, and was also used to make individual and global 

conclusions about the importance of intergenic regions throughout the genome. 

This work is presented here in the form of a PNAS paper on which I was first 

author. The data on gene essentiality was next used in the generation of a 

whole-genome metabolic model presented in section 3.3 RB-TnSeq Guided 

Metabolic Modeling as a PNAS paper on which I was co-first author. This model 

has improved accuracy over those previously available for S. elongatus and 

revealed unique facets of the organism’s biology. 

The library is also a powerful tool for identifying genes that are beneficial 

or detrimental under different growth conditions. Identification of key genes 

involved in biofilm formation and amoeba grazing using RB-TnSeq are presented 

in 3.4 RB-TnSeq Screens: Biofilm Formation and 3.5 RB-TnSeq Screens: 

Amoeba Grazing. These sections include information from manuscripts that are 
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in preparation for publication on which I will be second and third author, 

respectively. Finally, section 3.6 RB-TnSeq Screens: Analysis Across 

Conditions contains a brief description of meta-analysis of RB-TnSeq data 

across multiple conditions and organisms for wholesale gene functional 

annotation. This section cites, but does not include, a manuscript under review at 

Nature on which I’m a middle author and which currently resides in the bioRxiv 

preprint server. Together, these genome-wide datasets of the essential and 

conditionally relevant loci of S. elongatus improve our understanding of the 

organism’s basic physiology, aid efforts to develop S. elongatus as a 

bioproduction platform, and serve as the only resource of their kind for a 

photosynthetic organism.  
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3.2 RB-TnSeq Development and Essential Genes in S. elongatus  
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3.3 RB-TnSeq Guided Metabolic Modeling 
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3.4 RB-TnSeq Screens: Biofilm Formation 

Introduction. Although our previous work has identified gene products 

that are involved in repressing or enabling biofilm formation in S. elongatus, there 

are still many unknowns. These poorly understood areas include the repression 

of biofilm formation that occurs in the laboratory WT strain as well as the 

mechanisms that allow biofilm formation when this repression is blocked. To gain 

a more global and thorough list of genes involved in cyanobacterial regulation of 

biofilm formation, we performed two next-generation sequencing-based 

experiments: RNA-Seq and RB-TnSeq. These two data sets not only illuminated 

novel genes of interest, but also demonstrate the respective benefits of these two 

experimental techniques for revealing genotype-phenotype associations in the 

context of complex behaviors. 

 

RB-TnSeq Biofilm Screening Method. To take advantage of Rb-TnSeq 

for understanding genotypic contributors to biofilm formation, we grew replicate 

biological samples of the RB-TnSeq library under the biofilm-forming conditions 

performed for the RNA-Seq experiments, but for a two-week time course rather 

than four days (Fig. 3.4-1). Under these conditions the library samples generated 

biofilms. These cultures were then split into three fractions for sequencing 

analysis: (1) planktonic cells that were removed by decanting the media, (2) 

settled cells that were removed from the emptied test tubes with gentle water 

washes, and (3) biofilmed cells that required scraping to be removed from the 

test tubes. Bar codes from cells in each fraction were then amplified and 
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sequenced with the aim of identifying mutants that are over- and under-

represented in the biofilm-forming portion of the population. 

 

 RB-TnSeq Results. Two experiments were conducted using the method 

described above in order to reveal biofilm-involved mutants. In the first 

experiment, 34 hits were enriched in the biofilming fraction while no over- or 

under-represented mutants were found in the settler fraction. Included in the 34 

hits were all six previously published biofilm-forming mutants. In the second 

experiment, 6 hits were significant in only the biofilming fraction with an additional 

18 hits being significant in both the biofilming and settler fractions. Four of the six 

known biofilm-forming mutants were significantly over-abundant in the biofilming 

fraction and significantly absent from the planktonic fraction. This result 

demonstrates the precision of this technique for uncovering genotypic-phenotypic 

relationships while providing a manageable set of ranked candidate genes to 

investigate through experimental validation. 

 

 Rb-TnSeq vs. RNA-Seq Validation. To compare the efficacy of these two 

techniques in providing genetic-phenotypic correlations concerning biofilm 

formation, a number of putative targets were validated based on either the RNA-

Seq or RB-TnSeq data. In total, 29 genes were selected based on RNA-Seq 

data, while 39 genes were selected based on RB-TnSeq data. Of the 29 RNA-

Seq-derived candidates, only one showed film formation when mutated. Of the 

39 genes investigated based on RB-TnSeq data, 13 mutants produced films in 
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test tubes, 96-well plates, or flasks. It is likely that the effectiveness of Rb-TnSeq 

in identifying biofilm-involved genes can be attributed to its direct identification of 

mutants present in biofilms, as opposed to RNA-Seq where gene involvement in 

biofilm formation is inferred indirectly from patterns of gene expression.  

 

Figures. 

 

 

Figure 3.4-1: RB-TnSeq for biofilm formation. (A) Experimental setup for RB-
TnSeq of biofilming cultures. The RB-TnSeq library was grown as a starter 
culture and used to inoculate bubbling test tube cultures. After 2 weeks, each test 
tube was fractionated to produce planktonic, settler, and biofilming fractions. 
Triplicate experiments were pooled to acquire enough mass for sequencing each 
fraction.   
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3.5 RB-TnSeq Screens: Amoeba Grazing  

Introduction. In their natural environment, cyanobacteria are exposed to 

a wide variety of stressors, both biotic and abiotic. Grazing by protozoan 

predators such as amoebae is a major source of cyanobacterial mortality, and is 

a complex multistep activity (Jousset, 2011). A broad, unbiased search for genes 

in cyanobacteria that influence fitness under selection by grazing will implicate 

the cellular processes involved and will contextualize the stress of grazing within 

the landscape of environmental stimuli. Here, a whole-genome search for the 

genetic basis of susceptibility to cyanobacterial grazing was conducted using RB-

TnSeq.  

 

Amoeba Grazing Screen Method. In fitness experiments using the 

amoebae HGG1 and LPG1 on solid agar media, the RB-TnSeq library was 

grown as lawns on plates at high light. Mature lawns were transferred to lower 

light to slow cyanobacterial growth, and were inoculated with a liquid suspension 

of amoebae spotted at the center of each plate. Amoebae initially graze the 

bacteria at the site of inoculation and then spread outwards, resulting in an 

expanding yellow plaque that indicates where cyanobacteria have been grazed. 

After the amoebae completely cleared the cyanobacterial lawns, plates were 

moved back to high light to encourage the rapid recovery and growth of surviving 

cyanobacterial cells. As a negative control, lawns of the library were grown in the 

same manner without the amoebal inoculation. We then harvested all lawns, 

extracted genomic DNA, and conducted RB-TnSeq sequencing and analysis. 



96 

 

 

Results RB-TnSeq on solid media enabled clear differentiation of genes 

with amoeba-resistant phenotypes (Fig. 3.5-1). Many of these genes have 

common functions in the biosynthesis of lipopolysaccharide, particularly in the 

attachment of O-antigen, indicating that the disruption of this process at various 

steps in the pathway allows resistance to grazing on solid media. These findings 

expand on earlier experiments that showed impairment of O-antigen synthesis 

provides protection against grazing (Simkovsky et al., 2012). It is clear from the 

RB-TnSeq experiment that the protective effect of an incomplete LPS synthesis 

pathway is valid against LPG1 as well as the distant HGG1 species, suggesting 

that the phenotype is not highly specific to particular grazers, and may apply to 

other grazers of S. elongatus. In addition, several genes had markedly different 

fitness values between grazing by LPG1 and by HGG1, indicating resistance 

mechanisms that are grazer-specific. This work both illuminates important 

pathways of amoeba grazing and more broadly identifies RB-TnSeq as a useful 

tool for illuminating predator pray interactions.  
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Figures. 

 
Figure 3.5-1: HGG1 and LPG1 grazing. Comparison of mutant fitness values in 
solid grazing conditions. (A) Mutant fitness in ungrazed control plates (x axis) 
and plates grazed by amoeba HGG1 (y axis). (B) Mutant fitness in ungrazed 
control plates (x axis) and plates grazed by amoeba LPG1 (y axis). Values 
shown are averages of two replicates. Black dots indicate significance for both 
replicates in the grazed condition for a gene; blue dots indicate that at least one 
of the grazed conditions was insignificant. Gene numbers for high-fitness 
mutants are labeled. 
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3.6 RB-TnSeq Screens: Analysis Across Conditions 

The library is a powerful tool for identifying genes that are beneficial or 

detrimental under different growth conditions.  To identify phenotypes for 

previously hypothetical genes, we screened the constituents of the S. elongatus 

library under 30 stress conditions (Price et al., 2016). These data were grouped 

with data from similar screens on 24 proteobacteria. The conditional fitness 

phenotypes for these 25 bacteria under hundreds of screening conditions were 

analyzed to assign cellular roles to 8,456 genes which previously had no known 

function. This annotation amounts to functional predictions for 14% of all 

sequenced bacterial genes that previously had no known role. 
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CHAPTER 4: Applying RB-TnSeq to Light-Dark 

Physiology  

4.1 Chapter Summary  

Although cyanobacteria live in LDCs in nature, and are being developed 

for bio-production outdoors, they are rarely studied under these conditions. This 

chapter addresses this deficiency largely by the application of RB-TnSeq. In 

section 4.2 RB-TnSeq Under Light-Dark Cycles, which consists of a 

manuscript in preparation on which I’m second author, the RB-TnSeq library was 

screened under LDCs. This screen allowed the identification of mutants that grow 

poorly under LDCs, and hence genes that are important for surviving these 

conditions. Many of the candidates that came out of this screen fit our current 

paradigm for the circadian clock’s role in the survival of LDCs. However, the top 

hit from this screen was one of three members of the S. elongatus core circadian 

clock oscillator, kaiA, whose mutants had never been recognized to be sensitive 

to LDCs. We have gone on to identify the mechanisms through which this mutant 

locks the clock in an LDC-sensitive state. These findings have led to a better 

understanding of the circadian clock and its role in surviving LDCs.  

