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Cyanobacterial biofilms are not only important as critical components of ecological 

habitats, but have applications in wastewater treatment systems, bioremediation efforts, 

and prevention of biofouling. Strains of the freshwater cyanobacterium Synechococcus 

elongatus were first isolated approximately 60 years ago, and PCC 7942 is well 
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established as a model for photosynthesis, circadian biology, and biotechnology 

research. PCC 7942 is planktonic in lab conditions, but studies of biofilming mutants 

support a model of constitutive repression of biofilms in PCC 7942. A recent 

environmental isolate of S. elongatus, UTEX 3055, shares 98.46% average nucleotide 

identity with PCC 7942, but has unique phenotypes of phototaxis and robust biofilm 

formation in laboratory conditions. This genetic similarity and the constitutive repression 

of biofilm formation suggests that lab strains of S. elongatus may be domesticated. An 

approach combining comparative genomics analysis with the use of random barcoded 

transposon sequencing (RB-TnSeq) library screens was used to find the genetic basis of 

biofilm and phototaxis phenotypes in S. elongatus. This work describes the sequencing 

and annotation of UTEX 3055 as well as the characterization of a novel phototaxis operon 

in the strain; a comprehensive genome comparison of S. elongatus strains that provides 

a pangenome annotation, a corrected sequence for the type strain PCC 6301, and 

identification of genes controlling pigmentation and phototaxis phenotypes; the creation 

of an RB-TnSeq library in UTEX 3055 that can be used in future fitness screening 

experiments; and an IRB-Seq experiment in PCC 7942 that provides genetic targets to 

expand the current model of biofilm formation in S. elongatus. 
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CHAPTER 1: Introduction 

 Biofilms are community structures enclosed in a matrix that are produced by 

bacterial consortia. The molecular basis of formation, persistence, and dispersal of 

biofilms has been extensively studied in single-species biofilms of heterotrophic bacteria 

because of their impact on human health (1, 2). A biofilm begins with the active or passive 

migration of cells to a surface (3–5), attachment with cellular appendages (3, 6) or 

adhesive proteins (7–9), and the formation of microcolonies. As these communities grow 

and mature, the cells are enveloped by an extracellular matrix that is composed of 

proteins, polysaccharides and extracellular DNA (10, 11). This matrix protects the cells 

from environmental stresses such as predators (12), antibiotics (13), and even UV light 

(14). In addition, the matrix can trap nutrients and communication signals (11). Dispersal 

of cells from the biofilm can be induced by diverse environmental cues and using a variety 

of mechanisms (1). Although there is an accepted model of a biofilm “life cycle”, multiple 

mechanisms regulate each stage of the cycle, even within the same species (15), and 

there is no consensus mechanism for biofilm formation. 

While heterotrophic biofilms have been extensively studied, there has been much 

less research focused on phototrophic biofilms (16). Cyanobacteria are important 

photosynthetic members of biofilm communities in diverse environments (17–19), but can 

pose human health risks through the release of toxins from harmful algal blooms (20). 

Cyanobacterial biofilms have potential applications in wastewater purification (21), 

bioremediation efforts (22), and in combating biofouling (23, 24). The majority of research 

in cyanobacterial biofilms focuses on describing their roles in environmental nutrient 

cycling (25) and biofouling (19), but much less research has been performed that 
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describes the mechanisms or genetics cyanobacterial biofilms at the level of detail 

available for heterotrophic species. Mechanistic research in biofilm formation and 

regulation in cyanobacteria has found some parallels with heterotrophic biofilms, such as 

the key signaling molecule cyclic di-GMP that controls the transition between the biofilm 

state and a free-living motile state in heterotrophic bacteria also controls biofilm formation 

in the cyanobacterium Synechocystis PCC 6803 (26). In PCC 6803 exopolysaccharides 

contribute to cell buoyancy and protection against environmental stresses, but their role 

in biofilm formation is less clear (27).  

Synechococcus elongatus PCC 7942 is a well-studied member of the 

cyanobacteria and has provided a foundation for research in photosynthesis and 

circadian rhythms in prokaryotes (28–30). Additionally, PCC 7942 is naturally 

transformable and has robust homologous recombination machinery (31, 32). This 

genetic tractability has made it an attractive and viable production platform for biofuels 

and other high-value chemicals (33). Under laboratory culturing conditions PCC 7942 

exhibits a persistent planktonic phenotype, even in the absence of agitation or bubbling, 

with no evidence of biofilm formation on the culture vessel. Schatz et al. subsequently 

identified and characterized a biofilming mutant of PCC 7942, T2SEΩ, in which the PilB 

homolog of the Type II secretion system/Type IV pili is inactivated (34). Studies using 

conditioned media show that the wild-type (WT) strain secretes an unknown repressor of 

biofilm formation that is not secreted from the T2SEΩ mutant, thus allowing biofilms to 

form. Additionally, small proteins with a double-glycine motif and their corresponding 

cysteine peptidase transporter support biofilm formation (35). The transcription of these 

genes is typically repressed in WT cells by the secretion of inhibitor(s), but is significantly 
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upregulated in the secretion mutant T2SEΩ. The authors, including members of our lab, 

concluded that S. elongatus naturally forms biofilms in a regulated manner, and predicted 

that an environmental isolate would exhibit biofilm formation. In collaboration with Jerry 

Brand’s lab at UT Austin, our lab obtained a novel strain of S. elongatus, UTEX 3055, 

from environmental sampling of Waller Creek in Austin, TX. In support of the hypothesis 

that domestication has abolished a number of phenotypes, this isolate is interesting 

because it is motile, displays phototaxis, and forms robust biofilms, all of which are 

phenotypes the lab adapted PCC 7942 strain does not display (36). I hypothesized that 

a comparative genomics analysis of PCC 7942 and UTEX 3055 could elucidate the 

genetic basis of the biofilm and phototaxis phenotype in S. elongatus because the high 

genetic similarity between the two strains narrows the focus for which genes and 

nucleotide differences between the two strains may contribute to these phenotypes.   

I undertook a comprehensive genome comparison among UTEX 3055 and the 

previously characterized S. elongatus isolates PCC 6301, PCC 6311, PCC 7942, PCC 

7943, and UTEX 2973 (“legacy strains”) to test the hypothesis that laboratory strains may 

have become domesticated, and that differences between the strains could be used to 

find genes related to biofilm formation and phototaxis. I used the isolation history of S. 

elongatus strains as the context for understanding the connection between their 

phenotypes and genotypes. The legacy strains of S. elongatus comprise the earliest 

isolations from freshwater sources in Texas, including the type strain PCC 6301 (37), and 

strains later isolated from freshwater near San Francisco, California, including PCC 7942 

(38). The strains characterized most recently include UTEX 2973, a recent re-isolation 

from a frozen archive of PCC 6301 (39) and UTEX 3055, isolated from Waller Creek, 
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Texas about 60 years after PCC 6301 was sampled from the same source (36). The first 

results of this analysis are sequence and annotation refinement through a re-sequencing 

of the type strain PCC 6301 and sequencing of PCC 6311 and PCC 7943, as well as the 

creation of a curated pangenome annotation for all S. elongatus strains. Examination of 

the genome differences at different scales revealed large genome regions that control 

pigmentation phenotypes, a putative operon of UTEX 3055 necessary for phototaxis, and 

patterns of SNPs in legacy strains that led to a re-evaluation of the relationships among 

strains, and an explanation of a perplexing SNP in a core circadian clock component, 

rpaA, that has previously caused confusion in the literature.  

In addition to comparative genomics, a randomly barcoded transposon insertion 

sequencing (RB-TnSeq) library in S. elongatus PCC 7942 is a powerful tool that can be 

used to connect phenotypes and genotypes. In an RB-TnSeq library, a transposon that 

carries an antibiotic-resistance cassette paired with a unique barcode is inserted 

randomly into the genome, potentially disrupting gene functions. A fully saturated and 

pooled library will have representative mutants for each non-essential gene or DNA 

region. Once next generation sequencing (NGS) identifies the location of each insertion 

and its associated barcode, the relative fitness of each mutant in the pooled library can 

be ascertained for any experimental condition relative to a control condition by quantifying 

the barcodes through NGS. RB-TnSeq enables large-scale, cost-effective mutant fitness 

screening (40). RB-TnSeq in PCC 7942 has been used to determine the essential gene 

set of the organism (41), screen for genes that affect survival in tens of conditions (42), 

and has improved the construction of a genome-scale metabolic model of PCC 7942 (43).  
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The constitutive repression of biofilm formation in PCC 7942 complicates the 

interpretation of RB-TnSeq library biofilm screening experiments. I instead took two 

alternative approaches that leverage the comparative analysis of UTEX 3055 and PCC 

7942 as well as the known pathway of biofilm regulation in PCC 7942. In the first 

approach, I created a complementary RB-TnSeq library in UTEX 3055 and compared the 

essential gene set analysis of this library with that of the PCC 7942 library. This UTEX 

3055 library will be used in future screening experiments to find genes related to biofilm 

formation and phototaxis. In the second approach, I used interaction RB-TnSeq (IRB-

Seq), a method that can determine the fitness effect of synthetic genetic interactions in 

specific environmental conditions. In IRB-Seq, a known mutation is introduced to the 

pooled library via transformation, and the resulting interaction library is subjected to an 

environmental perturbation.  

In this work, I have used comparative genomics and RB-TnSeq screens to 

examine the genetic differences between UTEX 3055 and PCC 7942 and find genes 

responsible for biofilm formation and phototaxis in S. elongatus. In Chapter 2, my 

coauthors and I characterize UTEX 3055 as a strain of S. elongatus that forms robust 

biofilms in laboratory conditions and contains a unique photoreceptor that controls both 

negative and positive phototaxis. In Chapter 3, I describe how the comparative analysis 

of UTEX 3055 with legacy strains of S. elongatus has led to refined genome data for all 

S. elongatus strains and the discovery of genes responsible for pigmentation and 

phototaxis phenotypes. In Chapter 4, I describe the creation of an RB-TnSeq library in 

UTEX 3055 and how it compares to the library of PCC 7942. In Chapter 5, I use an IRB-

Seq approach to expand the known model of biofilm regulation in PCC 7942. This work 
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illustrates how the comparison of two closely related strains with differing phenotypes can 

be leveraged to examine complex phenotypes. 
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CHAPTER 2: Phototaxis in a wild isolate of Synechococcus elongatus 
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CHAPTER 3: Comparative genomics of Synechococcus 

elongatus explains the phenotypic diversity of the strains 

 
3.1 Abstract 

 Strains of the freshwater cyanobacterium Synechococcus elongatus were first 

isolated approximately 60 years ago, and PCC 7942 is well established as a model for 

photosynthesis, circadian biology, and biotechnology research. The recent isolation of 

UTEX 3055 and subsequent discoveries in biofilm and phototaxis phenotypes suggest 

that lab strains of S. elongatus are highly domesticated. We performed a comprehensive 

genome comparison among the available genomes of S. elongatus and sequenced two 

additional laboratory strains to trace the loss of native phenotypes from the standard lab 

strains and determine the genetic basis of useful phenotypes. The genome comparison 

analysis provides a pangenome description of S. elongatus, as well as correction of 

extensive errors in the published sequence for the type strain PCC 6301. The comparison 

of gene sets and single nucleotide polymorphisms (SNPs) among strains clarifies strain 

isolation histories, and together with large-scale genome differences supports a 

hypothesis of laboratory domestication. Prophage genes in laboratory strains but not 

UTEX 3055 affect pigmentation, while unique genes in UTEX 3055 are necessary for 

phototaxis. The genomic differences identified in this study include previously reported 

SNPs that are in reality sequencing errors as well as SNPs and genome differences that 

have phenotypic consequences. One SNP in the circadian response regulator rpaA that 

has caused confusion is clarified here as belonging to an aberrant clone of PCC 7942, 
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used for the published genome sequence, that has confounded the interpretation of 

circadian fitness research. 

Importance. Synechococcus elongatus is a versatile and robust model 

cyanobacterium for photosynthetic metabolism and circadian biology research, with utility 

as a biological production platform. We compared the genomes of closely related S. 

elongatus strains to create a pangenome annotation to aid gene discovery for novel 

phenotypes. The comparative genomic analysis revealed the need for a new sequence 

of the species type strain PCC 6301 and includes two new sequences for S. elongatus 

strains PCC 6311 and PCC 7943. The genomic comparison revealed a pattern of early 

laboratory domestication of strains and clarifies the relationship between the strains PCC 

6301 and UTEX 2973, and showed that differences of large prophage regions, operons, 

and even single nucleotides have effects on phenotypes as wide-ranging as 

pigmentation, phototaxis, and circadian gene expression. 

3.2 Introduction 

Cyanobacteria are important on a global scale as widespread primary producers 

in environments as diverse as the world’s oceans, rivers, freshwater lakes, and deserts 

(1–3). In addition to their roles in natural environments, cyanobacteria have attracted 

interest for their use as biotechnology production platforms (4). Synechococcus elongatus 

PCC 7942 is a well-studied freshwater cyanobacterium long established as a 

cyanobacterial model organism used for research in prokaryotic photosynthesis and 

circadian rhythms as well as one of a few cyanobacterial model strains adopted for 

biotechnology purposes (5–7). Its model status accrues from its facile genetic 

manipulation based on natural transformability and robust homologous recombination 
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machinery (8), along with a small genome, planktonic growth habit, and formation of 

distinct colonies on plates. In addition to PCC 7942, there are four other strains of S. 

elongatus with nearly identical genomes that did not reach the same status due to either 

their loss of natural competence or historical quirks of fate (9). 

Recent discoveries raised the likelihood that lab strains of S. elongatus are highly 

domesticated. For example, under laboratory culturing conditions PCC 7942 exhibits a 

persistent suspended planktonic phenotype, even in the absence of agitation or bubbling, 

with no evidence of biofilm formation on the culture vessel. Schatz et al. identified and 

characterized a biofilming mutant of PCC 7942 (10). Studies using conditioned media 

showed that the wild-type (WT) lab strain secretes an unknown repressor of biofilm 

formation, supporting a model of constitutive repression of the biofilm genetic program in 

PCC 7942. This model, coupled with a 40-year history of lab-adaptation for the strain that 

may have favored planktonic growth, led to a hypothesis that an environmental isolate of 

S. elongatus would readily form biofilms.  

As a test of this hypothesis, S. elongatus UTEX 3055 was isolated from Waller 

Creek, TX, USA in 2014 and was found to share 98.5% nucleotide identity with PCC 7942. 

Although clearly the same species as PCC 7942, the genome of UTEX 3055 is notably 

distinct from that of PCC 7942. Moreover, UTEX 3055 forms biofilms in laboratory 

conditions and is phototactic, with an unusual photoreceptor that controls bidirectional 

phototaxis (11). Although PCC 7942 is not phototactic, genetic transplantation of the 

genes for the photoreceptor and other components of the phototaxis pathway from PCC 

7942 to UTEX 3055 showed that the photoreceptor genes of PCC 7942 are functional, 

and phototaxis may be an intrinsic property of PCC 7942 that was lost during laboratory 
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propagation (11). We hypothesized the loss of phenotypes like biofilm formation and 

phototaxis from the standard lab strains of S. elongatus through domestication during 

laboratory cultivation might be traceable using comparative genomics. 

  The isolation history of S. elongatus strains is the context for understanding the 

connection between their phenotypes and genotypes. The legacy strains of S. elongatus 

include the earliest isolations from freshwater sources in Texas (PCC 6301, alias UTEX 

625) and Southern California (PCC 6311) (12), and strains later isolated from freshwater 

near San Francisco, California (9). As the earliest isolate and entry in cyanobacterial 

culture collections, PCC 6301 became the type strain for S. elongatus. One of the San 

Francisco strains was found to be highly transformable and genetically very similar to 

another transformable strain of unknown isolation history in a collection in Russia (13) 

(14), and these strains were deposited in the collection of Pasteur Cultures of 

Cyanobacteria as PCC 7942 and PCC 7943, respectively. PCC 6311 and PCC 7943 were 

sequenced for this study. The last legacy strain, UTEX 2973, was isolated recently from 

a frozen archive of UTEX 625 (PCC 6301) (15). In 2015, UTEX 3055 was isolated from 

Waller Creek, Texas about 60 years after PCC 6301 was sampled from the same source 

(11). 