Section 4.3 The Role of c-di-AMP in Light-Dark Cycles, which includes 

a manuscript in preparation on which I’m first author, presents the use of RB-

TnSeq to understand the role of a newly discovered signaling nucleotide in LDCs. 

The molecule, cyclic-di-AMP (c-di-AMP), has been speculated to function in 

cyanobacteria, but never previously studied in vivo. Our work identified its 
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presence, and the responsible cyclase in S.  elongatus. In addition, it showed 

that c-di-AMP quantity fluctuates over LDCs and that the organism is impaired in 

LDCs in the absence of the signaling molecule. Finally, we developed and 

implemented an RB-TnSeq based approach for quantitative whole-genome 

interaction screens (IRB-Seq). We applied IRB-Seq along with a traditional 

protein pull-down method to discover the interaction network of the signaling 

nucleotide. This section identifies c-di-AMP as an LDC-involved signaling 

molecule in cyanobacteria and describes the development of an approach for 

high-throughput quantitative interaction screens. 
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4.2 RB-TnSeq Under Light-Dark Cycles 

Abstract. Recently, the creation of a dense transposon mutant library in S. 

elongatus quantified the fitness contribution of each individual gene in the 

genome under continuous-light conditions and described the first essential gene 

set for any photosynthetic organism. Here we describe results from screening 

this library to assess the genetic fitness contributions of each gene under cycling 

light-dark conditions. Intriguingly, loss of the core circadian clock protein KaiA is 

specifically detrimental under light-dark conditions, whereas loss of the entire 

kaiABC gene cluster is not. This work identifies the genes essential for growth 

under light-dark conditions in S. elongatus and explains how a proper functioning 

circadian program, particularly the presence of KaiA, confers a fitness advantage 

in naturally cycling environmental conditions. 

Introduction. Circadian rhythms can be found throughout Nature, 

suggesting a clear fitness advantage for such timing mechanisms in a cyclic 

environment (Dunlap et al. 2003). For photosynthetic cyanobacteria that rely on 

conversion of light energy from the sun, many of the core metabolic processes 

including those involved with CO2 fixation are clock controlled (Diamond et al. 

2015; Ito et al. 2009). The circadian clock’s contribution towards environmental 

fitness was first shown conclusively in experiments that mixed Synechococcus 

elongatus sp. PCC 7942 strains that had different intrinsic circadian periods 

under different natural or non-24-h day lengths; in each case, the strain whose 

intrinsic circadian period most closely matched the external light cycle 

outcompeted strains that have different periods (Ouyang et al. 1998; Woelfle et al. 
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2004). This fitness advantage of appropriate circadian signaling is not exclusive 

to cyanobacteria and is also observed in the plant model species Arabidopsis 

(Yerushalmi et al. 2011; Dodd et al. 2005), and in humans, where circadian 

disruption can result in a myriad of health issues including cardiovascular 

disease (Morris et al. 2012), cancer (Kelleher et al. 2014), mental illness 

(McCarthy and Welsh 2012), and sleep disorders (LeGates et al. 2014).  

The central oscillators in all of the eukaryotic species studied share similar 

underlying feedback mechanisms (Bell-Pedersen et al. 2005). S. elongatus is the 

lone prokaryotic model organism used to study circadian biology, and its 

mechanism is fundamentally different than that described for eukaryotes. While 

the molecular mechanisms of the clock is well established in constant 

environments for S. elongatus, the physiological programs that confer a fitness 

advantage are not understood, and the switch from daytime (class 2) to night-

time (class 1) metabolic programs remain vague. To address the question of how 

circadian rhythms translate to physiological fitness in cycling environments, we 

employed the method of random bar code transposon-site sequencing (RB-

TnSeq) to quantitatively identify the abundance changes of a pooled mutant 

population of S. elongatus. This approach provided a fitness contribution 

measure for each individual gene in the genome. 

In this study we describe the metabolic processes that are essential for 

growth in light-dark cycling (LDC) conditions and report that disruptions to the 

circadian clock protein KaiA results in significant growth attenuation specifically in 
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LDCs. We further investigated why loss of KaiA results in more severe light-dark 

sensitivity than deletion of the complete gene cassette kaiABC (Iwasaki et al. 

2000) or solely kaiC (Diamond et al. 2015), and gained new insights into protein 

interactions of the Kai oscillator that confer signal information to induce night-time 

essential processes.  

Results and Discussion. 

Genome-wide fitness contributions during photoautotrophic growth under 

light-dark cycles. The same dense bar-coded transposon mutant library used 

previously to identify essential genes in S. elongatus was grown under conditions 

of continuous light as well as alternating 12-h light,12-h dark cycles (12:12 LDCs). 

Of the 2,723 genes comprising the genome of S. elongatus, 718 are essential 

(Rubin et al. 2015). Of the remaining 2,005 genes, data from insertions in 1,872 

genes were analyzed and scored to determine fitness effects of gene knockouts 

in LDCs relative to continuous light. Mutants were scored based on two criteria: a 

fitness score representative of a > 1 generation difference and a false discovery 

rate of ≤ 1%. An initial 452 genes had significant fitness scores but 362 of these 

did not meet the fitness score cutoff that would indicate a strong phenotypic 

affect, i.e. little changes in abundance over the course of the experiment in LDC 

vs. constant light. The remaining 90 genes were divided approximately evenly 

between those significantly increasing in abundance in the population when 

mutated in LDCs (49 gene disruptions were beneficial in LDCs) and those 
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decreasing in abundance under LDCs (41 gene disruptions that caused 

sensitivity in LDC) (Figure 4.2-1A).  

Genes essential for growth in LDCs included those involved in the 

oxidative pentose phosphate pathway such as zwf, opcA, pgl, tal, and gnd 

(Figure 4.2-1C). This pathway facilitates carbon flow from the breakdown of 

storage carbohydrates and is the major source of reducing equivalents in the 

absence of photosynthetic electron transfer. Both reactions for catabolism of 

glycogen, glgP and glgX, are also required for LDC growth. In addition, genes 

encoding enzymes needed for DNA repair (mdf), chaperone systems (clpB1), 

and circadian regulation scored highly. LDC growth defects in mutants with 

disruptions in some genes of the circadian regulatory network have been 

described previously. Early studies showed that strains of S. elongatus with 

mutations in kaiC are out-competed in direct competition with WT and 

established that clock timing provides a fitness contribution for the cell (Ouyang 

et al. 1998; Woelfle et al. 2004). Moreover, the clock output transcription factor 

RpaA is essential for growth in light-dark conditions, with rapid death in the dark 

mediated by redox unbalance (Diamond et al. 2017). These results are validated 

in this study, as kaiC and sasA mutants have a fitness score indicating strong 

sensitivity to LDCs (-1 and -1.5, respectively). Strains with disruptions in rpaA 

also showed LDC sensitivity, although with a more modest score of -0.7, 

presumably because the rpaA mutant is less fit under continuous light conditions 

as well; thus, its comparative fitness magnitude is reduced even though the 
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phenotype is severe. Notably, the highest scoring LDC-sensitive mutants were 

insertions in the circadian clock protein gene kaiA, with a score of -3.0.   

Disruptions in a number of other genes were found to be beneficial to 

growth in LDCs. Among the mutant strains that thrived were those with that 

disrupt pilus assembly and protein export (8 genes), glycine cleavage and purine 

metabolism (6 genes), sigma factor RpoD2 involved in circadian regulation, and 

the circadian-associated phosphatase, CikA. Additionally, disruptions to genes 

involved with metal ion homeostasis such as smtA and lipA, cobalamin 

biosynthesis, cobL, and NADH dehydrogenase, ndhD2, allow cells to thrive 

under LDCs, possibly by lessening the level of stress acquired during the high-

light conditions during the day period.   

Locking the clock in a repressive state is fatal in LDCs. The mechanism of 

circadian regulation in cyanobacteria is fairly well understood (Cohen and Golden 

2015). Three core clock proteins, KaiA, KaiB, and KaiC orchestrate circadian 

oscillation in S. elongatus (Ishiura et al. 1998), whereby KaiC undergoes a daily 

rhythm of phosphorylation and dephosphorylation at two amino acid residues 

(Nishiwaki et al. 2004; Xu et al. 2004). During the day period, KaiA stimulates 

KaiC autophosphorylation and during the night, KaiB opposes KaiA’s stimulatory 

activity by binding an inactive form of KaiA and sequestering it (Tseng et al., 

2017). Temporal information from the clock is relayed to the genome to generate 

rhythmic gene expression via two histidine kinase proteins, SasA and CikA, 

which regulate the rhythmic phosphorylation and dephosphorylation of the 
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transcription factor RpaA. RpaA is necessary for circadian rhythms of gene 

expression and directly binds to downstream genetic targets (Markson et al. 

2013; Gutu and O'Shea 2013; Takai et al. 2006). As KaiC becomes 

phosphorylated during the daytime, it stimulates the autophosphorylation of the 

histidine kinase SasA (Gutu and O'Shea 2013) which then transfers a phosphate 

group to RpaA. Thus, phosphorylated RpaA accumulates during the day, peaking 

at the day-night transition, and activates the nighttime circadian program. During 

the night, SasA kinase activity decreases (Chang et al. 2015) and phosphatase 

activity of CikA increases. These influences together cause dephosphorylation of 

RpaA, repressing the nighttime circadian-regulated program in preparation for 

the day.  

In a kaiA insertion mutant, KaiC and KaiB levels are low and KaiC is 

unphosphorylated (Ditty et al., 2005). For this reason, a kaiA mutant was 

previously expected to be similar to a kaiC null, which does not have a notable 

defect in LDC when grown in pure culture without competition.  We hypothesized 

that without KaiA, the cell will generate less phosphorylated KaiC and cause an 

imbalance of SasA kinase and CikA phosphatase, leading to the failure to initiate 

processes needed for darkness (Figure 4.2-1B). Further, we predicted that the 

defect would be more severe in a deletion mutant that lacks all of the kaiA open 

reading frame, including a cis element that represses kaiBC expression, in which 

more unphosphorylated KaiC and KaiB are present, potentially activating CikA 

phosphatase. We assessed a number of kaiA mutant strains under LDC and 

continuous-light conditions. While no significant difference in growth is observed 
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between WT cells and those that lack kaiA (KaiAinsertion and KaiAdeletion) under 

continuous light, growth of the kaiA mutants is severely attenuated under LDCs, 

particularly in the case of the complete deletion strain (Figure 4.2-2A). Moreover, 

in cells that lack KaiA, when the status of gene expression is visualized using a 

class 1 reporter (PkaiBC::luc) that serves as a proxy for rpaA-stimulated genes, 

bioluminescence is locked at or below the circadian trough in the kaiA-deficient 

strains (Figure 4.2-2B). This reduced luminescence indicates a clock signal that 

is locked in a repressive class 2 state (Paddock et al., 2013).  

We further hypothesized that inactivation of cikA in a deletion background 

would increase the magnitude of expression from the RpaA-dependent reporter 

gene and suppress the phenotype of the kaiA mutant. These results are evident 

in Figure 4.2-2A and B. The increase in kaiBC::luc reporter expression remains 

robust when cikA is replaced by a full-length variant that cannot engage with the 

oscillator to turn on RpaA phosphatase activity.  

All about RpaA. Because RpaA-dependent reporter gene expression is 

reduced in the kaiA deletion mutant and a high percentage of LDC-sensitive 

mutants are RpaA-regulated genes, we measured the levels of RpaA 

phosphorylation in cultures during LDCs. RpaA phosphorylation in WT cycles 

throughout the 24-h period (Figure 4.2-3A); higher resolution sampling shows 

that phosphorylation levels peak at the LD transition (Espinosa et al., 2015). In 

the kaiA mutant phosphorylated RpaA levels are constitutively low. This constant 

low level of phosphorylated RpaA is similar to an rpaA null mutant in that both 
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negatively affect gene expression that is vital to surviving the dark (Boyd et al. 

2013). The inability to accumulate phosphorylated RpaA when KaiA is absent is 

relieved when cikA is also knocked out. These data support the hypothesis that 

the respective activities of KaiA and CikA balance clock output. 

However, KaiC phosphorylation, which is stimulated by KaiA, never 

approaches levels comparable to the WT peak when KaiA is absent, regardless 

of the CikA status (Figure 4.2-3 B). This result can be explained by two distinct 

functions of KaiA in the clock: KaiA acts alone to stimulate KaiC phosphorylation 

at the KaiC C-terminal domain, and competes with CikA for binding to KaiB, 

which docks at the KaiC N-terminal domain. We proposed that the low RpaA-

phosphate level, and LCD sensitivity, in the kaiA mutant strains resulted from 

lack of competition for CikA for binding to KaiB. Thus, we proposed that the LDC-

sensitive phenotype results from out of control dephosphorylation of RpaA by 

CikA. 

Severity of the kaiA and rpaA mutants in LDC. Other physiological 

similarities between the kaiA and the rpaA mutants exist. The rpaA mutant 

accumulates excessive reactive oxygen species during the day that it is unable to 

alleviate during the night. Metabolomic measurements show that knocking out 

RpaA causes a reductant deficit in the dark, and it is hypothesized that the lack 

of primary nighttime NADPH-producing reactions that are targets of RpaA 

prevent the cell from detoxifying this ROS. These physiological effects are also 
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seen with the kaiA mutant (Figure 4.2-3C), which has increased levels of ROS 

compared to that of the WT and the kaiA cikA double mutant. 

Concluding Remarks. This is the first study to quantify the genome-wide 

genetic fitness contributions of genes in cyanobacteria under particular growth 

conditions.  Good indication of the success of our screen was finding that genes 

whose mutants were previously known to be sensitive to LDCs such as those of 

the oxidative pentose phosphate pathway and glycogen breakdown show up in 

our analysis. We also identified previously unknown genes important for LDCs 

and identified an unexpected role for the highly studied kaiA.   

Redox homeostasis is especially important during LDC conditions. ROS 

can be managed by the cell during the day via reductant (NADPH) generated 

from electron transport though the photosystems, but when cells enter the dark, 

this photosynthetically derived reductant ceases to be made and the primary 

source of NADPH is acquired via the oxidative pentose phosphate pathway (Guo 

et al. 2014). In the case of the kaiA mutant strains described in this study, we 

also observed increases in ROS and a failure to generate the signal to turn on 

the nighttime genetic program of the cell.  

 

Methods. 

Bacterial strains and culture conditions. All cultures were constructed 

using wild type S. elongatus PCC 7942 stored in our laboratory as AMC06. 

Cultures were grown at 30 C and when in BG-11 liquid or solid medium with 
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antibiotics as needed for selection at standard concentrations. Liquid cultures 

were either cultivated in 100ml volumes in 250ml flasks shaken at ~150rpm on 

an orbital shaker or in 400ml volume in top lit bioreactors (Photometrics) under 

500 µE square wave LD cycles. The bioreactors were mixed via filtered air 

bubble agitation from the bottom with a rate of 0.1ml per minute. 

Bioluminescence Monitoring. Bioluminescence of PkaiBC-luc firefly 

luciferase fusion reporter strains was monitored at 30 C under LL conditions as 

described previously (Mackey et al. 2011). Data were analyzed with the 

Biological Rhythms Analysis Software System (http://millar.bio.ed.ac.uk/pebrown/ 

brass/brasspage.htm) import and analysis program using Microsoft Excel. 

Results shown are representative of at least four independent experiments each 

averaging the reads from replicate wells.  

Immunoblotting. SDS/PAGE was performed according to standard 

methods with the following exceptions. Phosphorylation of RpaA and KaiC was 

detected using 10% SDS-polyacrylamide gels supplemented with Phos-tag 

ligand (Wako Chemicals USA) at a final concentration of 25 µM and manganese 

chloride at a final concentration of 50 µM. Gels were incubated once for 10 min in 

transfer buffer supplemented with 100 mM EDTA, followed by a 10-min 

incubation in transfer buffer without EDTA before standard wet transfer. For 

phospho-RpaA detection, protein extracts and electrophoretic apparatus were 

kept chilled to minimize hydrolysis of heat-labile phospho-Asp. Protein extracts 

for use in Phos-tag gels were prepared in Tris-buffered saline, and extracts for 



112 

 

standard SDS/PAGE were prepared in PBS. RpaA anti-serum (a gift of E. 

O’Shea, Harvard University, Cambridge, MA) was used at a dilution of 1:1,000. 

KaiC immunoblotting was performed as described previously (Ivleva and Golden 

2007) with modifications described elsewhere (Dong et al. 2016). Densitometric 

analyses were performed using National Institutes of Health ImageJ software 

(Schneider et al. 2012).  

Gene fitness calculations. To estimate fitness the fitness effects of gene 

knockouts in light-dark conditions relative to continuous light, we developed an 

analysis pipeline that consisted of curating the data, normalizing it, and then 

analyzing it using linear models. We first counted the number of reads for each 

sample to use as a normalizing factor among samples. Barcodes are dispersed 

across the genome, and we removed any barcode falling outside a protein 

coding region (24868/154949) or within a gene but not within the middle 80% 

(27763/154949). Based on the barcodes remaining, we removed any gene not 

represented by at least three barcodes in different positions (114/2075). This 

cutoff yielded 102136 barcodes distributed across 1961 genes. 