We undertook a comprehensive genome comparison among UTEX 3055 and the 

previously characterized S. elongatus isolates PCC 6301, PCC 6311, PCC 7942, PCC 

7943, and UTEX 2973, hereafter referred to as “legacy strains.” The first results of this 

analysis are sequence and annotation refinement through a re-sequencing of the type 

strain PCC 6301 and sequencing of PCC 6311 and PCC 7943, as well as the creation of 

a curated pangenome annotation for all S. elongatus strains. Examination of the genome 
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differences at successively narrowing scales reveals large genome regions that control 

pigmentation phenotypes, a putative operon of UTEX 3055 necessary for phototaxis, and 

patterns of SNPs in legacy strains that led to a re-evaluation of the relationships among 

PCC 6301, PCC 7942, and UTEX 2973, and an explanation of a perplexing SNP in rpaA, 

the master regulator output of the circadian clock, that has previously caused confusion 

in the literature.  

3.3 Results and Discussion 

A pangenome analysis approach refines genome sequences and 

annotations. A pangenome compilation strategy using whole genome alignments and 

ortholog comparisons was adopted to facilitate comparisons among S. elongatus strains, 

since some strains have DNA segments that are unique or absent relative to others. The 

pangenome of S. elongatus contains 3079 genes, with a shared core genome of 2632 

genes. There is high sequence conservation among core genome genes, and yet ~15% 

of the annotations varied among genomes (Table 3-S1). These annotation variations 

were adjusted using available published transcriptomics (16, 17), gene essentiality (18), 

and RNA-Seq (16) data for PCC 7942 to create a universal S. elongatus pangenome 

annotation (Fig. 3-S1). The pangenome annotation adjusts 178 gene annotations, 

removes pseudogenes and hypothetical annotations that lack transcriptional evidence, 

and adds non-coding RNAs with transcriptional and essentiality evidence in PCC 7942. 

The pangenome annotations and associated metadata are available as a supplementary 

file (Supplementary File 3-S1).  

The type strain PCC 6301 was one of the first cyanobacterial genomes sequenced, 

before the advent of next-generation sequencing (19). When the published sequence of 
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PCC 6301 is compared with the other legacy strains, there appear to be more than 1000 

SNPs and insertion-deletion events (indels) in PCC 6301 (15). However, close 

examination showed that many apparent SNPs in PCC 6301 result in frameshift or 

nonsense mutations in genes that are essential for viability in PCC 7942 (18). A sample 

of PCC 6301 archived cryogenically in 1988 in the Golden lab was re-sequenced and this 

updated sequence contains none of the previously observed SNPs in essential genes. 

This new sequence (Genbank: CP085785-CP085787) was used in the subsequent 

analyses in this paper, and is recommended for any future genomic comparison analysis 

that uses PCC 6301 as the type strain of S. elongatus. 

S. elongatus strains share an average nucleotide identity of 98.5%, and yet they 

have distinct phenotypes in natural competence, light tolerance, phototaxis, and biofilm 

formation (Fig. 3-1A and 1C). The legacy strains share an even higher average nucleotide 

identity of 99.9%, and yet previous genome comparison studies have found SNPs that 

contribute to the high-light tolerance phenotype of UTEX 2973 (20) and the loss of natural 

competence in PCC 6301 and UTEX 2973 (21). There are reports of transformation of 

PCC 6301 in the early literature (22–24) at the same time as reports of the superior 

transformability of PCC 7942 (25). PCC 6301 contains a SNP resulting in a frameshift 

mutation that inactivates the Type IV pilus component pilN necessary for transformation, 

a mutation shared with UTEX 2973 and PCC 6311. Considering the tens of genes 

required for natural competence in S. elongatus (21, 26), it is unsurprising that natural 

competence would be lost in laboratory strains that are not actively propagated for the 

trait, and that this difference in transformability paved the way for PCC 7942 to enter labs 

around the world as a genetically tractable cyanobacterial model. 
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S. elongatus forms a monophyletic group in the Synechococcus-Prochlorococcus 

clade, with the members of this species clustering separately from other Synechococcus 

species (Fig. 3-1B, 3-S2). Within this monophyletic group there are two groups of strains 

that have been published as S. elongatus: those strains isolated from California and 

Texas, and two Synechococcus spp. recently isolated from Powai Lake in India (27, 28). 

Although the Indian isolates were named S. elongatus in publication, they share a 

sequence identity of only ~83% with PCC 7942, well below the 95% threshold for species 

relatedness (29). These isolates broaden the phylogenetic branch of this unique group of 

freshwater Synechococcus but were not included in our analysis because of the narrow 

species-level focus of this study.  

Large-scale genome differences suggest a pattern of laboratory 

domestication. There are three types of large-scale genomic differences among S. 

elongatus strains: a chromosomal inversion region, plasmids, and prophage regions (Fig. 

3-2A). A known 188.6 kb inversion is present in PCC 7942 relative to the other strains 

(19, 25). The sequence of PCC 7943 also contains this inversion (Fig. 3-S3), occurring in 

the early N-terminal coding region of two porin genes, somB and somB2, before the 

predicted conserved porin-domain coding region. Both somB and somB2 contain HIP1 

(highly iterated palindrome) sequences ahead of the inversion. HIP1 sequences are 

hyper-abundant in cyanobacterial genomes and are implicated in site-specific 

recombination (30). The inversion does not have any known phenotypic effect, but does 

correlate with a close relationship between PCC 7942 and PCC 7943 that is consistent 

with the known history of the strains. 
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The legacy strains of S. elongatus carry a 46.3 kb plasmid (large, pANL), and a 

7.8 kb plasmid (small, pANS) that can be cured from the strains (31, 32) (Fig. 3-2B and 

3-2D). There is a long history of constructing cyanobacterial shuttle vectors from the 

backbone of pANS (33), including a self-replicating shuttle vector (34). The large legacy 

strain plasmid, pANL, has four regions characterized by functions in replication, signal 

transduction, plasmid maintenance, and sulfur metabolism (35). UTEX 3055 lacks both 

pANS and pANL, but has two plasmids not seen in the legacy strains, here named pMAS 

and pMAL. The large plasmid of UTEX 3055, pMAL, is 89.2 kb, and shares ~35 kb of 

homologous content with pANL of the legacy strains (Fig. 3-2B). The homologous regions 

of pANL and pMAL include a plasmid maintenance region and the sulfur metabolism 

cluster of pANL. The experimentally determined replication origin of pANL contains 149-

bp direct repeats and overlapping pairs of paralogous ORFs hypothesized to be the result 

of duplication or transposition events (35). A region homologous to the replication origin 

of pANL is found in UTEX 3055 pMAL, followed by a 49.5 kb region with 49 ORFs not 

homologous to pANL in gene clusters related to sulfonate and heavy-metal metabolism 

as well as a putative plasmid maintenance region. This expanded region of pMAL is 

flanked on either side by a duplicated pair of genes (UTEX3055_pgB029/B030; 

UTEX3055_pgB080/B081) homologous to a pair of genes in pANL 

(Synpcc7942_B2632/B2633) (Fig. 3-2B). The homology and synteny with pANL, 

duplicated genes flanking the expanded region, and the presence of plasmid 

maintenance genes within the expanded region point to a possible fusion of pANL and 

another plasmid as the origin of pMAL in UTEX 3055. Site-specific recombination 
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between plasmids at HIP1 sequences has been documented in Synechococcus (30), 

supporting this hypothesis. 

The small 24.4 kb plasmid of UTEX 3055, pMAS, contains a plasmid maintenance 

region, a putative signal-transduction region, and a Type I-C CRISPR-Cas system (36–

38) (Fig 2C) similar to that of Synechococcus sp. PCC 7002, including a similar direct 

repeat sequence in the CRISPR array (Table S2). The spacer sequences were used to 

search the NCBI nucleotide database and the UTEX 3055 genome for self-targeting 

spacers, with no significant matches. This outcome is not unexpected, as only a tiny 

fraction of spacers found in genomic CRISPR arrays can be matched confidently to a 

protospacer sequence (39). In the pMAS CRISPR-Cas system, Cas4 is fused with Cas1, 

a common arrangement in several Type I systems, but also contains Cas6, which is 

typically absent from Type I-C systems (37). The system may be under the transcriptional 

control of a WYL-domain containing protein gene directly upstream of the first gene of the 

system, as a similar transcriptional regulator in Synechocystis sp. PCC 6803 negatively 

regulates a CRISPR-Cas system in that strain (40).   

The legacy prophage controls pigmentation in PCC 7942. The two largest 

regions of difference between the legacy strains and UTEX 3055 are prophage regions 

(Fig. 3-1A). The legacy strains have a 49 kb insertion not present in UTEX 3055  that was 

previously described in PCC 7942 and PCC 6301 as encoding a 25 kb cryptic prophage 

with similarity to marine cyanosiphoviruses (41, 42). Further investigation of this insertion 

from 711,254 – 759,991 (Synpcc7942_0716 – Synpcc7942_0767) in PCC 7942 confirms 

a prediction made by Phage_Finder (43) that this insertion encodes a 49 kb prophage, 

which inserted into a tRNA-Leu gene (Synpcc7942_R0040/UTEX3055_pg0872) so that 
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the prophage is flanked by phage attachment (attL/attR) sites composed of an exact 

duplication of the last 60 bp of the tRNA-Leu gene. This prophage is completely missing 

from UTEX 3055, which has a different 89 kb prophage inserted in tRNA-Gly 

(Synpcc7942_R0032/UTEX3055_pg0587) (Fig. 3-1A). Similar to the prophage found in 

legacy strains, the UTEX 3055 prophage was identified through predicted phage genes 

and flanking duplicate att sites. Completely dissimilar to that of the legacy strains, the 

UTEX 3055 prophage is most similar to the freshwater cyanophage S-EIV1 (44). 

We recognized in the literature a strain of PCC 7942 described by Watanabe et al. 

to be lacking a ~50 kb region covering the majority of the prophage region as a potential 

prophage excision strain (45). After obtaining this strain from the Yoshikawa lab, named 

Δ50kb in this work, we verified through PCR and Sanger sequencing that this strain lacks 

the prophage and possesses only one copy of the att site, as would be expected if the 

prophage excised or had never integrated into this strain. Given the presence of the 

complete prophage in the other legacy strains, we hypothesized that the prophage may 

not be cryptic and could excise from the genome. The prophage in the legacy strains 

encodes a putative Cro/C1-type lytic-lysogenic switch between two divergent operons 

that each encodes putative DNA-binding proteins (Fig. 3-S4). According to published 

transcriptomic and proteomic data, the lysogenic control operon beginning with 

Synpcc7942_0764 is actively transcribed and translated under standard laboratory 

conditions, while the lytic activation operon that includes Synpcc7942_0766, encoding a 

putative DNA damage inducible antirepressor, is not (16, 46). Because efforts to induce 

phage excision through DNA damaging treatments including UV irradiation, mitomycin C, 

and metal toxicity were not successful, we tested the ability of the prophage to excise 
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through overexpression of Synpcc7942_0766 regulated by a theophylline-inducible 

riboswitch [49]. Ectopic induction of Synpcc7942_0766 overexpression resulted in cell 

lysis after three days, while theophylline-treated WT PCC 7942 cultures and uninduced 

cultures continued to grow (Fig. 3-3A and 3-3B). A PCR amplification strategy to detect 

excision and circularization of the phage genome showed circularized phage genomes 

and prophage-excised chromosomes following induction of Synpcc7942_0766 (Fig. 3-

3C).  Although examination of lysed cultures did not reveal phage particles nor did the 

lysate enable subsequent rounds of infection in WT PCC 7942, the capacity of the 

prophage to excise suggests that it is not completely cryptic, though it may require 

environmental conditions not yet tested in the laboratory (47) or a helper phage for 

mobilization (48). Prophages often undergo “domestication” by the host genome, losing 

structural or lytic components while retaining those that are beneficial to the host (49, 50). 

An example of this type of domestication in the laboratory is exemplified by the deletion 

of the second att site in the prophage region of UTEX 2973 (Fig. 3-S3) that would 

preclude excision of the prophage from this strain. 

Although the Yoshikawa lab reported no impact of the lack of the prophage on the 

growth of ∆50kb as compared to WT PCC 7942, we observed that ∆50kb displays a 

darker appearance upon long-term growth under high light on solid media. Because 

resequencing of the ∆50kb strain demonstrated that it possesses five SNPs in addition to 

the phage deletion, we created a clean deletion of the prophage region in our laboratory’s 

WT PCC 7942. This strain, designated D1K3, has the same dark pigmentation phenotype 

as Δ50kb (Fig. 3-4A and 3-4B), which time-course data indicate is due to the lack of 

chlorosis that is otherwise observed as decreasing concentrations of phycocyanin and 
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chlorophyll in WT PCC 7942 (Fig. 3-4A). UTEX 3055, which does not contain the 

prophage region of the legacy strains, also has a dark pigmentation phenotype like Δ50kb 

and D1K3 (Fig. 3-4B). We hypothesized that the legacy strain prophage encodes genes 

that regulate the concentration of the photosystem pigments of S. elongatus.  

Regions of the prophage with functional similarity and transcriptional orientation 

were identified and deleted region by region and tested for pigmentation phenotype. 

Deletion of section 7 (S7), which contains genes encoding a lysozyme and DNA-binding 

proteins, resulted in the dark pigmentation phenotype of the phageless strains (Fig. 3-

4B). Integration of an S7 amplicon into neutral site I of the S. elongatus chromosome 

(NS1) resulted in the recovery of the chlorosis phenotype in both the D1K3 phageless 

strain and the S7 deletion strain, indicating that one or more of the genes present in this 

region of the prophage is necessary for this phenotype. Genes within S7 were then 

individually deleted and analyzed, revealing that only deletion of either of the co-

transcribed Synpcc7942_0759 or Synpcc7942_0760 genes resulted in a dark 

pigmentation strain (Fig. 3-4C). Synpcc7942_0759 and Synpcc7942_0760 respectively 

encode a hypothetical protein and a putative restriction endonuclease with high 

transcription levels under normal laboratory conditions (16). As observed with the S7 

complementation, neutral site integration of the Synpcc7942_0759-0760 operon under 

control of its native promoter recovered the WT light pigmentation phenotype, though an 

analogous addition of only Synpcc7942_0759 failed to complement the dark phenotype 

(Fig. 3-4B). Attempts to generate a vector that expresses only Synpcc7942_0760 were 

consistently unsuccessful, and may be due to expression of the putative restriction 

endonuclease selecting against clones in Escherichia coli. Nonetheless, these data 
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demonstrate that either Synpcc7942_0760 alone or in combination with 

Synpcc7942_0759 regulates the concentration of the photosystem pigments, likely 

through the degradation of the light-harvesting phycobilisomes and the photosystem 

complexes. Degradation of phycobilisomes and the subsequent bleaching of cells is 

mediated in PCC 7942 in response to nutrient limitation (51) by non-bleaching protein A 

(NblA). Some marine and freshwater cyanophages carry nblA genes, presumably 

favoring the metabolic needs of the phage during a lytic infection (52–54). 

Synpcc7942_0759 and Synpcc7942_0760 may represent a similar phage strategy of 

dismantling light harvesting complexes through a pathway independent of a phage-

encoded nblA.  