For each barcode in each sample we added a pseudocount of one to the 

number of reads, divided by the total number of reads for the sample as 

calculated before, and took the log-2 transformation of this sample-normalized 

number of reads. The experiment involved two different starting pools of strains 

(called T0), each of which was divided into LL and LD samples. To account for 

different starting percentages of each barcode within the T0 pools, we averaged 
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the log-2 transformed values for a barcode across the four replicate T0 samples 

for each pool then subtracted these average starting barcode values from the LL 

and LD values in the respective pools. We also removed any gene without at 

least 15 T0 reads (across the four replicates and before adding the pseudocount 

in each pool (89/1961), leaving 1872 genes and 101258 barcodes. 

For each gene, we used maximum likelihood to fit a pair of nested linear 

mixed effects models to the sample- and read-normalized log-2 transformed 

counts: 

(1)  yi , j ,k = µg +C j + Bi +εi , j ,k  ;  Bi ~ iid  N (0,ς g
2 )  ; εi , j ,k ~ iid  N (0,σ g

2 )  

(2)  yi , j ,k = µg + Bi +εi , j ,k  ;   Bi ~ iid  N (0,ς g
2 )  ;  εi , j ,k ~ iid  N (0,σ g

2 )  

where yi,j,k is the normalized log-2 value for barcode i in gene g in condition j for 

sample k, µg is the average value for the gene, Cj is the fixed effect of condition j, 

Bi is a random effect for barcode i, and εi,j,k is the residual. We identified genes 

with significant fitness differences between conditions by comparing the 

difference in the -2*log likelihoods of the models to a chi-square distribution with 

one degree of freedom, estimating a p-value, accounting for multiple testing by 

the method of Benjamini and Hochberg (Benjamini and Hochberg 1995) and 

selecting those gene with adjusted p-values less than 0.01.We took the contrast 

CLD – CLL to be the estimated fitness effect of knocking out the gene. 

Quantification of ROS. Total cellular ROS load in WT and the mutant was 

quantified using a fluorescent compound H2DCFDA (Life Technologies catalog 

no. D399)(Rastogi et al. 2010). Briefly, 2 mL of photobioreactor-grown culture 
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was collected and split into 1-mL aliquots. H2DCFDA was added to one sample 

at a final concentration of 5 µM. Tubes were protected from light and shaken at 

30 C for 30 min. After incubation, 200 µL from each tube was added to a 

separate well in a clear-bottom black 96-well plate. Fluorescence was quantified 

at an excitation of 480 nm and an emission of 520 nm on a Tecan Infinite M200 

plate reader with the gain manually set to 120. Fluorescence data were 

normalized to OD750 of each sample, and untreated-sample background 

fluorescence was then subtracted from treated sample fluorescence values. 

Tables. 
 
Table 4.2-1. Strains. 
Strain  Genetic background Reporter 

plasmid 
Antibiotic 
resistance 

Source 
or 
reference 

AMC541 Wild type 
 

PkaiBC : : 
luc;  

Cm (Chen et 
al. 2009) 

AMC1161 kaiA insertion; pAM2969 in 
AMC541  
 

PkaiBC : : 
luc;  

Cm Km  

AMC702 kaiA deletion; in-frame 
markerless constructed in 
AMC541 

PkaiBC : : 
luc;  

Cm (Ditty et 
al. 2003) 

AMC1936 kaiABC knockout; pAM4252 
in AMC541  
 

PkaiBC : : 
luc;  

 

Cm Km (Paddock 
et al. 
2013) 

AMC1679 kaiA cikA double knockout; 
pAM2152 in AMC702 

PkaiBC : : 
luc;  

Cm Gm (Dong et 
al. 2010) 

KaiACikA+ AMC1679 with 
Ptrc:cikA(C644R mutation) 
in NS1 

PkaiBC : : 
luc;  

Cm Gm  This 
study 
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Figures. 

 
Figure 4.2-1: LDC sensitive genes (A) Overview of the number of genes and 
their respective LDC sensitivity screening results. The top LDC-sensitive gene 
scores, locus id, gene symbol, and functional category are shown in the bar 
graph. (B) KaiA disruption leads to a cascade of regulatory dysfunction resulting 
in adverse physiological consequences for carbon metabolism, transcriptional 
regulation, and of circadian clock component expression. The genes in the 
highlighted circles are known to be direct targets of clock output RpaA signaling. 
Not shown is the RpaA phosphatase CikA, whose activity requires interaction 
with KaiB-KaiC complex, where it binds in competition with KaiA. (C) Highlighted 
in the metabolic map are the main reactions that are essential for surviving LDCs. 
Red arrows represent reactions that are essential for growth under cycling light-
dark conditions, solid black arrows represent reactions with observed phenotypic 
consequence when disrupted, and dashed arrows represent reactions that are 
essential under continuous light conditions (Rubin et. al 2016). 
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Figure 4.2-2: Growth and circadian rhythms of KaiA mutants. (A) Growth in 
LDC and continuous light on spot plates. (B) After entrainment to a 12-h light:12-
h dark cycle, bioluminescence traces were captured over 5 d under continuous 
light. Inactivation of kaiA by deletion of the entire coding region (green) results in 
low arrhythmic expression from the PkaiBC::luc reporter, whereas inactivation by 
insertion of an antibiotic-resistance cassette results in arrhythmic rhythms of 
slightly higher levels. Inactivation of cikA in a deletion background increases the 
magnitude of the values, closer to levels observed in the kaiABC mutant (orange). 
This increase in kaiBC::luc reporter expression is evident even when cikA is 
intact but replaced by a variant that cannot engage the circadian oscillator to turn 
on RpaA-phosphatase activity (blue). Representative traces are shown. cps, 
counts per second. 
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Figure 4.2-3: Phosphorylation time-course. Densitometric analysis showing 
average ± SE values from multiple immunoblots showing the in vivo RpaA (A) 
and KaiC (B) phosphorylation cycles, demonstrating overall reduced levels of 
RpaA and KaiC phosphorylation in the KaiA and kaiAcikA mutants compared to 
WT entrained to a 12:12 LDC and sampled every 12 h. The RpaA 
phosphorylation level in the kaiA mutants is arrhythmic and lower than in WT, 
with the kaiAcikA double mutant accumulating significantly higher phosphorylated 
RpaA thought the sampling period. A plot of H2DCFDA fluorescence over a 12 h 
dark period of an LDC indicating total cellular ROS in WT, kaiA, and kaiAcikA. 
The shaded area in all graphs indicates the standard error.  
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4.3 The Role of c-di-AMP in Light-Dark Cycles 

Abstract. The broadly conserved signaling nucleotide c-di-AMP is 

essential for viability in most bacteria where it has been studied. However, 

characterization of c-di-AMP has largely been confined to a few genera of 

pathogenic organisms, limiting our functional understanding of the molecule 

among diverse phyla. Here we identify the cyclase responsible for c-di-AMP 

synthesis and characterize the molecule’s role in survival of darkness in the 

model photosynthetic cyanobacterium, Synechococcus elongatus PCC 7942. In 

addition to using traditional genetic, biochemical, and proteomic approaches, we 

developed a high-throughput genetic interaction screen (IRB-Seq) to illuminate 

the pathways where the signaling nucleotide is active in S. elongatus. We found 

that the c-di-AMP cyclase is encoded by a previously unannotated gene, named 

here as dacA. In the loss-of-function mutant of dacA the cell experiences 

increased oxidative stress and death in the night portion of day-night cycles, in 

which potassium transport is implicated. These findings suggest that c-di-AMP is 

biologically active in Cyanobacteria, where the molecule’s non-canonical role in 

oxidative stress management and day-night survival is potentially managed by 

traditional functions such as potassium homeostasis. The pipeline and analysis 

tools for IRB-Seq developed for these studies constitute a quantitative high-

throughput approach for studying genetic interactions in microorganisms. 

 

Introduction. The signaling nucleotide cyclic di-adenosine 

monophosphate (c-di-AMP) has been implicated in a wide range of biological 
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processes since its discovery less than a decade ago (Witte et al., 2008). The 

molecule is active in multiple pathways including potassium transport, regulation 

of central metabolism, cell wall homeostasis, gene expression, and DNA damage 

responses (Corrigan and Gründling, 2013). In addition, c-di-AMP is the only 

second messenger that is essential to many of the organisms in which it is 

studied (Commichau et al., 2015). Despite the biological importance of c-di-AMP, 

in-vivo studies of this signaling nucleotide have been focused on a narrow array 

of pathogenic Firmicutes and to a lesser extent Actinobacteria. Expanding the 

investigation of c-di-AMP to a broader diversity of microbial phyla is likely to 

reveal new functions for this molecule. 

 Organisms in the photosynthetic phylum, Cyanobacteria, are key players 

in global carbon, oxygen, and nitrogen cycling, and are promising platforms for 

renewable production of industrial chemicals (Angermayr et al., 2015; Bryant, 

2003; Flombaum and Gallegos, 2013). Signaling nucleotides aside from c-di-

AMP (cGMP, c-di-GMP, (p)ppGpp, and cAMP) serve important roles in their 

environmental responses. Studying these messengers in photosynthetic 

organisms elucidated new roles for the nucleotides, such as regulating phototaxis, 

photosystem repair, and dark survival (Agostoni and Montgomery, 2014; Hood et 

al., 2016). While c-di-AMP has not been reported in the phylum, the existence of 

enzymes and riboswitches that interact with the molecule have been suggested 

based on homology (Agostoni and Montgomery, 2014; Corrigan and Gründling, 

2013; Huynh et al., 2015; Nelson et al., 2013). Discovery of c-di-AMP and its role 
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in Cyanobacteria would lead to better understanding of these important 

organisms and the function of c-di-AMP. 

 Genetic interaction screens in other organisms have offered important 

insights into c-di-AMP function. Screens focused on secondary mutations that 

relieve the phenotypes of c-di-AMP-related mutants (alleviating interactions) 

have successfully identified c-di-AMP interacting proteins (Corrigan et al., 2011; 

Whiteley et al., 2015). However, these screens have been limited to assaying 

positive interactions, are non-quantitative, and have been performed only under a 

single condition. 

Next-generation sequencing paired with transposon mutagenesis (Tn-

Seq) is a recently described method that can be used for quantitative genetic 

interactions screens to identify alleviating as well as aggravating interactions 

(Dejesus et al., 2017; Meeske et al., 2015; van Opijnen et al., 2009). This 

approach relies upon the generation of a new mutant library in the background of 

a knockout of interest for each screen (Brochado and Typas, 2013). While 

informative, the need to generate and characterize a new transposon mutant 

library for each interaction screen is both costly and labor intensive (Gray et al., 

2015). These features have limited the applicability of Tn-Seq for interaction 

screens.  A similar method, RB-TnSeq, provides a less costly and laborious 

approach for screening transposon mutant libraries, in which mutants are tracked 

by the sequencing of 20 base pair “barcodes” on each transposon (Wetmore et 

al., 2015). This approach has not yet been applied to interaction screens, but 
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offers great potential for mitigating their logistical weaknesses and enlarging their 

scope.  

 Here, we used genetic, biochemical, and proteomic approaches to 

elucidate the presence and roles of c-di-AMP in the cyanobacterium 

Synechococcus elongatus PCC 7942. To further probe the molecule’s functions 

we developed and implemented an approach we named interaction-based RB-

TnSeq, or IRB-Seq, to quantitatively measure genetic interactions with the c-di-

AMP cyclase under multiple conditions.   

 

Results. 

Presence of c-di-AMP and its Cyclase. The putative c-di-AMP producing 

enzyme in S. elongatus was identified computationally. The software package 

HMMER (Johnson et al., 2010) identified a single protein in the organism that 

contains a DisA_N domain (PF02457), currently the only domain known to be 

responsible for c-di-AMP production (Xayarath and Freitag, 2015). This 

sequence, annotated at time of publication as “protein of unknown function 

DUF147”, predicts three transmembrane segments and a cytoplasmic DisA_N 

domain (Fig. 4.3-1A). The arrangement of domains identifies the protein as a 

member of the most abundant family of DAC domain-containing proteins, DacA 

(Corrigan et al., 2013). Thus we refer to this previously unannotated gene, which 

encodes the putative cyclase of c-di-AMP, as dacA (Synpcc7942_0263). 

 To validate the bioinformatics predication, we quantified c-di-AMP levels in 

wild type (WT) and a dacA mutant using LC-MS. The WT value of 18.8 µM is 
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several fold higher than in other organisms, including Staphylococcus aureus 

(Corrigan et al., 2015) and Bacillus subtilis (Oppenheimer-Shaanan et al., 2011), 

where the nucleotide plays biologically important roles. In contrast to many other 

c-di-AMP-producing organisms, in S. elongatus a fully segregated insertion 

mutant for dacA is viable under standard lab conditions of continuous light. In this 

mutant, the level of c-di-AMP was 3.3 µM (Fig. 4.3-1B) (P < 10-7; Mann-Whitney-

Wilcoxon Test). Difficulties in c-di-AMP extraction from S. elongatus samples 

caused substantial background noise in mass spectrometry quantification, which 

likely accounted for the detection of low-level c-di-AMP in the dacA mutant. 

Regardless, these data suggest that S. elongatus produces c-di-AMP, and that 

DacA catalyzes its synthesis. 

 Concentrations of some other signaling nucleotides studied in 

Cyanobacteria change in response to light (Agostoni and Montgomery, 2014). To 

address whether this may be the case with c-di-AMP in S. elongatus, we 

sampled over one 12 h:12 h light-dark cycle (LDC). The c-di-AMP concentration 

was variable in WT both within time points and between them, with an apparent, 

although non-significant, trend upwards at nighttime. Given that signaling 

nucleotide responses to light have been shown to occur within minutes in 

Cyanobacteria (Terauchi and Ohmori, 2004), we did higher resolution sampling 

around the light-to-dark and dark-to-light transitions. While light did not have a 

large or immediate effect on c-di-AMP, the onset of darkness caused a spike in 

the nucleotide’s levels observable after 15 minutes and reaching a three-fold 

increase (Fig. 4.3-1C).  
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LDC Sensitivity in dacA Mutant. Based on the observed increase in c-di-

AMP levels upon onset of darkness as well as previous research showing the 

importance of ppGpp, a closely linked signaling nucleotide, to dark survival in S. 

elongatus (Hood et al., 2016), we examined whether c-di-AMP is necessary to 

survive LDCs. On solid media the dacA loss of function mutant showed 

decreased growth in LDCs, but not in constant light (Fig. 4.3-2A), and this 

sensitivity to LDCs was reproducible in liquid culture (Fig. 4.3-2B). To confirm 

that the dacA mutation is responsible for this phenotype we added an ectopic 

copy of the dacA gene to the mutant, which complemented the LDC sensitivity of 

the mutant. Therefore, the dacA mutation and its decreased c-di-AMP levels are 

likely responsible for the LDC-specific defect. 

 To explore the nature and cause of the LDC sensitivity we examined cells 

over one LDC. While the dacA mutant grew similarly to WT over the light portion 

of the LDC, viability of the mutant, as measured by colony forming units in 

outgrowths, rapidly decreased upon the onset of darkness (Fig. 4.3-2C). This 

difference was significant after two hours of exposure to darkness (P < .05; t test), 

and became more pronounced over the course of the night (Fig 4.3-2C). Recent 

work showed that reactive oxygen species (ROS) correlate with death in 

darkness for this species (Diamond et al., 2017). Indeed, reactive oxygen 

species peaked in the mutant upon the onset of darkness at more than two fold 

the level in WT and remained higher through the course of the night (P < 10-5; 

Mann-Whitney-Wilcoxon Test) (Fig. 4.3-2D). These data suggest an active death 
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mechanism in the dacA mutant, which occurs specifically in the dark stage of the 

LDC as a consequence of high oxidative stress. 

Biochemical Interactions of c-di-AMP. Because no in vivo evidence exists 

for members of the c-di-AMP signaling pathway in Cyanobacteria we used an 

unbiased proteomic approach to identify binding partners. C-di-AMP-bound 

beads were used for affinity purification of interacting S. elongatus proteins 

(Sureka et al., 2014). These proteins were in turn identified by gel-free 

quantitative shotgun proteomics (Fig. 4.3-3A). There were eleven proteins 

enriched at least four fold over those from control beads, of which five had 

domains previously shown to bind c-di-AMP (Table 4.3-1). In addition to known c-

di-AMP binding domains, the majority of the proteins have predicted functions 

previously associated with the signaling nucleotide, such as ion and particularly 

potassium transport (Synpcc7942_1729, Synpcc7942_1588, and 

Synpcc7942_0545), and DNA replication, repair, and homologous recombination 

(Synpcc7942_1416, Synpcc7942_1886, and Synpcc7942_0301), (Commichau et 

al., 2015; Corrigan and Gründling, 2013). The identification of known c-di-AMP 

binding domains and functional pathways among the pull-down candidates 

validate the approach. 

To follow up on these results we conducted both targeted mutagenesis 

and individual binding assays for the top candidates. Of the eleven proteins 

enriched two fold or more, two had previously been shown to be essential 

(Synpcc7942_1416 and Synpcc7942_0301) (Rubin et al., 2015). We successfully 

made insertion mutants for all of the remaining genes, with the exception of 
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Synpcc7942_0420, and characterized their phenotypes. None of the mutants, 

however, phenocopied the dacA mutant’s LDC sensitivity, or showed visible 

phenotypes under control conditions. In parallel we expressed nine of the eleven 

candidate proteins in Escherichia coli and tested them individually for binding to 

c-di-AMP using DRaCALA, a method based upon differential diffusion of bound 

and unbound radiolabelled c-di-AMP across a nitrocellulose membrane (Roelofs 

et al., 2011). Three of the expressed proteins showed binding to the nucleotide 

(Fig. 4.3-3B). Of those candidates whose binding was confirmed, KdpD encoded 

by synpcc7942_1729, has been associated with c-di-AMP previously and 

suggests a role for the molecule in potassium transport in S. elongatus. The PII-

like protein encoded by synpcc7942_1476 consists of a domain previously 

associated with the poorly understood PstA protein, which has been studied for 

its c-di-AMP binding in Bacillus subtilis, Staphylococcus aureus, and Listeria 

monocytogenes (Campeotto et al., 2015; Choi et al., 2015; Gundlach et al., 2015; 

Müller et al., 2015). Surprisingly, while it is highly conserved among those 

organisms, the protein sequence is divergent in S. elongatus (E-Value=.2 

compared to the L. monocytogenes gene). This finding suggests that although c-

di-AMP may interact with a functionally similar protein in S. elongatus, the 

binding pocket is disparate. The protein TrmH (Synpcc 7942_1874), which 

stabilizes tRNAs by addition of a methyl group to a conserved guanosine 

(Nakanishi and Nureki, 2005), has neither a function nor domain previously 

associated with c-di-AMP. Together, the pulldown results and confirmation by 
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DRaCALA suggest conserved function and binding of c-di-AMP, as well as 

domains and genes not previously connected with c-di-AMP, such as TrmH. 