Unique genes in UTEX 3055 are necessary for phototaxis and support a 

domestication hypothesis for legacy strains. A gene set enrichment analysis (GSEA) 

of the set of genes in UTEX 3055 that lack homologs in the legacy strains indicates the 

genome of UTEX 3055 is enriched in mobilome (mobile genetic elements), defense-

mechanism, motility, and cell-cycle COG category genes (Fig. 3-S5, Table 3-S3). Many 

genes in the defense mechanism COG category are toxin-antitoxin systems (TAS), which 

are associated with phage inhibition (55) as well as exposure to diverse environmental 

stresses (56) where they may be beneficial as stress-response elements for bacteria 

living in varying environments (57). UTEX 3055, as a new environmental isolate, has a 

more recent history of environmental stress than legacy strains that have been cultivated 

in controlled laboratory environments for decades. UTEX 3055 has 9 novel TAS not found 

in the legacy strains, and shares 8 of the 11 TAS found in legacy strains. In four of the 

shared TAS, UTEX 3055 has a deletion or frameshift mutation in the toxin gene of the 
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TAS (Table S4), suggesting that these TAS are in the process of being lost. Prokaryotic 

genomes are shaped by the flux of gene addition via horizontal gene transfer and gene 

loss, which is a more common mechanism (58). The stasis of TAS in legacy strains 

compared to the addition and loss of TAS in UTEX 3055 is an indication of how the forces 

of laboratory domestication do not always lead to loss, as in the case of the prophage 

attR site in UTEX 2973, but can instead stabilize some types of genome elements. 

The enrichment of motility genes in the unique gene set of UTEX 3055 is not 

unexpected, considering its phototactic phenotype. The enrichment in cell cycle genes in 

UTEX 3055 largely reflects the plasmid maintenance genes of the two plasmids, but 

further investigation of hypothetical genes listed in this category found two genes, 

UTEX3055_pg2477/pg2478, that are homologous to an operon of Synechocystis sp. 

PCC 6803 necessary for optimal motility and photosystem function (59). In PCC 6803, 

their gene products may interact with pilus assembly proteins like the Type II transport 

protein GspH. UTEX 3055 has a homolog of GspH (UTEX3055_pg2265) encoded within 

a four-gene operon (UTEX3055_pg2263-pg2266) that is included in the motility category 

of the enriched unique gene set. This region nestles within a putative operon for 

synthesizing nucleotide sugars (60), and contains a homolog of gspH and hypothetical 

genes in motility and extracellular structure COG categories. A protein homology search 

with Phyre2 (61) predicts that each of the four genes in this cluster encodes similarity to 

pilin or adhesin domains.  

In the course of screening a transposon insertion mutant library of UTEX 3055 for 

phototaxis mutants, we isolated a non-phototactic mutant with an insertion in 

UTEX3055_pg2266. Because all four genes in the region were hypothesized to have 
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motility functions, the entire region was investigated. We first deleted and replaced the 

region with a kanamycin resistance cassette through homologous recombination with a 

mutagenic shuttle vector, and, as expected, this deletion mutant is no longer phototactic 

(Fig. 3-5). Four complementation vectors for introduction into a genome neutral site (Fig. 

3-5) were created to test which of the genes is necessary to restore phototaxis to the 

deletion mutant. Only addition of the complete novel region restored phototaxis to the 

deletion mutant (Fig. 3-5). This suggests that all four genes in the region are necessary 

for phototaxis in UTEX 3055. The addition of this novel four-gene region in the same 

neutral genome site of PCC 7942 did not confer phototaxis in PCC 7942 (Fig. 3-5). In 

addition to previous findings that PCC 7942 contains a functional photoreceptor and 

phototaxis operon that is necessary for phototaxis in UTEX 3055 (11), there are likely 

additional genes necessary for phototaxis in S. elongatus yet to be discovered, and a 

combination of genes and operons is responsible for the phototaxis phenotype of UTEX 

3055. 

SNPs in the pangenome of S. elongatus contextualize strain histories and 

phenotypes. The pangenome analysis revealed more than 40,000 SNPs and ~350 

indels among the homologous regions of all S. elongatus strains (Supplemental File S2), 

but only 20% of those SNPs result in amino acid sequence changes in proteins. A GSEA 

analysis of the homologous regions of the pangenome with high sequence conservation 

between UTEX 3055 and the legacy strains was used to assess what gene categories 

are fundamental to the fitness of S. elongatus in either environmental or laboratory growth 

conditions. Homologs with 100% nucleotide sequence conservation are enriched in 

circadian machinery genes (Fig. 3-S6) while homologs with 95% amino acid conservation 
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are enriched in type IV pili machinery, transcription machinery, and energy-production 

genes (Fig. 3-S7). These enriched categories are in addition to an enrichment of genes 

that are conserved across all cyanobacteria and genes that are known essential genes in 

PCC 7942, underscoring the importance of the circadian and natural competence to S. 

elongatus, two traits that have made the strain such an attractive model organism. 

The standardized laboratory culturing conditions that facilitate reproducibility in 

experiments also present a suite of selective pressures, perhaps unintended, that may 

shape the genome of S. elongatus, and we hypothesized that examination of the 

differences among legacy strains could provide insight into these selective pressures. We 

compared the sequence of a currently propagated culture of PCC 7942 in our lab, a 

revived culture cryogenically archived in our lab in 1988, our resequence of PCC 6301, 

recent resequencing data available for PCC 7942 and PCC 6301 archived at the 

Freshwater Algae Culture Collection at the Institute of Hydrobiology, Wuhan, China (62), 

the sequences of PCC 6311 and PCC 7943 that are presented in this work, and the 

previously published genomes of PCC 7942 (NC_007604) and UTEX 2973 

(NZ_CP006471) (Table S5). In contrast to the tens of thousands of SNPs present 

between UTEX 3055 and these strains, there are only 120 SNPs and other differences 

among all available legacy-strain genome data (Table S6). The pattern of shared SNPs 

across legacy strains correlates with the known isolation and archival history of the 

strains, with the “Texas” strains isolated from Waller Creek (PCC 6301, UTEX 2973, 

UTEX 3055) sharing many of the same SNPs (Fig. 3-6), and clarifies a confusing 

conclusion about the relationship of UTEX 2973 to PCC 6301 and PCC 7942 (15). 

Synechococcus UTEX 2973 was isolated from an archived sample of UTEX 625 (alias 
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PCC 6301), and was introduced in the literature with a genomic comparison to PCC 6301 

and PCC 7942. Yu et al. found ~1600 SNPs and indels between UTEX 2973 and PCC 

6301 but only 55 nucleotide differences with PCC 7942 and concluded that UTEX 2973 

is more closely related to PCC 7942 than to PCC 6301, acknowledging that the finding 

was unexpected considering the history of the strains. Our resequencing of PCC 6301 as 

well as previously published resequencing of the small plasmid of PCC 7942 pANS (alias 

pUH24) (34) shows that the majority of these reported SNPs were unfortunate 

sequencing errors. The comparative genome analysis with updated sequence information 

indicates a greater similarity between UTEX 2973 and PCC 6301 that agrees with the 

strains’ common isolation and cultivation history.  

The UTEX 2973 alleles of three genes, ATP synthase subunit alpha atpA, NAD+ 

kinase ppnK, and the master regulator output of the circadian clock rpaA, have been 

reported to contribute to the fast-growth (or high-light tolerant) phenotype of UTEX 2973 

(20). Of these alleles, atpA and ppnK are the common allele among S. elongatus strains 

with PCC 7942 as the sole outlier, and Ungerer et al. hypothesize that PCC 7942 has 

adapted to a low-light lifestyle with these mutations. When the UTEX 2973 sequence of 

rpaA is compared to the published sequence of PCC 7942, there are three differences: 

an 8 bp deletion in the region upstream of the gene and R121Q and K134E substitutions 

in the encoded protein. Resequencing of our lab strain PCC 7942 consistently finds four 

SNPs relative to the published PCC 7942 genome (Table S5), one of which is the same 

R121Q substitution in RpaA reported in UTEX 2973. However, we have found that the 

WT allele encodes RpaA-R121 in all cyanobacterial strains, and the RpaA-Q121-

encoding allele in the published genome of PCC 7942 is present only in the clone used 
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for sequencing. The expectation that the RpaA-Q121-encoding allele is the WT 

confounded the interpretation of Ungerer et al. on the contribution of the UTEX 2973 allele 

of RpaA to the fast-growth phenotype, and has also caused confusion in previous work 

in our lab on the genetic network of the circadian clock of S. elongatus. 

One SNP in the circadian response regulator rpaA results in an arrhythmic 

phenotype. Cyanobacteria are currently the only prokaryotic system with a molecularly 

described circadian clock, and PCC 7942 is the premier model organism for its study. In 

cyanobacteria, rhythmic phosphorylation and dephosphorylation of KaiC, a component of 

the circadian core oscillator, regulates global patterns of gene expression through 

phosphorylation of the clock output response regulator RpaA. Previously in our lab, a 

mutant strain of PCC 7942 that lacks rhythmic clock-controlled gene expression was 

isolated from a transposon mutagenesis screen (63), and the Tn5 insertion was mapped 

to a putative open reading frame 358 bp upstream of rpaA named crm (64). This insertion 

in crm did not phenocopy an rpaA-null mutant and had no impact on rpaA transcript or 

protein accumulation, but KaiC abundance and rhythmic phosphorylation were 

diminished. These results suggested that the crm1 mutation had no cis-regulatory impact 

on rpaA, and instead perturbed clock-controlled gene expression through an unknown 

mechanism (64). However, we recently discovered that the phenotypes ascribed to crm 

derive from an unusual allele of rpaA (65). 

In an effort to understand the role of crm in clock-controlled gene expression, the 

crm1 insertion allele was reconstructed in a WT background using the mutagenesis 

cosmid from the original transposon-mutagenesis screen. Of six randomly selected crm1 

clones, three showed WT rhythms of circadian gene expression and three showed the 
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expected arrhythmic phenotype (Fig. 3-6A). Sequencing of rpaA from these clones 

showed that the arrhythmic subpopulation contained the RpaA-Q121 allele matching the 

published genome of PCC 7942. The rhythmic subpopulation contained the apparent 

mutant allele RpaA-R121; however, BLAST results of one hundred cyanobacterial RpaA 

homologs show universal conservation of arginine at this position (Fig. 3-6B) and WT 

PCC 7942 strains resequenced in our lab also encode the conserved arginine residue. 

The conservation of the RpaA-R121 allele among cyanobacteria and the arrhythmic 

phenotype of RpaA-121Q show that RpaA-R121 is the true WT allele of PCC 7942. 

From this evidence, we discovered that the single colony of PCC 7942 from our 

lab that was sequenced by JGI and and published in Genbank, and also used to construct 

a uni-gene set (UGS) mutant library (63), carried the arrhythmic RpaA-Q121 allele. The 

UGS cosmid containing the crm1 transposon insertion also carries the complete coding 

sequence of rpaA-Q121, and so mutants constructed using this cosmid may encode 

either the arrhythmic RpaA-Q121 or the WT RpaA-R121, depending on where crossovers 

occur during homologous recombination (Fig. 3-S8). This variable resulted in the two 

subpopulations observed when reconstructing crm1 mutants, and explains the arrhythmic 

phenotype of the original crm1 mutant. The rpaA-Q121 allele was not recognized in the 

original crm1 study because of apparent complementation of the arrhythmic crm1 (i.e. 

RpaA-Q121) phenotype to rhythmicity attributed to ectopic expression of full-length crm 

(64). Follow up experiments indicated that the RpaA-Q121 (crm1) mutant was poorly 

transformable, and selection for a transformant during complementation also selected for 

reversion that restored RpaA function. The sequence of the crm/crm1 complemented 

strain revealed a second-site suppressor mutation in rpaA, RpaA-L4-Q121. 
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The phenotypic relationship between the RpaA-Q121 arrhythmic and RpaA-L4 

suppressor mutations was confirmed by reconstructing rpaA mutation combinations via 

CRISPR/Cas12a engineering (65). In addition to its role as the transcriptional response 

regulator of the circadian clock, RpaA plays a critical role in redox management, and 

rpaA-null mutants become inviable in darkness (66). The RpaA-Q121 mutant strain is 

arrhythmic and sensitive to light-dark (LD) cycles, but RpaA-L4 has WT rhythms and LD 

survival (Fig. 3-7C and 3-7D). The combination of the two substitutions, RpaA-L4-Q121, 

restored rhythms and improved LD tolerance, confirming the RpaA-L4 mutation as a 

suppressor of the arrhythmic phenotype of RpaA-Q121. In vitro studies of the circadian 

oscillator show that as RpaA is rhythmically phosphorylated and dephosphorylated in its 

role as the output of the circadian clock, it rhythmically binds to DNA. The RpaA-Q121 

mutant binds DNA poorly despite having a WT phosphorylation pattern; the Q121 

substitution prevents the phosphorylated sensor domain of the protein from regulating the 

DNA-binding domain (65). It is possible that the RpaA-L4-Q121 suppressor mutant 

restores rhythmic gene expression patterns by restoring the ability of the sensor domain 

to regulate the DNA-binding domain, subsequently restoring rhythmic gene expression 

and LD tolerance. 

We propose that in the previous crm1 study, repeated exposure to LD transition 

events and selection for transformation as part of complementation tests provided a 

selection for the RpaA-L4-Q121 suppressor mutant. We leveraged the LD sensitivity of 

RpaA-Q121 in a selection strategy to search for more suppressors in search of new genes 

associated with the circadian system. The rpaA-Q121 mutation was introduced into a 

PCC 7942 containing a reporter of circadian gene expression, and diluted cultures were 
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plated and grown in LD cycles. Colonies that emerged from the LD selection were then 

screened for rhythmic gene expression. Ten mutants that showed both LD tolerance and 

improved rhythmic gene expression were chosen for whole genome sequencing (Fig. 3-

S9A and 3-S9B). Of them, one mutant contained a second-site SNP mutation in the 

promoter region of rpaA, and the eight mutants had second-site mutations in either clpX 

or labA (Fig. 3-S10, Table 3-S6), genes that have been shown previously to have roles 

that are not well understood in the mechanism of the circadian clock. LabA is required for 

negative feedback regulation of the core oscillator component KaiC and has been shown 

to modulate rpaA function (67). RpaA directly regulates clpX expression, and the protein 

degradation action of the ClpXP protease fine-tunes the circadian clock (68). The tenth 

mutant from the LD selection was sequenced but did not actually have improved rhythmic 

gene expression. This arrhythmic but LD tolerant mutant had a second-site mutation in 

leucyl peptidase, part of the pathway that recycles glutathione, an important antioxidant 

that helps maintain the redox balance in cyanobacteria (69). This suppressor screen did 

not find additional genes in the circadian clock network but reinforced the roles of 

components that fine-tune the clock mechanism, especially as it relates to maintaining 

the redox balance of the cell.   

The results of this screen may also help explain some SNPs in PCC 7942 and 

UTEX 2973. In addition to the RpaA-Q121 allele, the published sequence of PCC 7942 

contains a SNP in the long-chain-fatty-acid CoA ligase gene (aas), which plays a critical 

role in fatty acid recycling (70–72), resulting in the allele aas-L295. Like the mutation in 

rpaA, Aas-L95 is present only in the published sequence of PCC 7942; other 

cyanobacterial homologs encode a proline residue at that position. We propose that Aas-
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L295 is also a second-site repressor of RpaAQ121. Fatty acid accumulation is seen in 

rpaA null mutants of PCC 7942 (66), possibly as a result of redox crisis; the Aas-L295 

mutation may mitigate the effects of this accumulation. In UTEX 2973, there are two 

unique differences in RpaA that have not been fully investigated, due to the erroneous 

expectation of RpaA-Q121 as the WT allele: a deletion 107 bp upstream of the start codon 

of rpaA, and a K134E substitution. These differences are similar to the -30 rpaA G>A 

suppressor of RpaA-Q121 pair of mutations resulting from the suppressor screen and 

may represent an inactivating mutant of RpaA with its suppressor mutation. 

3.4 Conclusions 

This work paves the way for improved future genomic analysis in S. elongatus by 

correcting the PCC 6301 genome sequence and bringing it closer to the sequences of 

the legacy strains, specifically to UTEX 2793 that is presumably derived from it. It also 

explains the genetic basis of the crm1 arrhythmic mutant of PCC 7942, previously 

attributed to an ORF upstream of rpaA, but in fact deriving from an allele that is neither 

WT nor a sequencing error, but deriving from a rare mutant clone used for the published 

reference sequence for PCC 7942. 