IRB-Seq design. Although the pull-down was able to inform us of binding 

partners of c-di-AMP, it did not reveal which of these interactions represent 

biologically meaningful roles. To address this issue we developed a genome-

wide method for identifying genetic interactions of c-di-AMP’s cyclase, DacA. The 

approach relied on a previously developed dense transposon insertion mutant 

library in S. elongatus (Rubin et al., 2015). Briefly, this library was built with the 

RB-TnSeq method (Wetmore et al., 2015), in which every loss-of-function mutant 

in the library contains a unique identifier sequence, or barcode (Fig. 4.3-4A). By 

using next-generation sequencing of barcodes the survival of the approximately 

150,000 barcoded mutants in the library can be tracked under control as well as 

experimental conditions. In this way the S. elongatus RB-TnSeq library can be 

used for pooled, quantitative, whole genome mutant screens.  

In interaction RB-TnSeq (IRB-Seq) a second mutation is added to all the 

library members in order to determine the fitness impact of the second mutation 

in combination with every other mutation in the library. In this case the second 

mutation inactivated dacA, and conferred a different antibiotic resistance than 

that used to construct the mutant library (see Martials and Methods).  To a 

separate aliquot of the initial library, a non-deleterious mutation was added to 

serve as a control for potential changes to the library caused by the addition of a 

second mutation, or selection for the second antibiotic, that were not specific to 

the dacA mutation. The two double-mutant libraries were then grown under dual 
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selection so that every member of the library also contained the secondary 

mutation of interest (dacA or the control). At this point the barcodes were 

sequenced and compared to starting composition of the library and the control 

(Fig. 4.3-4B). These data were used to determine genetic interactions, or 

instances in which the fitness values of the library mutation and the dacA 

mutation were not simply additive. These interactions could in turn be used to 

identify relationships between genes and their pathways. In addition, because of 

our knowledge of the dacA mutant’s decreased viability in LDCs we were able to 

sensitize our screen by exposing the library of double mutants to LDCs (Fig 4.3-

4C). Frequencies of the barcodes after this stress were compared to a time zero 

sample and the control in order to determine genetic interactions apparent under 

stress conditions. In this way IRB-Seq enabled a quantitative assay of genetic 

interactions with dacA, under both control conditions as well as sensitizing 

conditions. 

Before attempting IRB-Seq we ensured that the double-mutant library 

retained sufficient diversity for meaningful functional screens. Of the original 

154,949 barcoded mutants in the library after addition of the second mutation we 

were able to recover, on average, 100,180 (65%). This number still represents 

approximately 30 insertion mutants for the average gene. To further test efficacy 

of the double-mutant library for screens we used the version containing the 

control mutation to reproduce the results of a previous screen for LDC-sensitive 

genes (Welkie et al., n.d.). Even though the new screen was conducted under 

different light conditions than the previous screen, and in flasks instead of 
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bioreactors, the two screens strongly correlate (Fig. 4.3-5A). It is of note that the 

slope of this correlation is approximately .4, suggesting that, although the relative 

phenotypes were similar, the mutants did not diverge as much over the course of 

the double-mutant experiment. Based on these results we carried out IRB-Seq 

using a dacA mutation layered on to the RB-TnSeq library for S. elongatus. 

IRB-Seq interaction screen. The first genetic interactions examined were 

those that are detectable under standard laboratory conditions upon the addition 

of the dacA mutation to the library (Fig. 4.3-4B). As expected, given that the dacA 

mutation shows no fitness defects under control conditions (Fig. 4.3-2A), all of 

the strong genetic interactions (FDR < .01, genetic interaction absolute value  > 

1) were negative (aggravating or synthetic interactions) (Fig 4.3-5A, Dataset S1). 

These synthetic interactions can result from redundancy in function between the 

two mutated genes. Two of the top annotated synthetic interactions with dacA 

were with genes that encode flavoproteins Flv1 (synpcc7942_1810) and Flv3 

(Synpcc7942_1809), which form a heterodimer that allows the release of high-

energy electrons from photosystem II to oxygen without producing oxidative 

stress.  Although these proteins are dispensable under standard laboratory 

conditions, under variable conditions such as fluctuating light, they become 

important for decreasing oxidative stress and allowing growth (Allahverdiyeva et 

al., 2013; Shaku et al., 2015). Also in the top ten annotated synthetic interactions 

were genes that encode a 6-pyruvoyl-tetrahydropterin synthase-like protein 

potentially involved in a pathway important for resisting UV-A stress 

(Synpcc7942_1184) (Matsunaga et al., 1993; Moon et al., 2012; Wachi et al., 
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1995), a glutaredoxin-related protein (Synpcc7942_1145), and Psb28 

(Synpcc7942_1679), a protein involved in repair of photosystem II in related 

cyanobacteria (Sakata et al., 2013).These interactions suggest that, in the 

absence of the functional dacA, a cell under increased oxidative stress (Fig 4.3-

2D) becomes more dependent on proteins that offer electron sinks or protection 

against reactive oxygen species. 

Another synthetic interaction apparent from the screen under standard 

laboratory conditions is with potassium transport. The fifth ranked candidate is 

the K+ transport protein, TrkA, encoded by synpcc7942_1080. Its genomic 

neighbor synpcc7942_1081 and second ranked for interaction, is unannotated, 

but based on its TrkH domain (PF02386) and sequence homology (Finn et al., 

2016), is likely TrkH, a complex partner of TrkA (Cao et al., 2013).  Therefore, the 

dacA mutant is also sensitized to defects in potassium import. 

IRB-Seq sensitized interaction screen. When the dacA double mutant library was 

sampled under sensitizing LDCs (Fig. 4.3-4C), we observed a number of positive 

(alleviating) interactions (Fig. 4.3-5C, Dataset S2). Alleviating interactions can 

occur when the affected genes are in the same pathway and their effects mask 

each other, or when the mutations counteract each other. Synthetic interactions 

were also present in the sensitized screen, identifying genes whose loss 

exacerbates the moderate survival impact of the dacA mutation in LDCs. For the 

sensitized interaction screen, we decreased the interaction score for 

consideration to greater than absolute value of .5. This change was based on our 

observation that the LDC screening conditions used enabled the differentiation of 
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genuine, but subtle, mutant phenotypes (Fig. 4.3-5A). Among the six top 

alleviating candidates for dacA in LDCs (FDR < .01, genetic interaction > .5) four 

are proteins involved in peptide and macromolecule degradation. The cell wall 

recycling protein MurQ (Synpcc7942_2577) as the top hit among alleviating 

interactions may be explained by decreased cell wall turnover being permissive 

in the dacA mutant, which has been associated with disruption of cell wall 

homeostasis in multiple species (Corrigan and Gründling, 2013). The reason for 

the more general enrichment of genes that encode degrading enzymes among 

alleviating mutations is unclear. 

The fifth ranked hit among suppressors and the strongest hit among the 

synthetic interactions were circadian clock component CikA (Synpcc7942_0644) 

and circadian-involved sigma factor RpoD2 (Synpcc7942_1746), respectively. 

Mutants of cikA, the phosphatase for the master clock transcription factor RpaA, 

leave RpaA in a highly phosphorylated state (Gutu and O'Shea, 2013). This 

RpaA state locks the clock into activating nighttime processes and the 

detoxification of oxidative stress (Diamond et al., 2017; 2015; Markson et al., 

2013). The single cikA mutant has a slightly positive effect on light-dark survival 

and has been shown capable of alleviating another LDC sensitive mutant, KaiA 

(Welkie et al., n.d.). Therefore, it might be expected that the dacA mutant, which 

is unable to fully clear oxidative stress and survive the night, would be 

suppressed by cikA. The rpoD2 gene, which has by far the strongest synthetic 

interaction with dacA in the sensitized screen, encodes a sigma factor that 

causes changes in circadian rhythms when mutated (Tsinoremas et al., 1996). 
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However, the broader transcriptional and physiological effects of this mutation 

are unknown. Based on these candidates, it is likely that adjustments of the 

circadian clock can play a role in decreasing or improving the ability of the dacA 

mutant to survive LDCs, potentially by modulating the oxidative stress to which 

the mutant is exposed. 

 

Discussion.  