The comparative genomics analysis identified specific loci that explain a difference 

in pigmentation and phototaxis phenotypes between UTEX 3055 and the legacy strains. 

The patterns of shared and unique SNPs and genes between UTEX 3055 and the legacy 

strains are compatible with a domestication hypothesis; the repeated passage of 

laboratory cultures by pipetting or pouring would favor planktonic cells that do not form 

biofilms, and may have led to an early selection among the legacy strains resulting in a 

planktonic phenotype. In the absence of biofilms, there would be no selection for 
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phototaxis, a phenotype also missing from legacy strains. These patterns of differences 

will aid the future discovery of additional genes responsible for the phenotypic differences 

between strains. For example, the model strain PCC 7942 has been actively curated for 

its facile genetic manipulation in the lab, and has highly efficient transformation; in direct 

comparison experiments testing, UTEX 3055 is ~100X less efficient (unpublished data) 

than PCC 7942. One suspected difference in UTEX 3055 that may be responsible for this 

reduced transformation efficiency is its CRISPR-Cas system not present in the legacy 

strains, and further investigation of this system could lead to more efficient genetic 

manipulation of UTEX 3055 in the lab. Another pattern of difference between UTEX 3055 

and the legacy strains is an enrichment in unique motility COG category genes, including 

genes related to exopolysaccharide synthesis. This enrichment is consistent with the 

biofilming and phototactic phenotype of UTEX 3055, and investigation of this gene set 

may reveal the genetic basis of biofilm formation and phototaxis in S. elongatus. 

3.5 Materials and Methods 

Whole genome alignment and pangenome annotation analysis. The following 

genomes of S. elongatus PCC 7942 [NC_007604; NC_007595; KT751091], PCC 6301 

[NC_006576 (previous);], PCC 6311[], PCC 7943[], UTEX 2973 [CP006471-3], UTEX 

3055 [NZ_CP033061-3] were used for whole-genome alignment. Chromosomes and 

plasmids were separately aligned using Mauve (73), and the alignment was manually 

inspected and adjusted using the Mauve plugin in Geneious Prime 2020.1.2 

(https://geneious.com). SNPs, gap locations, and ortholog groups were exported from 

Mauve and further analyzed with a custom R script, and are available in Supplemental 

File S2. Core and pangenome elements were determined using full genome alignment 
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and ortholog analysis. Hypothetical proteins in regions of interest were examined further 

using PSI-BLAST (74) searches for homologs and Phyre2 to search for homologous 

protein domain architectures (61). Ortholog assignments from Mauve were further refined 

using Pfam and COG category analysis in eggNOG-mapper (75, 76). These ortholog 

assignments were checked against homology groups created through reciprocal 

nucleotide BLAST search using Vespa (77). Homology groups were translated and 

realigned using MAFFT (78) in Geneious Prime, and the percent identical residues for the 

nucleotide and amino acid alignments were reported. Annotations were adjusted using 

annotation consensus agreement, RNA-seq data (16, 17)], and PCC 7942 essentiality 

data (18) using custom R scripts. Gene metadata, including previously used locus tags, 

the pangenome annotations, and gene categorical information such as: known biofilm 

genes from previous S. elongatus PCC 7942 biofilm publications (79–83), pili genes 

described by Taton, et al. (26), essentiality and conservation data from Rubin, et al.(18), 

and functional categories from Pfam and COG category analysis were amassed for all 

genes in the S. elongatus pangenome and are provided in Supplemental File S1. 

Average Nucleotide Identity, Average Amino Acid Identity, and phylogenetic 

tree analysis. Average nucleotide identity (ANI) and average amino acid identity (AAI) of 

whole genomes was obtained using online tools (http://enve-omics.ce.gatech.edu/) (84, 

85). A phylogenetic tree was built using 29 conserved housekeeping genes previously 

defined for bacterial multilocus sequence analysis (MLSA) (86). In addition to the six S. 

elongatus strains, 32 additional cyanobacteria were used to build the tree; Prochlorothrix 

hollandica PCC 9006 was used as the outgroup. Each of the 29-gene sets was aligned 

using the MAFFT (78) algorithm in Geneious and trimmed using trimAl version 1.2 (87) 
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using the “automated1” option optimized for maximum-likelihood tree construction. The 

resulting trimmed, aligned files were concatenated and processed using FastTree version 

2.1.11 (88) in Geneious. The tree was visualized with FigTree version 1.4.4.  

Bacterial Strains and Growth Conditions. The strains used in this study are 

described in Table. S. elongatus PCC 7942 and UTEX 3055 and their derivative strains 

were grown in BG-11 medium (89)  as liquid cultures with continuous shaking (125 rpm) 

or on agar plates (40 ml, 1.5% agarose) at 30°C under continuous illumination of 100-150 

μmol photons m−2 s−1 from fluorescent cool white bulbs. Culture media for recombinant 

cyanobacterial strains were supplemented as needed with 2 μg ml−1 spectinomycin (Sp) 

plus 2 μg ml−1 streptomycin (Sm), 2 μg ml−1 gentamycin (Gm), 7.5 µg ml−1 

chloramphenicol (Cm), and 5 µg ml−1 kanamycin (Km). S. elongatus PCC 6301, PCC 

6311 and PCC 7943 were grown at the Pasteur Culture Collection (PCC) at 6 µmol photon 

m-2 s-1 at 25°C in liquid BG11 medium. PCC 6301 was revived from a 1988 frozen archive 

in the Susan Golden lab. PCC 6311 and PCC 7943 were used from alive and axenic 

cultures at the PCC.  

Full Genome Sequencing. In preparation for full-genome sequencing S. 

elongatus PCC 6301, PCC 6311 and PCC 7943 cultures were centrifuged and the cell 

pellets rinsed twice with sterile water and then freeze-dried and lyophilized prior to DNA 

extraction. For PCC 6301, genomic DNA was extracted with the NucleoBond Genomic 

DNA purification kit (Macherey-Nagel) as previously used for various pure cyanobacteria 

(90). For PCC 6301 sequencing a DNA library was prepared using the NextFlex PCR-

free DNA sequencing kit (Bioo Scientific, USA) following the manufacturer's 

recommendations. The library was sequenced on HiSeq 2000 platform (Illumina, San 
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Diego, CA, USA) in paired-end reads of 101 bases. Sequence files were generated using 

Illumina Analysis Pipeline version 1.8 (CASAVA; Illumina). After quality filtering with 

Institut Pasteur-in-house bioinformatic tools, 25,191,450 reads were analyzed using 

clc_assembly_cell 4.4.0 and CLC Genomics Workbench 7.5.1 (CLC Bio, Qiagen); 

20,073,488 paired reads were mapped on the genome sequence of the strain PCC 6301 

with clc_assembly_cell 4.4.0 with an average coverage of 917x. The two plasmid 

sequences were assembled using Genomics Workbench 7.5.1. For PCC 6311 and PCC 

7943 the Illumina sequencing service at GATC (GATC Biotech SARL, Mulhouse) was 

used to generate genome sequences for PCC 6311 (10 scaffolds) and PCC 7943 (9 

scaffolds). The genome scaffolds were further assembled into complete chromosome and 

plasmid sequences using full genome alignment comparison to PCC 7942 in Mauve. The 

PCC 6301 sequence is deposited in Genbank under accession numbers CP085785-

CP085787. The PCC 6311 (ID: SUB10542407) and PCC 7943 (ID:SUB10542407) 

sequences are deposited in Genbank (pending accessions). 

Gene set enrichment analysis. Categorical meta-data available from multiple 

sources for PCC 7942 was curated for all genes in the pangenome, such as: essentiality 

and conservation data (18), pili and competence genes (26), and known biofilm genes 

(10, 79–82), along with the functional categories (COGs) determined in the pangenome 

analysis. Gene sets of interest in the pangenome were identified, and significant 

enrichments in meta-data categories for these gene sets were determined using custom 

R scripts. Briefly, enrichment values were determined using two-sided Fisher’s exact 

tests, with FDR-adjusted p-values ≤ 0.05 being designated as significant. Fold enrichment 

(F) was calculated as the number of genes in the pangenome interest group that are also 
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in the meta-data category (Ngc) divided by the number of genes expected in the group 

and category (Egc). This expected number was calculated by multiplying the number of 

total genes in the pangenome interest group (Ng) by the frequency of all genes in the 

genome that are found in the meta-data category (fc), which was determined as the 

number of genes in the category (Nc) divided by the number of genes in the genome (N).  

F = Ngc/Egc; Egc = Ng * fc; fc = Nc/N 

Construction of knockout and complementation strains. Recombinant strains 

of S. elongatus were constructed by natural transformation using standard protocols (91). 

Excepting RpaA point mutations, cyanobacterial mutants were generated by transforming 

with knockout vectors engineered with the CYANO-VECTOR assembly system (92) or 

transposon insertion vectors from the PCC 7942 Unigene set (UGS) library (63, 93). To 

generate D1K3 a multistep approach was used: the prophage was first tagged at neutral 

site 3 (NS3), located within the prophage, with a counter-screenable antibiotic-resistance 

cassette (SpSm) and a counter-selectable marker, sacB, which results in cell death in the 

presence of sucrose. This tagged strain was then transformed with a prophage deletion 

vector and selected on plates containing sucrose. Complementation and riboswitch 

expression strains were constructed by expressing gene(s) ectopically in S. elongatus 

chromosomal neutral sites: NS1 and NS2 (42, 91). Complete segregation of the mutant 

loci was PCR verified. Unless described otherwise, plasmids were constructed using the 

GeneArt Seamless Cloning and Assembly Kit (Life Technologies) and propagated in 

Escherichia coli DH5α or DB3.1 with appropriate antibiotics. E. coli strains were grown at 

37 °C in lysogeny broth (LB, Lennox) liquid culture or on agar plates, supplemented as 

needed with: 100 µg mL−1 ampicillin (Ap), 20 μg mL−1 Sp plus 20 μg mL−1 Sm, 15 μg mL−1 
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Gm, 17 µg mL−1 Cm, and 50 µg mL−1 Km. The plasmids used in this study are described 

in Table 

Phage Lysis and Pigmentation Assays. Strains were grown in liquid with 

continuous shaking as previously described to OD750 of approximately 0.8-0.95. Strains 

were induced with 2 mM theophylline (200 mM stock dissolved in 100% DMSO) or 1% 

DMSO as a control. For three days following induction, OD750 was measured daily and 

colony PCR was used to determine excision of phage genome. Primers used are in Table 

3-S7. For pigmentation assays, strains were grown in liquid BG-11 for 3 - 4 days to an 

OD750 of approximately 0.5, and 4-μL samples of culture were spotted on BG-11 agar and 

grown at 30 °C under continuous illumination of 300 μmol photons m−2 s−1 for 30 days. 

Strains were spotted on the plates in grids to facilitate visual comparison of pairs of 

strains. For measurement of chlorophyll and phycocyanin content, spots were scraped 

and resuspended in 200 μL of BG-11. Samples were measured using a Tecan plate 

reader at OD625 for phycocyanin and OD675 for chlorophyll, and normalized for cell density 

by dividing by OD750. In cases where resuspensions were too dense to accurately 

measure, resuspensions were diluted 1:1 or 1:2 with BG-11, as necessary, and then 

measured again. 

UTEX 3055 Mutant Library Screening. A small Tn5 mutant library in S. elongatus 

UTEX 3055 was constructed in a similar manner as previously described for PCC 7942 

(18). Briefly, UTEX 3055 was grown in liquid culture as previously described until it 

reached OD750=0.5. A diaminopimelic acid (DAP) auxotrophic E. coli donor strain carrying 

a library of barcoded Tn5 elements (pKMW7) (94) was grown in LB broth with 60 μg/mL 

DAP and 50 μg/mL kanamycin to an OD600=1.0. Both E. coli and S. elongatus cells were 
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washed twice and resuspended in BG-11 supplemented with 5% LB at a 1:1 donor 

cell:recipient cell ratio and spotted on BG-11 w/ 5% LB agar plates with 60 μg/mL DAP. 

The conjugation reaction was performed for 12 h under 40 μmol photons·m−2 ·s−1 of 

illumination and then resuspended in BG-11 and plated onto BG-11 Km agar plates for 

selection of exconjugants. After 10 d of growth under 100–140 μmol photons·m−2 ·s−1, 

colonies were patched onto BG-11 Km agar plates. To screen for phototaxis mutants, 

strains were struck onto BG-11 medium with 10 mM sodium thiosulfate solidified with 

0.3% agarose (wt/vol) and the plates were placed in a dark box with one side opening 

toward a fluorescent light and phototactic movement was assessed after 3 days. Strains 

were screened twice and confirmation of the phototaxis phenotype was performed on 2-

μL samples of culture adjusted to OD750= 0.6–1.0 spotted at specific positions on the 

surface of agarose plates and grown as described to assess phototaxis. The insertion 

location of the transposon in mutant selected strains was determined by colony PCR with 

arbitrary primers (Table 3-S7) and Sanger sequencing. 

Construction of RpaA mutant strains. Introduction of point mutations into the S. 

elongatus chromosome was accomplished using a previously described CRISPR-editing 

approach (95). Briefly, the pSL2680 (KmR) plasmid used for CRISPR-Cas12a (formerly 

Cpf1) editing was purchased from Addgene (Plasmid #85581). Forward and reverse 

primers upstream and downstream of the desired mutation were annealed together and 

ligated into AarI-cut pSL2680 to serve as the gRNA template. The resulting construct was 

purified and digested with KpnI to facilitate insertion of the homology directed repair 

(HDR) template. The HDR template was generated by amplifying overlapping upstream 

and downstream fragments containing the desired point mutations. The upstream and 
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downstream HDR fragments were assembled into KpnI-cut pSL2680+gRNA using the 

GeneArt Seamless Assembly Kit (Thermo Fisher Scientific). The plasmids used in this 

study are described in Table 3-S7. 

Editing plasmids were electroporated into E. coli DH10B containing helper plasmid 

pRL623 and conjugal plasmid pRL443 (92). The resulting strain was grown overnight in 

LB medium containing antibiotics, washed 3x with fresh LB, and mixed in a 1:2 ratio with 

an S. elongatus reporter-strain aliquot. The cell mixture was plated onto BG-11 agar with 

added LB (5% vol/vol), incubated under 100 µmol m-2 s-1 light for 36 h, then underlaid 

with Km (10 µg/ml final concentration) to select for S. elongatus cells that contain the 

editing plasmid. Colonies that emerged after 6-8 days were passaged three times on BG-

11 agar containing Km to allow editing to occur. Successful editing of chromosomal rpaA 

was verified by sequencing. Plasmids were cured from the edited strains by inoculating 

cells into non-selective BG-11 medium, growing the culture to OD750 = 0.6, then dilution 

plating on non-selective BG-11 plates. Fifty colonies were picked and replica patched to 

selective (Km) and non-selective medium to identify and isolate clones that had lost the 

editing plasmid. 

Suppressor screens and circadian bioluminescence monitoring. A flask of 

DEC45 (rpaA-Q121) was grown to OD750 ~0.8, diluted 1:100 and plated (100 ul per 

plate) across ten BG-11 agar plates. Plates were grown in LD 12:12 (200 uE) for 7-10 

days. 384/~600 colonies that emerged from the LD selection were inoculated into 200 ul 

of BG-11 media in 96 well plates. Bioluminescence was monitored using a PkaiBC::luc 

firefly luciferase fusion reporter inserted into a neutral site of the S. elongatus 

chromosome as previously described (96). Strains to be monitored were grown in liquid 



 75 

culture to OD750 = 0.4- 0.7, diluted to OD750 = 0.2, and added as 20 µL aliquots to 280 

µL of BG-11 agar containing 3.5 mM firefly luciferin arrayed in 96-well plates. Plates were 

covered with a gas-permeable seal and cells were entrained under 12-h light-dark cycles 

(80 µmol m-2 s -1 light) to synchronize clock phases. After 48 h of entrainment, cells were 

released into continuous light (30 µmol m-2 s -1) and bioluminescence was monitored 

every 2 h using a Tecan Infinite Pro M200 Bioluminescence Plate Reader. Data were 

collected and plotted using GraphPad Prism 8, with each plot representing the average 

of six biological replicates. Data were analyzed for rhythmicity using the JTK_CYCLE 

method provided by BioDare 2 (97, 98) (https://biodare2.ed.ac.uk). LD tolerant 

suppressors displaying periodic bioluminescence production were scaled-up in flasks for 

follow-up studies and WGS.  
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Figure 3-1:  S. elongatus genotype and phenotype comparison. The legacy strains and UTEX 3055 
share (A) high Average Nucleotide Identity (ANI) percentage and (B) cluster in a monophyletic group 
separately from other Prochlorococcus and Synechococcus species (see expanded phylogenetic tree in 
(Fig. 3-S2), and (C) have unique combinations of phenotypes (grey checkmark represents presumed 
circadian rhythms in UTEX 2973; the strain has never been explicitly tested for rhythmic gene expression). 
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Figure 3-2: Comparative genome alignments. (A) Alignment of PCC 7942 (representing legacy strains) 
and UTEX 3055 chromosomes showing gaps, inversions, and regions of high variability illustrated by SNP 
density per 1000 bp. (B) Alignment of UTEX 3055 pMAL and pANL of legacy strains; repeated regions of 
homology and plasmid maintenance genes are highlighted. Gene maps of the small plasmids UTEX 3055 
pMAS (C) and legacy strain pNAS (D). 
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Figure 3-3: Activation of a phage lysis switch in PCC 7942. Activation of a theophylline riboswitch driving 
overexpression of Synpcc7942_0766 induces a loss of culture density (A) and visible lysis (B) by day 3 
post-induction. (C) Excision and circularization of the prophage genome following theophylline induction 
was observed through whole-cell PCR using primer sets with annealing sites just within and without the 
prophage region. Cell lysis in induced cultures resulted in faint PCR bands from day 3 samples. 
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Figure 3-4: Prophage genes control pigmentation in PCC 7942. Prophage genes control pigmentation 
in PCC 7942. A) Absorbance readings of spot cultures show that PCC 7942 loses phycocyanin and 
chlorophyll pigments over time compared to the phageless strain D1K3 (average and standard deviation of 
n=10). B) Loss of either Synpcc7942_0759 or _0760 in Section 7 of the prophage leads to a dark 
pigmentation phenotype similar to the phageless strain. C) Expression of both _0759 and _0760 together 
but not _0759 alone in the phageless strain led to WT light pigmentation. 
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Figure 3-5: A unique operon in UTEX 3055 is necessary for phototaxis. Replacement of 
UTEX3055_pg2263-pg2266 with a kanamycin resistance cassette (aphI) leads to a loss of phototaxis. Site 
of Tn5 insertion in the initial phototaxis mutant is marked by *. Complementation with the full four-gene 
operon restores phototaxis. Introduction of UTEX3055_pg2263-2266 is not sufficient to restore a phototaxis 
phenotype to PCC 7942.  
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Table 3-1: SNPs in legacy strains that result in mutations (see Supplementary File 2 for all SNPs and 
indels); SNPs shared among genomes are in green, SNPs in only one strain are yellow. Two SNPs of the 
published PCC 7942 sequence (in bold) result in a mutant allele (rpaA) and a likely suppressor mutation 
(aas).  

Position 
in PCC 
7942 

PCC 7942 Locus Mutation 

PC
C

 7
94

2 

A
M

C
06

 

FA
C

H
B

-8
05

 

FA
C

H
B

-1
06

1 

PC
C

 7
94

2 

PC
C

 6
31

1 

PC
C

 6
30

1 

FA
C

H
B

-2
42

 

U
TE

X 
29

73
 

U
TE

X 
30

55
 

42617 Synpcc7942_0044 G375S g g g g a g g g g g 
49830 Synpcc7942_0049 D52A t t t t t g g g g g 
70982 Synpcc7942_0071 A53V g g g g a g g g g g 
92940 Synpcc7942_0095 E134K c c c c c c c c t c 
92978 Synpcc7942_0095 Q121R t c c c c c c c c c 
233519 Synpcc7942_0238 L269W a a a a a a c a a a 
256284 Synpcc7942_0260 R718C g g g g g a g g g g 
331632 Synpcc7942_0336 C252Y g g g g a a a a a a 
441400 Synpcc7942_0452 L110* a a a a a t t t t t 
649893 Synpcc7942_0654 L39F c c c c c a a a a a 
727190 Synpcc7942_0731 V573I g g g g a g g g g 
753965 Synpcc7942_0760 M1V g g g g g g a g g 
809461 Synpcc7942_0815 G33C g g t g g g g g g g 
810725 Synpcc7942_0816 A501V g g g g a g g g g g 
835019 Synpcc7942_0840 A152V g g g g a g g g g g 
866096 Synpcc7942_0863 R24G g g g a g g g g g g 
893344 Synpcc7942_0886 V80G a a a a a c a a a a 
899800 Synpcc7942_0890 S1018L c c c c c t t t t c 
910005 Synpcc7942_0901 P62S c c c c t c c c c c 
924301 Synpcc7942_0918 G369R g g g g g c g g g g 
924725 Synpcc7942_0918 G75R g g g g g g c g g g 
924962 Synpcc7942_0918 L295P t c c c c c c c c c 
925183 Synpcc7942_0918 P216R c c c c c g g g g g 
925952 Synpcc7942_0918 T625I c t c c c c c c c c 
1015419 Synpcc7942_1003 G329V g g g g g t t t t g 
1060729 Synpcc7942_1047 A138S g g t g g g g g g g 
1062907 Synpcc7942_1050 G184A g g c g g g g g g g 
1067226 Synpcc7942_1056 I174S t t g t t t t t t t 
1163361 Synpcc7942_1139 R292L c c a c c c c c c c 
1192976 Synpcc7942_1159 +9nt +9nt
1320845 Synpcc7942_1295 S305I g t g g g g g g g g 
1352729 Synpcc7942_1323 P261S c c c c t c c c c c 
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Table 3-1 (cont.) SNPs in legacy strains that result in mutations 

Position 
in PCC 
7942 

PCC 7942 Locus Mutation 

PC
C

 7
94

2 

A
M

C
06

 

FA
C

H
B

-8
05

 

FA
C

H
B

-1
06

1 

PC
C

 7
94

2 

PC
C

 6
31

1 

PC
C

 6
30

1 

FA
C

H
B

-2
42

 

U
TE

X 
29

73
 

U
TE

X 
30

55
 

1446920 Synpcc7942_1397 E259G a a a a g g a a a 
1446924 Synpcc7942_1397 G260E g g g g a a g g g 
1446927 Synpcc7942_1397 G260E g g g g a a g g g 
1446928 Synpcc7942_1397 G263E c c c c a a c c c 
1446932 Synpcc7942_1397 G263E g g g g a a g g g 
1446934 Synpcc7942_1397 G270S g g g g a a g g g 
1446936 Synpcc7942_1397 G270S g g g g a a g g g 
1446937 Synpcc7942_1397 L279F c c c c t t c c c 
1446956 Synpcc7942_1397 R262G c c c c g g c c c 
1446972 Synpcc7942_1397 R262G t t t t c c t t t 
1446983 Synpcc7942_1397 V258F g g g g t t g g g 
1451380 Synpcc7942_1400 D333N c c c c t c c c c c 
1458762 Synpcc7942_1407 A236P g g g g g g c g g g 
1515569 Synpcc7942_1463 L67F g g g g g c c g c c 
1574776 Synpcc7942_1522 P350S c c c c c c t c c c 
1574861 Synpcc7942_1522 Q378P a a a a a a a c c a 
1614143 Synpcc7942_1557 R85H c c t c c c c c c c 
1782040 Synpcc7942_1713 A242T g g g g a g g g g g 
1801352 Synpcc7942_1729 P169S c c c c t c c c c c 
1833994 Synpcc7942_1766 W12C c c a c c c c c c c 
2001411 Synpcc7942_1925 G58D c c c c t c c c c c 
2026361 Synpcc7942_1954 H488R t t t t c c c c c 
2026943 Synpcc7942_1954 V294A a a a g a g g g g g 
2041501 Synpcc7942_1971 G242R c c c c c c c c g c 
2041732 Synpcc7942_1971 V165F c c c c c c c c a c 
2071861 Synpcc7942_2002 W176* g g g g g g g a g g 
2150741 Synpcc7942_2073 R71L g g g g t g g g g g 
2151115 Synpcc7942_2073 S196G a a a a g g g g g g 
2373132 Synpcc7942_2304 E260D g g g g g c c c c c 
2436301 Synpcc7942_2369 A421S g t g g g g g g g g 
2440583 Synpcc7942_2373 G264V c t c c c c c c c c 
2530540 Synpcc7942_2452 Q113* g g g g g a a a a a 



 84 

Table 3-1 (cont.) SNPs in legacy strains that result in mutations 

Position 
in PCC 
7942 

PCC 7942 Locus Mutation 

PC
C

 7
94

2 

A
M

C
06

 

FA
C

H
B

-8
05

 

FA
C

H
B

-1
06

1 

PC
C

 7
94

2 

PC
C

 6
31

1 

PC
C

 6
30

1 

FA
C

H
B

-2
42

 

U
TE

X 
29

73
 

U
TE

X 
30

55
 

2555105 Synpcc7942_2473 R35C c c c c c c c t t c 
2564830 Synpcc7942_2483 S84* g g t g g g g g g g 
2607826 Synpcc7942_2526 V100F g g g g g g t g g g 

2653430 Synpcc7942_2574 H225D g g g g g g g c c g 
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Figure 3-6: A single SNP in rpaA causes arrhythmic gene expression and light-dark sensitivity. A) 
Reconstruction of the crm1 mutant leads to arrhythmic and rhythmic populations due to the presence or 
absence of the RpaA-Q121 allele, respectively. B) The conserved amino acid at position 121 of RpaA in 
cyanobacteria is arginine. An RpaA-L4-Q121 suppressor mutation restores (C) LD fitness and (D) rhythmic 
gene expression. Dilution series of strains were grown in constant light (LL) or in 12 hour light/dark cycles 
(12:12LD) for 48 hours to assess LD fitness.  Bioluminescence from strains carrying a PkaiBC-luc reporter at 
NS2 was recorded as an assay for circadian rhythms of gene expression. LL, constant light after 
entrainment in a 12-h light:12-h dark cycle. 
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Table 3-S1: Comparison of Pangenome and NCBI Prokaryotic Genome Annotation Pipeline (PGAP) 
annotations. The Pangenome annotation adds annotations previously missing from legacy strain 
annotations and adjusts pseudo gene annotations to complete open reading frames. The attR sites of 
prophages are annotated as tRNA genes in the PGAP annotations of PCC 7942 and UTEX 3055 and are 
removed in the pangenome annotation. NCBI PGAP annotations accessed April 2021.  

PCC 7942 UTEX 2973 UTEX 3055 
NCBI 
PGAP PanGenome 

NCBI 
PGAP PanGenome 

NCBI 
PGAP PanGenome 

Genes 2758 2730 2702 2715 2807 2832 
Protein 
Coding 2703 2662 2645 2657 2739 2773 
tRNA 45 44 44 44 46 45 
rRNA 6 6 6 6 6 6 
ncRNA 4 11 1 1 1 
other RNA 4 4 4 4 
Pseudo 7 0 6 0 12 5 
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Figure 3-S1: Pangenome annotation adjustments. The annotation of murZ (PCC7942_pg0745) was 
adjusted in the pangenome using RNASeq/transcriptome (16) and gene essentiality (18) data. The NCBI 
PGAP annotation (Synpcc7942_0715) has an annotated start after the transcript start observed in the 
RNASeq data (top graph in blue). Essentiality data for PCC 7942 indicates the region between the observed 
transcript start site and the PGAP annotation start is essential (blue hash box; red lines indicate Tn5 
insertions in the essentiality library of PCC 7942). The pangenome annotation was adjusted to the start 
codon present at the transcript and essentiality region start.  
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Figure 3-S2: Expanded phylogenetic tree of S. elongatus strains. Phylogenetic tree of S. elongatus 
strains with representative species from the Prochlorococcus and Synechococcus clade.  
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Figure 3-S3: Alignment of all S.elongatus chromosomes. Alignment representation of all UTEX 3055 
and legacy strain chromosomes showing gaps, inversions, and regions of high variability in UTEX 3055 
illustrated by SNP density per 1000 bp. The outer solid ring represents the chromosome alignment of UTEX 
3055, the inner solid rings in progression to the center are chromosome alignments of PCC 7942, PCC 
7943, PCC 6301, PCC 6311 and UTEX 2973. 
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Table 3-S2: S. elongatus UTEX 3055 CRISPR spacer sequences. Direct repeat sequence of the CRISPR 
array and nucleotide position and sequence of spacers in UTEX 3055 pMAS. 

Direct Repeat: GTGTAATTACCCTTGATGCCATTAGGCGTTGATCAC 
Position Spacer 

11101 TTACCGGGTCAAGGTTTGGCGCTGGTGGATTTCCA 
11172 AGAGACATCTGGGAAGAGAACGGCTGGGACAAAAAAT 
11245 GAGAGAGACTTGCTAGAGATTGCAGATAATCTCTA 
11316 AGAGGCGGGCCACCAGGGAGGCCAGGAAGGTTAGGG 
11388 GCATTCAAGCTAGGAAAAGGCCCCCGCGTCTCAG 
11458 CTCAAGACTTGGGCAGTGGATATCGGTGGCCTTTC 
11529 GCAAACACAGGCCGTGGCCCTCGCGTGACAGTCCAGT 
11603 ACTCAACTTCTCAGTCAAACCCCTACTTTATAGGA 
11673 GGGAAGATGACATCGACATTGACGAGTTTGTCAGCC 
11745 GAACCCCTAGGACTGCGGTTTAAGCTTCTCAAGTCTC 
11818 TTCCAGGCGGTTTGTGCGGCAAGACCGGTGAGAT 
11888 TAGCCCTGCATCAGTTCCTCACCCGCAGCTAGGCC 
11959 TTATAGAAATGGTAGGCAAATCCTGCCCAAGCTAA 
12030 ACTCTCAAGACACGAGGGCCTCCTTATGGAGTTGCT 
12102 TTGTTGGGGTCTTTGGGCTTGTGCAGCCCGATCGT 
12173 ACGGAATCGCAACTATTCGGTACTAATCGCCGGTG 
12244 CCCCAGAAAAGAACACAGGGGGTCGCTCTCCCTCTG 
12316 CGCTCAATACCGGCTGCGGTTTGCGGGAAAAACTCAC 
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Figure 3-S4: Lytic-lysogenic switch region in PCC 7942 prophage. PCC 7942 contains a putative 
Cro/C1-type lytic/lysogenic switch operon at the right side of the prophage region. The lytic repressor region 
is actively transcribed in WT PCC 7942 as seen in RNASeq data (top graph). 
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Table 3-S4: Toxin-Antitoxin Systems (TAS) in S. elongatus. Toxin components are underlined and 
orphan genes italicized. Toxin components with alterations in UTEX 3055 are highlighted. 