 The Non-Essential Nature of c-di-AMP in S. elongatus.  These 

investigations establish the presence of c-di-AMP at physiologically relevant 

levels in a cyanobacterium, and implicate the signaling nucleotide in response to 

light-dark transitions (Fig. 4.3-2). C-di-AMP controls many aspects of bacterial 

physiology and is essential in the bacterial phylum Firmicutes, where most 

research on the molecule has taken place. The essentiality of c-di-AMP may be 

related to its role in central metabolism. For instance, in L. monocytogenes the 

central metabolic enzyme pyruvate carboxylase is regulated by c-di-AMP 

(Sureka et al., 2014). More, recently it has been proposed that the essential 

nature of c-di-AMP can be explained by high levels of another signaling 

nucleotide, (p)ppGpp, that accumulates in the absence of c-di-AMP, which in turn 

leads to a starvation response (Whiteley et al., 2015). Importantly, this lethality in 

the absence of c-di-AMP occurs in rich media, while minimal media are 

permissive for the mutant. A possible explanation for S. elongatus viability with 

the dacA mutation is that, as a photoautotroph, it grows independent of carbon 

sources in the media. Regardless of its cause, the essential nature of c-di-AMP 
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in many organisms has limited the toolset available for research on the 

nucleotide (Xayarath and Freitag, 2015). Future genetic exploration of dacA in S. 

elongatus will be facilitated by the viability of the dacA mutant. 

The IRB-Seq Approach to Genetic Interaction Screens. The IRB-Seq 

approach developed for this study enables high-throughput quantitative genetic 

interaction screens with minimal sequencing prep. A second mutation is added 

directly to an existing RB-TnSeq library, removing the need of previous 

approaches to recreate a library in a new background and determine all of the 

insertion loci for each screen  (Fig. 4.3-4A)(Dejesus et al., 2017; Meeske et al., 

2015; van Opijnen et al., 2009). Traditional sequencing preparation used in 

classical Tn-Seq studies is also avoided because survival of mutants is quantified 

by PCR and sequencing of 20bp “barcodes” present in each transposon which 

serve as identifiers for each clone in the mutant library (BarSeq) (Wetmore et al., 

2015). IRB-Seq requires only one PCR and ~1/100th of an Illumina HiSeq 4000 

lane per sample to provide a genome-wide quantitative measure of genetic 

interactions ranging from strong alleviation to full synthetic lethal. The advantage 

of a quantitative alternative to previous suppressor screens used in c-di-AMP 

research (Corrigan et al., 2011; Whiteley et al., 2015) is apparent in this study 

because the lack of fitness phenotype of the dacA mutant under constant light, 

and the moderate phenotype under the sensitizing LDCs, would have made 

traditional suppressor screens difficult, if not impossible. In addition, the high-

throughput nature of this approach to genome wide genetic interaction screens 
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makes it feasible to conduct IRB-Seq screens in replicate and under many 

different sensitizing and permissive conditions.  

Illuminating the Role of c-di-AMP in Nighttime Survival. Elucidating the 

survival of Cyanobacteria in LDCs is important for improved understanding of 

both a phylum of tremendous ecological impact and an environmental challenge 

relevant to all photosynthetic organisms. For ease of research, however, almost 

all experiments on cyanobacteria have been conducted in simplifying constant-

light conditions. One of the findings of the LDC work that exists is that oxidative 

stress management is likely a key component for surviving LDCs (Diamond et al., 

2017; Welkie et al., n.d.). Similar to the LDC-sensitive circadian clock mutants 

rpaA and kaiA, lethality in the dacA mutant occurred specifically upon the onset 

of night following high oxidative stress at dusk (Fig. 4.3-2). The death in the 

mutant begins concurrent with a spike in c-di-AMP level in the WT. This 

correlation suggests a role for the molecule in the day-night transition, a 

seemingly crucial period for surviving LDCs in the mutants where it has been 

studied (Fig. 4.3-1C).  Notably, a number of the top synthetically interacting 

genes determined by IRB-Seq are involved in oxidative stress mitigation. 

Nevertheless, the pull-down of interactors of c-di-AMP did not identify circadian 

clock proteins, and the survival phenotype of the dacA mutant in LDCs is less 

severe than that of clock mutants rpaA and kaiA (Diamond et al., 2017; Welkie et 

al., n.d.). Thus, although the dacA mutant is similar to LDC-sensitive clock 

mutants in its oxidative stress and LDC sensitivity, these phenotypes may be 

caused through a different pathway. 
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A possible basis for the dacA mutant’s sensitivity to LDCs and oxidative 

stress is through potassium transport.  C-di-AMP has previously been associated 

with multiple potassium transporters (Corrigan and Gründling, 2013). In this study 

the Kdp potassium pump regulator, KdpD (Synpcc7942_1476), was one of three 

proteins that binds c-di-AMP through both pull-down and DRaCALA. Two 

proteins from the Trk family of potassium transporters (Synpcc7942_1080 and 

Synpcc7942_1081) were found among the top synthetic interactions, suggestion 

that the dacA mutant is sensitized to potassium import mutations. Altered 

potassium transport previously has been shown in cyanobacteria to sensitize the 

cells to the oxidative stress-producing conditions of high-light and heavy metal 

exposure (Checchetto et al., 2012; 2016). Therefore, the canonical role of c-di-

AMP in potassium homeostasis may, in S. elongatus, be involved in the non-

canonical function of LDC survival through oxidative stress regulation. 

Future Uses of IRB-Seq. IRB-Seq as an inexpensive and straightforward 

approach to high throughput quantitative interaction screens and is suitable for 

addressing an array of questions in different organisms. With 25 published RB-

TnSeq libraries (Price et al., 2016; Rubin et al., 2015) and many more under 

development, there exists ample starting material for IRB-Seq screens assuming 

the ability to deliver a second mutation into the host with high efficiency. The 

experimental pipeline and analysis tools developed here should make this assay 

feasible for genetic interactions of any gene of interest. A further use of IRB-Seq 

arises from our finding that mutants of DNA uptake and homologous 

recombination are underrepresented in the double mutant libraries. We are 
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currently leveraging this finding to reveal the full set of non-transforming strains 

to better understand the cellular machinery involved in competency and 

homologous recombination. Furthermore, the addition of multiple mutations into 

the library, or reporters paired with cell sorting, should enable screening for more 

complex genetic interactions as well as well as identification of effects on gene 

expression. 

  



141 

 

Tables. 

Table 4.3-1. C-di-AMP binding candidates. 

 

  



142 

 

Figures. 

 

 

Fig. 4.3-1. Presence, synthase, and light dependence of c-di-AMP in S. 
elongatus. (A) DacA protein, with membrane association determined by phobius 
(Käll et al., 2004) and the DAC domain identified by Pfam (PF02457)(Finn et al., 
2016). (B) Intracellular c-di-AMP measured by LC-MS for WT and dacA 
transposon mutant (8S16-L9). The error bars represent standard error (SE) of 
five time points taken throughout a 24 hour light-dark cycle in quadruplicate. ***P 
< 10-7 (Mann-Whitney-Wilcoxon Test). (C) C-di-AMP quantities upon the onset of 
darkness in WT, normalized to average value of replicate. Error bars represent 
SE of four replicates. 
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Fig. 4.3-2. Sensitivity of dacA mutant to LDCs. (A) Growth of WT and dacA 
transposon mutant (8S16-L9) measured by spot plate under constant light and 
LDCs. Colony area was measure with ImageJ (Schindelin et al., 2015). ***P < 10-

5 (Mann-Whitney-Wilcoxon Test). (B) Growth curve of WT and dacA mutant in 
liquid culture in bioreactors under LDCs. (C) High resolution measurement of 
survival of WT and dacA mutant throughout one LDC. Survival is quantified by 
CFU present at each time point normalized to CFU present at the first time point 
for each replicate. (D) ROS measured by H2DCFDA fluorescence Normalized by 
OD750. Error bars in all figure parts indicate SE of four replicates. 
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Fig. 4.3-3.  Identifying c-di-AMP binding proteins. (A) Protein interaction with 
c-di-AMP bound beads ordered by fold change (c-di-AMP sepharose 
beads/control sepharose beads). Top binding candidates ( >4 fold change) all 
have fdr < .05. (B) Direct binding of candidate proteins expressed in E. coli 
determined by DRaCALA on cell lysate. Error bars indicate SE of two replicates. 
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Fig. 4.3-4. IRB-Seq approach to genetic interaction screens. (A) Each mutant 
in the starting library (Rubin et al., 2015) contains a loss of function mutation with 
a unique identifier sequence, “barcode”, that has been previously linked to the 
mutation’s locus. After the library is thawed the barcodes present in each mutant 
are sequenced using next-generation sequencing to determine their baseline 
level. (B) The library is then split into two aliquots with one receiving an 
experimental mutation, and one receiving a control mutation. After outgrowth, 
these two aliquots are sequenced for barcodes, which allow for identification of 
genetic interactions between the experimental mutation and the constituent 
mutants of the library. (C) The double mutant library is again outgrown under a 
condition of stress for the introduced mutant, and again sequenced to determine 
genetic interactions under this sensitized condition.   