Pangenome 
ID 

Description Found in 

24 hypothetical protein UTEX 3055 
25 hypothetical protein UTEX 3055 
37 DUF86 domain-containing protein Legacy Strains 
38 nucleotidyltransferase family protein Legacy Strains 
52 putative transcriptional regulator UTEX 3055 
53 BrnT family toxin UTEX 3055 

135 SMI1-KNR4 cell-wall UTEX 3055 
202 DUF4435 domain-containing protein Legacy Strains 
203 AAA family ATPase Legacy Strains 
300 nucleotidyl transferase All 
301 DUF86 domain-containing protein All 
332 addiction module component All 

333 type II toxin-antitoxin system RelE/ParE family toxin All 
441 hypothetical protein All 

442 
Ribonuclease toxin, BrnT, of type II toxin-antitoxin 
system All 

533 hypothetical protein All 
571 hypothetical protein UTEX 3055 

572 Uncharacterized conserved protein, DUF433 family UTEX 3055 
1024 Protein of unknown function DUF2281 UTEX 3055 

1025 
PIN domain nuclease, a component of toxin-
antitoxin system PIN domain UTEX 3055 

1073 addiction module toxin HicA family Legacy Strains 
1074 type II toxin-antitoxin system HicB family antitoxin All 
1443 PIN domain-containing protein All 
1444 prevent-host-death family protein All 
1447 toxin YoeB All 
1448 antitoxin YefM All 
1454 tRNAfMet-specific endonuclease VapC All 
1987 hypothetical protein UTEX 3055 

1988 
Uncharacterized conserved protein, contains 
HEPNdomain UTEX 3055 

2436 Type II toxin-antitoxin system HicA family toxin All 
2443 prevent-host-death family protein UTEX 3055 

2444 
toxin-antitoxin system, toxin component, Txe/YoeB 
family UTEX 3055 

2656 addiction module antidote protein, HigA family All 
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Table 3-S4 (cont.): Toxin-Antitoxin Systems (TAS) in S. elongatus. 
Pangenome 

ID 
Description Found in 

2731 hypothetical protein UTEX 3055 
2973 hypothetical protein All 
2974 type II toxin-antitoxin system VapC family toxin All 
2995 BrnT family toxin All 
2996 conserved hypothetical protein All 

3023 type II toxin-antitoxin system RelE/ParE family toxin UTEX 3055 
3024 DNA-binding transcriptional regulator UTEX 3055 
3045 BrnT family toxin UTEX 3055 
3046 BrnA antitoxin family protein UTEX 3055 
3062 BrnT family toxin Legacy Strains 
3063 hypothetical protein Legacy Strains 

3079 
type II toxin-antitoxin system PemK/MazF family 
toxin Legacy Strains 

3082 HEPN domain-containing protein UTEX 3055 
3083 nucleotidyltransferase domain-containing protein UTEX 3055 
3094 type II toxin-antitoxin system VapC family toxin UTEX 3055 
3100 DUF433 domain-containing protein UTEX 3055 

3102 
type II toxin-antitoxin system PemK/MazF family 
toxin  UTEX 3055 
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Table 3-S5: Isolation and sequencing history of S. elongatus strains. The table shows the documented 
year of isolation, year the strain entered a culture collection, and the year the sequence was published in 
GenBank. Versions of the same strain in different culture collections are highlighted. Strain designators for 
culture collections: PCC = Pasteur Culture Collection, Paris, France; FACHB = Freshwater Algae Culture 
Collection at the Institute for Hydrobiology, Wuhan, China; AMC = Golden Lab Strain Collection; UTEX = 
Culture Collection of Algae at the University of Texas at Austin, USA. 
*The sequence of AMC06 has not been submitted to GenBank, see Table 3-1 and Supplementary File 3-
2 for differences between PCC 7942 and AMC06.
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Figure 3-S8: Schematic of homologous recombination events in crm mutant construction. 
Homologous recombination events of the WT PCC 7942 chromosome with the UGS crm:Tn5 disruption 
cosmid can produce either rhythmic mutants with the crm:Tn5 insertion or arrhythmic mutants that also 
include rpaAG362A.  
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Figure 3-S9: Suppressor screen mutants of RpaA-121Q. The arrhythmic PCC 7942 RpaA-R121Q 
CRISPR/Cpf1 edited strain DEC45 was selected for suppressors that restore LD survival (B), and strains 
that emerged from this selection were screened for restoration of the rhythmic phenotype. Dilution series 
of strains were grown in constant light (LL) or in 12 hour light/dark cycles (12:12LD) for 48 hours to assess 
LD fitness.  Bioluminescence from strains carrying a PkaiBC-luc reporter at NS2 was recorded as an assay for 
circadian rhythms of gene expression. LL, constant light after entrainment in a 12-h light:12-h dark cycle. 
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Table 3-S6: Description of second-site mutations in suppressor mutants of RpaA-Q121. 
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Table 3-S7: Strains, plasmids, and primer sequences used Chapter 3. 

Strain Genotype Source 
AMC06 WT S. elongatus PCC 7942 Lab collection 
AMC18 WT S. elongatus PCC 6301 Lab collection 
AMC2388 WT S. elongatus UTEX 3055 Lab collection 
AMC2370 AMC06 / NS1-riboB-Synpcc7942_0765 This work 
AMC2372 AMC06 / NS1-riboF-Synpcc7942_0765 This work 
AMC2366 AMC06 / NS1-riboB-Synpcc7942_0766 This work 
AMC2368 AMC06 / NS1-riboF-Synpcc7942_0766 This work 
AMC2142 PCC 7942 with a 50kb deletion of the prophage (45) 
AMC2301 (D1K3) AMC06 / Δprophage::Km  This work 
AMC2343 AMC06 / ΔDs7::Km This work 
Synpcc7942_0756:Tn5 Tn5 21-F10 in AMC06 This work 
AMC2399 AMC06 / ΔSynpcc7942_0757::Km This work 
AMC2412 AMC06 / ΔSynpcc7942_0759::Km This work 
AMC2410 AMC06 /ΔSynpcc7942_0760::Km This work 
AMC2344 AMC06 / ΔSynpcc7942_0761::Km This work 
AMC2346 AMC06 / ΔSynpcc7942_0762::Km This work 
D1K3 + Ds7  D1K3 / NS1-PconII::Ds7 This work 
D1K3 +0759-0760 D1K3 / NS1-PconII::0759-0760 This work 
UTEX3055_pg2266:Tn
5 pKMW7 Tn5 in UTEX3055_pg2266 This work 
ΔnPT AMC2388 / ΔUTEX3055_pg2263-2266::Km This work 
ΔnPT + pg_2266 ΔnPT / NS1-Ptrc::UTEX3055_pg2266 This work 
ΔnPT + pg_2265-6 ΔnPT / NS1-Ptrc::UTEX3055_pg2265-2266 This work 
ΔnPT + pg_2264-6 ΔnPT / NS1-Ptrc::UTEX3055_pg2264-2266 This work 
ΔnPT + pg_2263-6 ΔnPT / NS1-Ptrc::UTEX3055_pg2263-2266 This work 
AMC541 AMC06 / NS2-PkaiBC::luc  Lab collection 
AMC704 AMC541 / ΔkaiC Lab collection 
ΔrpaA rpaA::Gm / NSII-PkaiBC::luc (65) 
AMC2609 rpaA(G362->A) / NS1I-PkaiBC::luc (65) 
AMC2610 rpaA(G11->T) / NS1I-PkaiBC::luc This work 
AMC2611 rpaA(G11->T; G362->A) / NS1I-PkaiBC::luc This work 
AM5643 CRISPR edited rpaA(G362->A; R121Q) This work 
AM5644 CRISPR edited rpaA(G11->T; R4L) This work 

AM5652 CRISPR edited rpaA(G362->A & G11->T; R4L & R121Q) This work 

AM4523 
Deletion construct containing rpaA::Gm flanked by S. 
elongatus gDNA This work 
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Table 3-S7 (cont.): Strains, plasmids, and primer sequences used Chapter 3. 
Plasmid Description Source 

pAM5206 riboB-Synpcc7942_0765 expressed from NS1 This work 
pAM5207 riboF-Synpcc7942_0765 expressed from NS1 This work 
pAM5198 riboB-Synpcc7942_0766 expressed from NS1 This work 
pAM5199 riboF-Synpcc7942_0766 expressed from NS1 This work 

pAM4998 Deletion vector to replace PCC 7942 prophage with Km This work 

pAM5013 
Tagging vector to add sucrose sensitivity to NS3 within PCC 
7942 prophage This work 

pAM5113 Deletion vector to replace Ds7 with Km This work 

pAM5194 Deletion vector to replace Synpcc7942_0757 with Km This work 

pAM5195 Deletion vector to replace Synpcc7942_0759 with Km This work 

pAM5196 Deletion vector to replace Synpcc7942_0760 with Km This work 

pAM5124 Deletion vector to replace Synpcc7942_0761 with Km This work 

pAM5114 Deletion vector to replace Synpcc7942_0762 with Km This work 
pAM5259 PconII-Ds7 expressed from NS1 This work 
pAM5260 PconII-Synpcc7942_0759-0760 expressed from NS1 This work 
pMA04 DH5a; deltanLPS plasmid This work 
pMA06 Ptrc::UTEX3055_pg2266 expressed from NS1 This work 
pMA07 Ptrc::UTEX3055_pg2265-2266 expressed from NS1 This work 
pMA08 Ptrc::UTEX3055_pg2264-2266 expressed from NS1 This work 
pMA09 Ptrc::UTEX3055_pg2263-2266 expressed from NS1 This work 

pDE32 
pSL2680 with gRNA targetting rpaA and HDR encoding 
rpaA(G362->A; R121Q) This work 

pDE33 
pSL2680 with gRNA targetting rpaA and HDR encoding 
rpaA(G11->T; R4L) This work 

pDE36 
pSL2680 with gRNA targeting rpaA and HDR encoding rpaA 
(G11->T) This work 

pDE44 
pSL2680 with gRNA targetting rpaA and HDR encoding 
rpaA(G362->A & G11->T; R4L & R121Q) This work 
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Table 3-S7 (cont.): Strains, plasmids, and primer sequences used Chapter 3. 
Primer Sequence Source 

Phage F1 CGCAAGTTAGGCGCTGATATCAAGC This work 
Phage R1 GCGATTTTGGCCCCTACGAC This work 
Phage F2 GTACAACACTCACCTGGCAC This work 
Phage R2 GCACAGAAATCGGCAGGCGAC This work 

ARB1 GGCCACGCGTCGACTAGTACNNNNNNNNNNATGGC (18) 
ARB3 GGCCACGCGTCGACTAGTACNNNNNNNNNNGATG (18) 
ARB2 GGCCACGCGTCGACTAGTAC (18) 
pRL27_minus1 AGGAACACTTAACGGCTGAC (18) 
pRL27_IE_rev1 ACTGAGAAGCCCTTAGAGCC (18) 
rpaA_gRNA_F AGATGCTGAACAGCTAAAGCCTGA This work 
rpaA_gRNA_R AGACTCAGGCTTTAGCTGTTCAGC This work 

rpaA_HDR-UP_F 
CATTTTTTTGTCTAGCTTTAATGCGGTAGTTGGTACCGA
GTCCTGAGCTGCTACTGCC This work 

rpaA_HDR-UP_R GGTCAGGCTTTAGCTGTGCAGCTCGTTCCCGACCTGAT This work 

rpaA_HDR-DWN_F 
ATCAGGTCGGGAACGAGCTGCACAGCTAAAGCCTGAC
C This work 

rpaA_HDR-DWN_R 
GCCCGGATTACAGATCCTCTAGAGTCGACGGTACCGCC
ATGTCAAACTCAATCAAGCG This work 

rpaA_cPCR_F GAACAGGCTGAAACGATGGC This work 
rpaA_cPCR_R GGATTGAGTAATTTGATGGTTGACTGC This work 
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CHAPTER 4: Creating an RB-TnSeq library in 

Synechococcus elongatus UTEX 3055 

 
4.1 Abstract 

 The essential gene set of Synechococcus elongatus has been determined from 

the analysis of a randomly barcoded transposon mutant sequencing (RB-TnSeq) library 

in the model strain PCC 7942. The RB-TnSeq library of PCC 7942 has been used to 

estimate the fitness contributions of genes in specific environmental conditions. S. 

elongatus UTEX 3055 is a recent isolate that shares 98.46% average nucleotide identity 

with PCC 7942 but has unique phenotypes of phototaxis and robust biofilm formation in 

laboratory conditions. The same barcoded transposon plasmid library that was used to 

create the PCC 7942 RB-TnSeq library was used in a modified library building protocol 

to build an RB-TnSeq library in UTEX 3055. The UTEX 3055 library was constructed in 

multiple “mini-libraries” that were then pooled into a final library. This mini-library 

approach was necessary because the conjugation and transposition process is 50 times 

less efficient in UTEX 3055 than in PCC 7942. The library of UTEX 3055 has insertions 

an average of every 205 bp across the genome, with central insertions in 71% of protein-

coding genes. The insertion density of the library is not enough to make definitive 

essentiality calls, but a preliminary essentiality analysis is possible in combination with 

the essentiality data of the PCC 7942. The UTEX 3055 RB-TnSeq library will  be a 

powerful tool to explore phenotypes that were previously unavailable to RB-TnSeq 

analysis in PCC 7942. Additionally, the use of both RB-TnSeq libraries in tandem 

experiments can be used to explore the fitness of the entire pangenome of S. elongatus. 
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4.2 Introduction 

The determination of gene sets that are essential for the survival of 

microorganisms in diverse environments is useful in many different applications in 

microbiology. The comparison of essential gene sets of diverse bacterial species can 

illuminate basic biological functions that are necessary for cellular life (1, 2) and assist 

synthetic biologists in the search for the blueprint of a minimal cell (3, 4). Essential gene 

sets can be determined through a bioinformatic approach, examining conserved genes in 

comparative genomic analyses (4), or through high-throughput sequencing of dense 

transposon mutant libraries (TnSeq) (5). TnSeq libraries can also be used in parallel 

sequencing strategies to compare the lethality of gene knockouts in different 

environmental conditions, revealing not only the essential gene set of an organism but 

also the fitness of genes in specific conditions. This parallel TnSeq approach has been 

used to study the specific biology of a species, such as finding genes that contribute to 

the virulence of pathogenic microbes (6, 7), or refining genome-scale metabolic models 

(8, 9).  

A refinement of TnSeq through the addition of randomized DNA barcodes to each 

transposon mutant (RB-TnSeq) makes these types of parallel sequencing experiments 

easier, reproducible, and cost-effective (10). With an RB-TnSeq approach, a transposon 

library needs only to be constructed and characterized once to determine the insertion 

sites of the barcoded transposons, and subsequent fitness assays can be assayed 

through PCR amplification and sequencing of the barcodes. These libraries have been 

used to connect genotype to phenotype by comparing the functional gene fitness of 
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mutant phenotypes in massive RB-TnSeq experiments, and providing experimental data 

to refine genome annotations for proteins of unknown functions (11).  

A dense RB-TnSeq library of the model cyanobacterium Synechococcus 

elongatus PCC 7942 has been used to great effect to determine its essential gene set 

(12), construct a genome-scale metabolic model (9), elucidate the gene network required 

for survival in light-dark cycles (13, 14), and reveal genes required for natural 

transformation (15). A recent isolate of S. elongatus, UTEX 3055, shares 98.5% 

nucleotide identity with PCC 7942, and although clearly the same species as PCC 7942, 

has a genome with distinct differences and has phenotypes not observed in WT PCC 

7942, such as phototaxis and biofilm formation in laboratory conditions (16).  The 

identification and characterization of a biofilming mutant of PCC 7942 show that this lab 

strain is capable of forming biofilms, and supports a model of constitutive repression of 

the biofilm genetic program in PCC 7942. Additionally, although PCC 7942 is not 

phototactic, genetic transplantation of phototaxis pathway components from PCC 7942 

to UTEX 3055 showed that those genes are functional.  

These experimental data and the close genetic relationship of these strains 

suggest that a comparative genome analysis approach combined with RB-TnSeq fitness 

screens could shed light on the genes responsible for these phenotypes. The comparative 

genome analysis of S. elongatus UTEX 3055 and PCC 7942 has been described in 

Chapter 2 of this work. An RB-TnSeq library of UTEX 3055 was constructed using similar 

methods as those used for the PCC 7942 library. In this chapter I describe the 

characterized library of UTEX 3055 and its similarities and differences to the library of 

PCC 7942.  
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4.3 Results and Discussion 

Library creation in S. elongatus UTEX 3055 is less efficient than in S. 

elongatus PCC 7942. The same protocols used to create the dense RB-TnSeq library of 

PCC 7942 (12) were used initially without modification to attempt to make a similar library 

in UTEX 3055. In the PCC 7942 library construction the plating of conjugations on 

nitrocellulose filters overlaid on selective media and subsequent replica-plating of the 

filters on fresh plates after growth resulted in fewer Escherichia coli conjugation donor 

cells carried forward in the final library. This step can help remove contaminating DNA 

from (dead) donor cells when the library is sequenced. The protocols designed for PCC 

7942 met with limited success with UTEX 3055, with initial library construction attempts 

showing limited antibiotic selection when cells were plated on nitrocellulose filters. The 

same phenotype of biofilm formation that makes UTEX 3055 an attractive candidate for 

library construction may be partially responsible for this lack of antibiotic selection, but 

there is also some evidence (not shown) that UTEX 3055 may have different levels of 

sensitivity to kanamycin (the antibiotic used in library construction) than PCC 7942. A 

more “traditional” conjugation protocol was used instead for UTEX 3055 library 

construction: a conjugation reaction was made with an equal mix of donor and UTEX 

3055 cells, and then plated in spots on permissive media. After 12 hours, the conjugation 

reactions were resuspended and plated on selective media at a density experimentally 

determined to allow for selection of transconjugants. 

In addition to the weak kanamycin resistance phenotype of UTEX 3055, the 

process of conjugation and transposition appears to be 50-100X less efficient in UTEX 

3055 when compared to PCC 7942. The same experiment and protocol introducing the 
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barcoded transposon mutagenesis plasmids into cells via conjugation produced ~1500 

transconjugants per conjugation plate when PCC 7942 was the recipient cell, but only 50 

transconjugants with UTEX 3055 (Fig. 4-1). A similar differential in transformation 

efficiency has also been observed (data not shown). Other S. elongatus strains (PCC 

6301 and UTEX 2973) are known to lack the natural transformation phenotype due to a 

nonsense mutation in pilN, a component of the Type IV pilus apparatus essential for 

competence in S. elongatus (15, 17). S. elongatus UTEX 3055 has a full copy of pilN, and 

the differences in transformation efficiency and success introducing the library transposon 

mutagenesis plasmids are likely due to other genomic differences, such as different 

restriction-modification systems and the presence of a CRISPR-Cas system. 

In order to make a full RB-TnSeq library in UTEX 3055, accommodations for the 

low conjugation efficiency were necessary. In contrast to one large conjugation reaction 

that would result in a complete library, multiple conjugation reactions were performed to 

create “mini-libraries” that were frozen and archived as they were made. The mini-libraries 

were simultaneously revived and grown to density and pooled together into the final 

library, proportionally by the number of transconjugants present in each library at the time 

of archival, and also taking into account the density of each revived culture. This final 

pooled library was sequenced and archived as the complete UTEX 3055 RB-TnSeq 

library. 

The RB-TnSeq library of S. elongatus UTEX 3055 has useful insertion 

density. The sequenced library was mapped to the genome of UTEX 3055 to determine 

the barcoded transposon insertions of each mutant strain in the pooled library. 

Approximately 20,100 transposon mutants were pooled to create the final library. There 
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are 14,034 mutants with insertion locations mapped with at least 2 supporting sequencing 

reads. The insertion locations were checked for even insertion density between both DNA 

strands; the library has relatively evenly spaced insertions across the genome, with an 

insertion every ~205 bp, and transposon insertions in the central portion of 71% of the 

protein-coding genes (Fig. 4-2).  

The essential gene set of S. elongatus UTEX 3055 is similar to that of S. 

elongatus PCC 7942. The same analysis used to determine the essential gene set of 

PCC 7942 through the insertion density of transposon insertions in that library was 

performed on the RB-TnSeq library of UTEX 3055. Briefly, an insertion index was created 

to compare the insertions across different genes by dividing the insertions in a gene by 

the length of the gene. In the PCC 7942 analysis, there was a positive bias for insertion 

into guanine-cytosine (GC) rich regions, and the insertion density was first normalized for 

GC% bias. The PCC 7942 insertion index was also calculated using only those insertions 

that mapped to the middle 80% of genes, to avoid including insertions that might be 

tolerated in the extreme 10% of otherwise essential genes. Finally, the insertion index in 

PCC 7942 did not include genes smaller than 70 bp, or genes that had high sequence 

similarity to other genes in the genome and could not have accurately mapped barcode 

insertions. The essentiality analysis of UTEX 3055 was first performed with the same 

parameters as described above for the PCC 7942 library, and the essentiality 

determinations for the UTEX 3055 gene set were compared to PCC 7942 essentiality. 

The essentiality analysis was performed again using insertions across 100% of genes 

without the GC% bias correction, but retaining the filter that excluded genes shorter than 

70 bp or with high sequence similarity to other genome regions. The results of the 
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essentiality analysis of the UTEX 3055 library without GC% bias correction and using all 

mapped insertions showed higher agreement with the essentiality analysis of PCC 7942, 

with 78% of essential and non-essential genes in PCC 7942 having the same 

determination in the UTEX 3055 library.  

The essentiality analysis uses the fit of a γ-distribution to determine the essential 

and non-essential peaks of a bimodal distribution of the insertion index. In the case of 

TnSeq libraries that are not dense enough to produce this bimodal distribution, the 

determinations of the essentiality analysis cannot be used confidently, and in the absence 

of other data the only confident determination between groups in the analysis is that of 

the presence or absence of inserts. The UTEX 3055 library is not dense enough to 

produce this bimodal distribution and confidently fit a γ-distribution (Fig. 4-3). However, 

the essential gene set determined by the very dense PCC 7942 RB-TnSeq library can be 

compared to the UTEX 3055 essentiality analysis as a measure of similarities and 

differences in the essentiality of homologs of the two strains. 

When the essential gene set of PCC 7942 is compared to that of UTEX 3055, there 

are 109 genes that are essential in PCC 7942 that are non-essential in UTEX 3055. One 

difference in the way the essentiality analysis was performed for these two libraries that 

could impact this outcome is the use of all gene insertions for the essentiality analysis in 

UTEX 3055, compared to the analysis in PCC 7942 only using insertions in the middle 

80% of genes. When only insertions found in the middle 80% of genes in this “non-

essential/essential” gene set of UTEX 3055 are examined further, only 11 genes have 

five or more central insertions (Table 4-1). One of these genes, hik34 

(UTEX3055_pg1727/Synpcc7942_1517), is the sensor kinase of a two component 
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system that regulates the stress response gene dnaK2, and can be deleted in PCC 7942 

(18). Taking the essentiality analysis data of both PCC 7942 and UTEX 3055 as well as 

this experimental data into account, it is likely that hik34 is a beneficial gene, but is not 

essential to S. elongatus.  

The non-essential/essential gene set also includes two genes that regulate 

translation through tRNA modification (UTEX3055_pg2024 and UTEX3055_pg2630), two 

genes that may regulate the translation or post-translational modifications of photosystem 

proteins (UTEX3055_pg0527 and UTEX3055_pg1647), and a trigger factor with functions 

as a chaperone, especially of exported proteins (UTEX3055_pg2735). For most of the 

non-essential/essential categorized genes in UTEX 3055 with few transposon insertions 

in the central portion of the gene, the non-essential categorization is likely due to the 

limitations of the essentiality analysis method with a non-saturated RB-TnSeq library. 

However, examination of enrichment of the genes in this non-essential/essential set with 

the greatest number of central insertions suggests that this subset of genes may not be 

essential in UTEX 3055. Approximately half of the genes in this subset code for proteins 

with functions in translational or post-translational regulatory functions, suggesting that 

UTEX 3055 may have alternative post-translational regulatory mechanisms. 

The unique gene set of S. elongatus UTEX 3055 contains genes that may be 

essential. A major motivation for the creation of an RB-TnSeq library in UTEX 3055 is to 

use the library to screen for genes involved in biofilm or phototaxis phenotypes, based on 

the hypothesis that genes unique to UTEX 3055 are responsible for these phenotypes. 

There are 305 unique genes in UTEX 3055, of which 81 genes are possibly essential 

genes as determined by the preliminary essentiality analysis or their lack of transposon 
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insertion. This unique and putatively essential gene set has 21 genes found in a novel 

prophage region and 10 anti-toxin components of toxin-antitoxin systems (TAS). The role 

of anti-toxin components in the fitness of bacteria that harbor TAS is well known (19), and 

this essentiality data can be used to refine the annotations of suspected TAS components 

that are currently annotated as hypothetical proteins. The majority of the putative 

essential prophage genes are annotated as hypothetical proteins and further experiments 

will be necessary to determine their role in the biology of UTEX 3055 and whether they 

are truly essential. 

Although further experimental verification will be necessary to determine the true 

essentiality of genes in the unique and putative essential genes gene set of UTEX 3055, 

especially for those genes that have no transposon insertion, this gene set may point to 

key biological pathways that are unique to UTEX 3055 and important for its fitness (Table 

4-2). One region of interest consists of three genes (UTEX3055_pg0056-0058) that exist 

in UTEX 3055 in lieu of an 11-gene region in PCC 7942. In PCC 7942, this region appears 

to contain a specialized carbohydrate synthesis pathway. UTEX 3055 contains none of 

these 11 genes, but the three genes it contains instead all appear to have functions 

involved in cell wall or secreted glycan synthesis. These are functions that are of great 

interest when searching for genetic components that would affect biofilm and phototaxis 

phenotypes. Other regions of interest in this unique and potentially essential region 

include gene clusters for cell wall/cell membrane components, and a heavy-metal 

resistance gene cluster.   
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4.4 Conclusions 

The RB-TnSeq library of PCC 7942 has proven to be an invaluable tool for 

interrogating the genetics of phenotypes in a cost-effective and labor-effective manner. 

The power of an RB-TnSeq library is not only in the resulting analysis of an essential gene 

set for an organism, but in the ability to interrogate the fitness contributions of every non-

essential gene in the genome in diverse environmental conditions. With RB-TnSeq 

libraries, even slight fitness effects can be determined, allowing for the study of subtle 

phenotype differences in a high-throughput manner. 

The RB-TnSeq library of UTEX 3055 is a beneficiary of the great depth of 

information that has been synthesized through the use of the PCC 7942 library. The 

insertion density of the UTEX 3055 library is not dense enough to use the output of the 

essentiality analysis without additional data. The essentiality data of the PCC 7942 library, 

however, complements the essentiality analysis in UTEX 3055 and adds confidence to 

the essentiality determinations. Additional examination of disagreements between the 

essentiality determinations of each library indicate differences in the essential gene sets 

of these two strains. In some cases these differences may indicate that the essentiality 

call for the PCC 7942 library may need to be adjusted, supported by evidence in the 

literature that one essential gene in PCC 7942 that is not essential in UTEX 3055 has 

been successfully deleted in PCC 7942. In other cases, the differences between the 

essentiality determinations of the two libraries may indicate alternate genes or pathways 

in UTEX 3055 that can perform the essential functions.  

The library of UTEX 3055 is dense enough to be used to screen for genes involved 

in phenotypes that are difficult or impossible to assay in PCC 7942 such as biofilm 
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formation and phototaxis. In PCC 7942, biofilm formation is studied in mutant strains, 

adding an additional layer of complexity to planning and interpreting experiments using 

the RB-TnSeq library, and PCC 7942 is not phototactic, making it impossible to screen 

for genes related to this phenotype using RB-TnSeq. The two libraries can also be used 

in a complimentary manner to expand the genetic network of phenotypes that we have 

previously studied only in PCC 7942. We have recently used the RB-TnSeq library of 

PCC 7942 to find the genes essential for natural transformation in S. elongatus. UTEX 

3055 has a lower transformation efficiency than PCC 7942, but doesn’t appear to have 

major differences in the known essential competence genes. A competence fitness 

screen using the UTEX 3055 RB-TnSeq library, especially compared to the results of the 

same screen in PCC 7942, could lead to targeted genetic adjustments in UTEX 3055 that 

would improve competence in the strain and improve its genetic tractability as a model 

organism.  

4.5 Materials and Methods 

Mini-Library Creation. Small Tn5 mutant libraries in S. elongatus UTEX 3055 

were constructed in a similar manner as previously described for PCC 7942 (12). Briefly, 

UTEX 3055 was grown in BG-11 medium (20) as liquid cultures with continuous shaking 

(125 rpm) under continuous illumination of 100-150 μmol photons m−2 s−1 from fluorescent 

cool white bulbs until it reached OD750=0.9. A diaminopimelic acid (DAP) auxotrophic E. 

coli donor strain carrying a library of barcoded Tn5 elements (pKMW7) (10) was grown in 

LB broth with 60 μg/mL DAP and 50 μg/mL kanamycin to an OD600=1.0. Both E. coli and 

S. elongatus cells were washed twice and resuspended in BG-11 supplemented with 5% 

LB at a 1:1 donor cell:recipient cell ratio and spotted on BG-11 w/ 5% LB agar plates with 
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60 μg/mL DAP. The conjugation reaction was performed for 12 h under 40 μmol 

photons·m−2 ·s−1 of illumination and then resuspended in BG-11 and plated onto BG-11 

Km agar plates for selection of exconjugants. After 10 d of growth under 100–140 μmol 

photons·m−2 ·s−1, all transconjugant colonies were scraped and flushed into BG-11 

medium and frozen at -80°C in 1-mL aliquots with 80 μl of DMSO.  

Pooled Library Creation. Frozen mini-libraries were thawed quickly for 2 min at 

37°C and then added to 100 mL of liquid BG-11 with 50 μg/mL kanamycin. Flasks were 

left at low light ~40 μmol photons·m−2 ·s−1 with no shaking for 24 hours, then transferred 

to continuous shaking (125 rpm) under continuous illumination of 100-150 μmol photons 

m−2 s−1 for 4 days. Libraries were pooled together based on the proportion of 

transconjugants present in the mini-library and normalized by the density of the culture 

as measured by OD750. The pooled library was centrifuged and concentrated 20X and 

frozen at -80°C in 1-mL aliquots with 80 μl of DMSO. A sample was set aside and 

frozen for DNA sequencing. 

Library sequencing. An Illumina-compatible sequencing library as described 

previously (10) with some modifications (21) was used to determine transposon insertion 

sites and link them to the random DNA barcodes. Briefly, genomic DNA was extracted by 

phenol-chloroform extraction (22), and library prep was conducted by the standard ≥100 

ng protocol from the NEBNext Ultra II FS DNA Library Prep Kit for Illumina (NEB) with 

500 ng of DNA and a 7 min fragmentation incubation. For adaptor ligation, a custom 

splinklerette adaptor was used to decrease non-specific amplification (Table 4-3) (23, 24). 

For size selection, 0.15X (by volume) NEBNext Sample Purification Beads (NEB) were 

used for the first and second bead selection steps. After digestion with BsrBI (NEB), the 
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DNA was purified using 1X AMPure XP beads (Beckman Coulter) in preparation for PCR 

enrichment where the transposon junction was amplified by nested PCR. The NEBNext 

Ultra II FS DNA Library Prep Kit for Illumina (NEB) PCR protocol was used, with custom 

primers specific to the transposon and the adaptor and a run of 30 cycles for the first PCR 

step (Table 2). The first PCR was purified with a 0.7X size selection using 

NEBNextSample Purification and eluted in 15 μl for the second PCR. The second PCR 

was purified with 0.7x size selection and the final library was eluted in 30 μl. Samples 

were quality-controlled and multiplexed using 1X HS dsDNA Qubit (Thermo Fisher) for 

total sample quantification, and Bioanalyzer DNA 12000 chip (Agilent) for sizing. Samples 

were sequenced by Novogene on the Novaseq platform. 

Essentiality Analysis. Gene essentiality was determined by a previously 

described method (12); briefly, a normalized insertion index of the mapped transposon 

insertions of the library was created and statistically analyzed for genes with 

underrepresentation of insertions. The pangenome annotation of UTEX 3055 was used 

for mapping the transposon insertion sites. Genes from shorter than 70 bp, or previously 

identified as nearly identical to other parts of the genome, were removed from the 

analysis. For the remaining genes, the insertions per gene were divided by the length of 

the gene to calculate insertion density. Finally, a preliminary essentiality measure was 

determined using an approach described previously (7). Briefly, γ-distributions were fit to 

the essential and nonessential peaks in the insertion index, and log2 likelihood ratios were 

calculated from these distributions. Genes with log2 likelihood ratios below −2 were called 

as essential genes, and those with log2 likelihood ratios above 2 were called as 

nonessential genes. Scripts were adapted from the Bio::Tradis pipeline 
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(github.com/sanger-pathogens/Bio-Tradis) (23). Because the insertion index does not fit 

a γ-distribution, the essential/non-essential determination from this analysis cannot be 

used confidently without additional data. The essentiality determination of the UTEX 3055 

library was compared to the essentiality of the PCC 7942 library for shared homologs. 