146 

 

 

Fig. 4.3-5. DacA genetic interactions using IRB-Seq. (A) Validation of double 
mutation screening by comparison to previous LDC sensitivity screen. Each 
circle represents a gene’s score for LDC sensitivity from a previously conducted 
screen on LDCs in the single mutant library (x-axis) (Welkie et al., n.d.), 
compared to a similar screen conducted in the double mutant library containing 
the control mutation (y-axis). A linear regression analysis was used to determine 
correlation. (B and C) Plots of (B) genetic interactions and (C) LDC sensitized 
genetic interaction of library genes with dacA. Genes above horizontal line 
dashed line have FDR<.01 (Linear mixed-effects model). Genes with interaction 
scores greater than absolute value (B) 1 or (C) .5 are indicated by vertical 
dashed lines. All points with FDR<10-10 are plotted as FDR=10-10.  
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CHAPTER 5: Conclusion 

5.1 Discussion 

In this work we applied traditional genomics, biochemical assays, 

metabolomics, proteomics, and in silico modeling, and developed RB-TnSeq in S. 

elongatus to expand our understanding of two central unknowns in 

cyanobacterial biology. The first is the physiology of light-dark cycle (LDC) 

survival. In this area we identified the full set of genes that cause impair dark 

survival under LDCs when mutated. In addition, we delved in to the mechanism 

of LDC involvement for the circadian clock genes: kaiC, rpaA, and kaiA. Finally, 

we discovered the presence and activity of c-di-AMP in cyanobacteria, the 

cyclase responsible for its synthesis, and the signaling nucleotide’s role in LDC 

physiology.  

The second fundamental unknown in cyanobacterial biology that we have 

explored is the large number of genes without functional annotations. To address 

this gap we have used RB-TnSeq to conduct more than 200 quantitative whole-

genome mutant screens under approximately 50 experimental conditions. The 

data produced has allowed approximately ~40% of genes to be connected to 

phenotypes.  

Common themes in the four studies presented here allow us to identify 

overarching principles of LDC survival. Mutants sensitive to LDCs consistently 

show increased reactive oxygen species (ROS). In the LDC-sensitive mutants 

where we have quantified ROS, we find that values are 
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significantly higher than WT during the day, but cause death only upon the onset 

of darkness. These findings are supplemented by RB-TnSeq and metabolomics 

data which together suggest that increased ROS is caused by metabolic 

imbalance, which is likely not lethal during the day because of ample antioxidant 

in the form of NADPH produced by photosynthesis. However, at night upon the 

immediate cessation of NADPH-producing photosynthesis, but in the presence of 

the leftover ROS caused by it, mutants that are unable to properly scavenge 

ROS are no longer viable. One likely source of this metabolic imbalance that is 

common to many LDC-sensitive mutants is an inability to activate the oxidative 

pentose phosphate pathway, the sole source of NADPH at nighttime (Knoop et 

al., 2013; Waldbauer et al., 2012). Therefore, the studies contained in this 

dissertation implicate inability to clear ROS at nighttime as a key factor in LDC 

sensitivity. 

The RB-TnSeq approach to whole genome screens in S. elongatus was 

developed here with the original aim of contributing to LDC research. It has 

achieved this purpose, but also emerged as a powerful tool for broader functional 

annotation. From it we have measured the contributions to fitness of 96% of 

protein-coding genes, approximately half of noncoding RNAs (ncRNAs), and 

intergenic regions genome-wide. We have been able to contextualize these data 

by overlaying them on a genome-wide metabolic model. This comparison 

revealed members of the essential gene study that were surprising in their 

essential or non-essential nature. In the process we were able to improve the 

accuracy of the metabolic model by taking into account the RB-TnSeq in vivo 
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data. In addition, the hundreds of screens we have conducted on the library have 

allowed us to connect more than 40% of genes with experimental conditions in 

which they are important for survival, extending functional predictions. Thus, the 

RB-TnSeq approach has proven a powerful lens for viewing gene function in the 

light-driven lifestyle.  

 

5.2 Future Directions 
  
 From this work we have proposed a model of LDC physiology where in the 

management of oxidative stress at night largely through the oxidative pentose 

phosphate pathway is key to survival. The findings that suggest this mechanism, 

however, are largely indirect or correlation based. It will be important in future 

studies to determine the mechanism and casual nature of oxidative stress on 

LDC survival. This goal could be accomplished by artificially increasing 

antioxidant availability, and specifically NADPH, at night in LDC-sensitive 

mutants and assaying for suppression. This step along with more observational 

work into the aberrations in metabolism in LDC-sensitive mutants will lead to a 

more mechanistic understanding of the role of oxidative stress in LDC physiology. 

There is great potential for future applications of RB-TnSeq and IRB-Seq 

in S. elongatus. The most obvious is further whole-genome fitness screens. With 

the pipeline now in place for RB-TnSeq in S. elongatus, each whole-genome 

mutant screen now requires a PCR reaction and 1/50th of an Illumina HiSeq 4000 

lane. As a result, for any project in which the survival of loss-of-function mutants 

under a spectrum of experimental conditions would likely be revealing, the hurdle 
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for conducting a quantiative whole-genome mutant screen is extremely low. As 

an example, testing which non-essential mutations cause hypersensitivity or 

resistance to a panel of 50 grazers would be straightforward experimentally and 

cost less than $1000 in sequencing. Regardless of the condition, each new 

screen is valuable in itself because it provides new phenotype-to-genotype 

connections, which in turn provide the raw material for useful meta-analysis of 

genes across conditions (Price et al., 2016) 

If the phenotype of interest is not fitness, the library can still have utility. As 

shown in our screen for biofilm formers, when mutants that display the phenotype 

of interest can be separated from those that are not, RB-TnSeq can be used to 

discover contributing genes. While biofilms provide inherent methods for their 

separation, other phenotypes such as cell size or protein expression may be 

harder to assay using RB-TnSeq. However, separation techniques such as cell 

sorting may allow screens to be conducted with more complex phenotypes. In 

this case, characteristics distinguishable by fluorescence such as size and shape 

can be screened. In addition, having now shown that secondary mutations can 

be added to the library, it is feasible to cell sort based on expression using a 

reporter. In this way, screens may be conducted for a broad range of phenotypes 

beyond survival. 

Another use of Rb-TnSeq developed here is whole genome high-

throughput quantitative interaction screens (IRB-Seq). This approach enables the 

identification and quantification of alleviating or synthetic interactions with a 

mutant of interest on a genome-wide scale. IRB-Seq is considerably quicker and 
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less expensive than previous transposon sequencing-based methods of 

interaction screening (Dejesus et al., 2017). In addition, the value of IRB-Seq’s 

sensitivity and quantitative nature is clear for mutants, such as dacA, for which 

the phenotype is not strong. Finally, the high-throughput nature of the approach 

makes it feasible to test genetic interactions under many different conditions. The 

ability to inexpensively and easily discover the global network of interactions with 

a gene of interest, as well as the pathway information inherent to this data, has 

obvious value to many projects. Based on early interest in the experimental and 

computational pipeline developed here for IRB-Seq, we expect it to be valuable 

in our S. elongatus library and applied in other RB-TnSeq libraries.  

Data analysis is another area of RB-TnSeq where there is great potential 

for improvement. While we have mined RB-TnSeq for essential loci, conditionally 

important genes, and metabolic modeling, there are other valuable perspectives 

through which to view the data. Perhaps the most exciting of these is considering 

mutant fitness information beyond protein-coding genes. Conditional fitness for 

mutants in the hundreds of screens conducted is available genome-wide, but has 

only been analyzed for those genes that encode proteins. There is much more to 

the genome than these protein-coding genes. Consider that there are 

approximately 1,600 ncRNAs in the S. elongatus genome that are non-ribosomal 

and are not tRNAs (Vijayan et al., 2011).  Only three of these currently have 

functional annotations in the National Center for Biotechnology Information 

(NCBI). Connecting even a small portion of these ncRNAs to the conditions in 

which they are important for survival represents a massive step forward in 
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assigning meaning to this genetic material. The same analysis could also be 

done for un-annotated intergenic regions, which similarly represent complete 

unknowns. In this way, the library could be applied to the genomic regions 

between protein-coding genes to further illuminate functional knowledge gaps in 

the S. elongatus genome. 

Another valuable use of RB-TnSeq data is its overlay onto other whole-

genome datasets. This approach is taken here by using the essential-gene 

dataset to create an improved metabolic model in S. elongatus. However, there 

is now a repository of conditional data of hundreds of screens that could guide 

further improvement to metabolic models, as well as insights into the physiology 

of S. elongatus. As an example, a model built for the survival of S. elongatus in 

LDCs could be compared to the set of RB-TnSeq screens done in these 

conditions. This comparison would improve the accuracy of that model, which 

would in turn provide a better understanding of the essential metabolic functions 

for LDC survival. 

Moving beyond S. elongatus, there is likely to be great value in the 

development of RB-TnSeq libraries in other cyanobacteria and other 

photosynthetic organisms. Just as the first genome became much more useful 

because of the presence of a second, comparisons among species of the 

genotype-to-phenotype landscapes created by RB-TnSeq have already proven 

valuable (Price et al., 2016). One concrete outcome of having more 

photosynthetic RB-TnSeq libraries would be a better understanding of the core 

functionalities required for photosynthesis. Among other applications, these data 



159 

 

would be invaluable to de novo synthesis of a photosynthetic organism, just as 

similar datasets have provided the foundation for building a minimal heterotrophic 

organism (Hutchison et al., 2016). More generally, RB-TnSeq data across a 

diversity of photosynthetic organisms would allow processes that are currently 

understood only through model heterotrophic paradigms to be better adapted to 

the photosynthetic lifestyle. 
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