PaperBLAST (25) was used to find additional functional information for genes. 
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Figure 4-1: Conjugation of S. elongatus PCC 7942 and UTEX 3055. Conjugation with E. coli donor strain 
containing the barcoded transposon mutant plasmid library. The same growth conditions for both 
cyanobacterial strains, same donor strain, same donor:recipient ratio for conjugation reactions results in 
dramatically fewer numbers of conjugants in UTEX 3055. 
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Figure 4-2: Map of UTEX 3055 RB-TnSeq insertions. The RB-TnSeq library of UTEX 3055 has even 
transposon insertions across the chromosome in both DNA strands (outer graph; light green and dark 
green graph). The genes determined to be essential in UTEX 3055 (middle ring; dark purple) agree in 
most cases with the genes that are essential in PCC 7942 (outer ring; pink). Those genes with no 
transposon insertions in UTEX 3055 are shown in the inner ring (light purple). 
  



141 

Figure 4-3: Distribution of RB-TnSeq library insertions. The distribution of gene insertions in the UTEX 
3055 RB-TnSeq library does not follow a bimodal distribution that allows for a distinction between essential 
and non-essential genes. Instead, the clear distinction can be seen between genes with no insertions and 
genes with one or more insertions.



Ta
bl

e 
4-

1:
 N

on
-e

ss
en

tia
l U

TE
X 

30
55

 g
en

es
 th

at
 a

re
 e

ss
en

tia
l i

n 
PC

C
 7

94
2.

 S
om

e 
ge

ne
s 

th
at

 a
re

 e
ss

en
tia

l i
n 

PC
C

 7
94

2 
ha

ve
 in

se
rti

on
s 

in
 th

e 
ce

nt
ra

l p
or

tio
n 

of
 th

e 
U

TE
X 

30
55

 h
om

ol
og

s,
 s

ug
ge

st
in

g 
th

at
 th

ey
 a

re
 n

ot
 e

ss
en

tia
l i

n 
U

TE
X 

30
55

. E
le

ve
n 

ge
ne

s 
w

ith
 m

or
e 

th
an

 5
 in

se
rti

on
s 

in
 th

e 
ce

nt
ra

l p
or

tio
n 

of
 th

e 
ge

ne
 a

re
 d

es
cr

ib
ed

 in
 th

e 
ta

bl
e 

be
lo

w
, w

ith
 th

e 
nu

m
be

r o
f i

ns
er

tio
ns

 in
 th

at
 g

en
e 

in
 th

e 
U

TE
X 

30
55

 R
B-

Tn
Se

q 
lib

ra
ry

 a
nd

 th
e 

pe
rc

en
ta

ge
 o

f i
de

nt
ic

al
 a

m
in

o 
ac

id
s 

sh
ar

ed
 w

ith
 th

e 
ge

ne
’s

 h
om

ol
og

 in
 P

C
C

 7
94

2.
 

Lo
cu

s 
G

en
e 

D
es

cr
ip

tio
n 

C
O

G
 C

at
eg

or
y;

 D
es

cr
ip

tio
n 

Tn
5 

in
se

rt
io

ns
 

%
 id

en
tic

al
 

am
in

o 
ac

id
s 

U
TE

X3
05

5_
pg

00
22

 
su

lfi
te

 re
du

ct
as

e;
 s

ir 
P;

 In
or

ga
ni

c 
io

n 
tra

ns
po

rt 
an

d 
m

et
ab

ol
is

m
 

7 
99

 

U
TE

X3
05

5_
pg

02
24

 
N

uc
le

os
id

e-
di

ph
os

ph
at

e-
su

ga
r e

pi
m

er
as

e 
M

; C
el

l w
al

l/m
em

br
an

e/
en

ve
lo

pe
 b

io
ge

ne
si

s 
8 

99
 

U
TE

X3
05

5_
pg

05
27

 
C

-te
rm

in
al

 p
ro

ce
ss

in
g 

pe
pt

id
as

e-
2;

 c
tp

B
O

; P
os

ttr
an

sl
at

io
na

l m
od

ifi
ca

tio
n,

 p
ro

te
in

 
tu

rn
ov

er
, c

ha
pe

ro
ne

s 
7 

10
0 

U
TE

X3
05

5_
pg

12
19

 
hy

dr
ox

ym
et

hy
lp

yr
im

id
in

e 
sy

nt
ha

se
; t

hi
C

 
H

; C
oe

nz
ym

e 
tra

ns
po

rt 
an

d 
m

et
ab

ol
is

m
 

19
 

10
0 

U
TE

X3
05

5_
pg

12
20

 
rib

os
w

itc
h 

bi
nd

in
g 

th
ia

m
in

e 
py

ro
ph

os
ph

at
e 

Y;
 N

ot
 in

 C
O

G
s 

6 
-- 

U
TE

X3
05

5_
pg

16
47

 
Pr

ot
ei

n 
of

 u
nk

no
w

n 
fu

nc
tio

n 
D

U
F1

09
2 

Y;
 N

ot
 in

 C
O

G
s 

6 
10

0 
U

TE
X3

05
5_

pg
17

27
 

hi
st

id
in

e 
ki

na
se

 
T;

 S
ig

na
l t

ra
ns

du
ct

io
n 

m
ec

ha
ni

sm
s 

5 
10

0 

U
TE

X3
05

5_
pg

20
24

 
L-

th
re

on
yl

ca
rb

am
oy

la
de

ny
la

te
 s

yn
th

as
e

J;
 T

ra
ns

la
tio

n,
 ri

bo
so

m
al

 s
tru

ct
ur

e 
an

d 
bi

og
en

es
is

 
6 

97
 

U
TE

X3
05

5_
pg

24
92

 
hy

po
th

et
ic

al
 p

ro
te

in
 

M
; C

el
l w

al
l/m

em
br

an
e/

en
ve

lo
pe

 b
io

ge
ne

si
s 

5 
99

 

U
TE

X3
05

5_
pg

26
30

 
tR

N
A 

ur
id

in
e 

5-
ca

rb
ox

ym
et

hy
la

m
in

om
et

hy
l 

m
od

ifi
ca

tio
n 

en
zy

m
e;

 g
id

A 
J;

 T
ra

ns
la

tio
n,

 ri
bo

so
m

al
 s

tru
ct

ur
e 

an
d 

bi
og

en
es

is
 

5 
10

0 

U
TE

X3
05

5_
pg

27
35

 
tri

gg
er

 fa
ct

or
; t

ig
 

O
; P

os
ttr

an
sl

at
io

na
l m

od
ifi

ca
tio

n,
 p

ro
te

in
 

tu
rn

ov
er

, c
ha

pe
ro

ne
s 

8 
10

0 

142 



143 

Table 4-2: UTEX 3055 unique and putative essential genes. Unique genes in UTEX 3055 that have 
putative essentiality, either by preliminary essentiality analysis or by the lack of transposon insert. Gene 
clusters with functions of interest, as determined by bioinformatic analysis, are highlighted. 

Locus Description Essentiality Putative Gene 
Cluster Function 

UTEX3055_pg0037 hypothetical protein essential 
UTEX3055_pg0056 hypothetical protein no insert 

Glycan biosynthesis UTEX3055_pg0057 class I SAM-dependent 
methyltransferase essential 

UTEX3055_pg0058 glycosyltransferase family 2 protein no insert 
UTEX3055_pg0100 hypothetical protein no insert 
UTEX3055_pg0102 hypothetical protein essential 

UTEX3055_pg0182 
O-acetyl-ADP-ribose deacetylase
regulator of RNase III, contains Macro
domain

essential 

UTEX3055_pg0801 hypothetical protein essential 
UTEX3055_pg0802 hypothetical protein no insert 
UTEX3055_pg0929 hypothetical protein no insert 
UTEX3055_pg0963 hypothetical protein no insert 
UTEX3055_pg1020 hypothetical protein essential 
UTEX3055_pg1147 Protein of unknown function DUF1524 essential 
UTEX3055_pg1241 hypothetical protein essential 
UTEX3055_pg1294 Phage integrase family protein essential 

Orphan response 
regulator UTEX3055_pg1295 Response regulator receiver domain-

containing protein no insert 

UTEX3055_pg1296 hypothetical protein no insert 
UTEX3055_pg1681 hypothetical protein no insert 
UTEX3055_pg1682 hypothetical protein no insert 
UTEX3055_pg1804 T5orf172 domain-containing protein essential 
UTEX3055_pg1857 hypothetical protein no insert 
UTEX3055_pg1859 hypothetical protein no insert 
UTEX3055_pg2116 tellurium resistance protein TerD no insert 
UTEX3055_pg2264 hypothetical protein no insert 
UTEX3055_pg2309 hypothetical protein essential 
UTEX3055_pg2310 hypothetical protein no insert 
UTEX3055_pg2315 hypothetical protein no insert 
UTEX3055_pg2317 Ubiquinone biosynthesis protein Coq4 no insert 
UTEX3055_pg2319 transcriptional regulator, TetR family essential 

UTEX3055_pg2473 
Uncharacterized membrane protein 
YeaQ/YmgE, transglycosylase-
associated protein family 

essential 

Cell wall/membrane 
biogenesis UTEX3055_pg2474 Peptidoglycan/xylan/chitin deacetylase, 

PgdA/CDA1 family no insert 

UTEX3055_pg2475 hypothetical protein essential 
UTEX3055_pg2476 hypothetical protein essential 
UTEX3055_pg2479 hypothetical protein essential 
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Table 4-2 (cont.): UTEX 3055 unique and putative essential genes. 

Locus Description Essentiality Putative Gene 
Cluster Function 

UTEX3055_pg2687 peptide/nickel transport system 
permease protein no insert 

UTEX3055_pg2688 Uncharacterized conserved protein, 
contains HEPNdomain no insert 

UTEX3055_pgB028 hypothetical protein essential 
UTEX3055_pgB030 DUF3854 domain-containing protein essential 
UTEX3055_pgB042 ABC transporter permease subunit no insert 

UTEX3055_pgB044 methyltransferase domain-containing 
protein no insert 

UTEX3055_pgB045 monooxygenase essential 
UTEX3055_pgB048 hypothetical protein essential 
UTEX3055_pgB059 hypothetical protein no insert 
UTEX3055_pgB064 recombinase family protein no insert 
UTEX3055_pgB066 hypothetical protein essential 
UTEX3055_pgB076 metal ABC transporter permease no insert 

Heavy metal 
resistance UTEX3055_pgB077 metal ABC transporter ATP-binding 

protein essential 

UTEX3055_pgB079 cadmium-translocating P-type ATPase essential 
UTEX3055_pgB083 DUF2513 domain-containing protein essential 

UTEX3055_pgD011 translesion error-prone DNA 
polymerase V autoproteolytic subunit no insert 
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CHAPTER 5: Using Interaction RB-TnSeq to understand the 
genetic model of biofilm formation in S. elongatus 

5.1 Abstract 

Cyanobacterial biofilms are not only important as critical components of ecological 

habitats, but also have applications in wastewater treatment systems, bioremediation 

efforts, and prevention of biofouling. Despite the importance and promise of these 

microbial communities, most biofilm research is performed in heterotrophic bacterial 

species, and much less is known about the regulation and mechanisms of biofilm 

formation in cyanobacteria. The model cyanobacterium Synechococcus elongatus PCC 

7942 is planktonic in lab conditions, but studies of biofilming mutants of the strain support 

a model of constitutive repression of biofilms in the lab and suggest that additional 

components of the biofilm genetic network can be found using this strain. An adaptation 

of the application of randomly barcoded transposon sequencing (RB-TnSeq) that 

introduces a known secondary mutation to the library to find gene interactions was used 

to expand the genetic network of biofilm formation in PCC 7942. An interaction RB-TnSeq 

(IRBSeq) screen adding a known insertion knockout mutation in pilB that causes biofilm 

formation in PCC 7942, found 197 synthetic gene interactions. Fitness estimate analysis 

of these interactions in the biofilm found the majority of Type IV pilus (T4P) components 

are necessary for biofilm formation and some metabolic changes that may promote 

survival in the biofilm. Genes whose products interact with second messenger signaling 

molecules were also scored as hits in the fitness analysis, and further exploration of these 

genes may expand our current model of the regulation of biofilm formation in PCC 7942. 
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5.2 Introduction 

In liquid culture, Synechococcus elongatus PCC 7942 grows as a planktonic 

suspension with WT cells remaining buoyant in the absence of shaking or agitation of 

culture flasks. The mechanism of cellular suspension is not known in this strain, but may 

be related to pili, as the cells of non-piliated mutant strains show fast sedimentation rates 

compared to WT cells (1). A transposon insertion mutant of PilB in PCC 7942 forms 

biofilms, and experiments using the conditioned medium with this mutant support a model 

of constitutive repression of biofilm formation in PCC 7942 (2, 3). In this model, an 

unknown small molecule(s) secreted by WT PCC 7942 through the Type II secretion 

system represses the expression of small peptides that enable biofilm formation (Fig. 5-

1). PilB is a component of the Type IV pilus (T4P) machinery, which is homologous with 

Type II secretion systems (T2SS), both of which push proteins through channels in the 

outer membrane (4). As would be expected for the disruption of both T4P and T2SS, the 

pilB mutant is non-piliated and has an altered protein secretion profile (1). Other biofilming 

mutants of PCC 7942 that have been found share a common theme of disruption of the 

T4P/T2SS (Table 5-1) and appear to act in the same pathway of constitutive repression 

of biofilm formation (Fig. 5-1). 

A randomly-barcoded transposon insertion sequencing (RB-TnSeq) library in PCC 

7942 has been used previously to determine the essential gene set of the organism (5) 

and for screening experiments to determine genes that contribute to various phenotypes, 

such as natural competence (6) and survival in light-dark cycles (7). In these screening 

experiments, the RB-TnSeq library is grown in a control and an experimental condition, 

sequenced, and the frequencies of previously mapped barcoded insertions are 
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determined from the sequencing data. The barcode frequencies are a measurement of 

the abundance of mutant strains from the library in that environmental condition, and the 

comparison of these frequencies between the control and experimental conditions 

determine mutant strains that are overrepresented or underrepresented in the 

experimental condition, providing an estimate of the fitness contribution of each gene in 

that condition.  

Because PCC 7942 constitutively represses biofilm formation, an adaptation of the 

RB-TnSeq method was used to screen for genes that contribute to the biofilm phenotype 

by first introducing a mutation that imposes biofilm proficiency to the entire library. 

Interaction RB-TnSeq, or IRB-Seq, measures the effects of a genetic perturbation in the 

library in addition to the effect of the environmental condition. IRB-Seq is accomplished 

by using the natural competence of PCC 7942 to introduce a known mutation to all 

mutants of the library, creating a synthetic interaction library in which each mutant strain 

contains a known mutation in addition to the library transposon insertion. The first stage 

of IRB-Seq, the interaction screen, measures the fitness effect of synthetic interactions, 

while the second stage of IRB-Seq, the sensitized interaction screen, incorporates the 

effect of an experimental condition to determine a fitness estimate for synthetic 

interactions in the experimental condition.  

For this study, the pilB mutation was added to the library in an IRB-Seq experiment 

to promote biofilm formation, with subsequent screening for additional genes in the 

network that affects biofilm formation in PCC 7942. The IRB-Seq analysis found that most 

components of the Type 4 pilus and genes that are essential for transformation in PCC 

7942 are also necessary for biofilm formation. Genes associated with the metabolic state 
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of the cell, such as those associated with biosynthetic pathways, nutrient uptake 

mechanisms, or energy production, had altered fitness in the biofilm. The IRB-Seq screen 

also found two genes that regulate the cellular second messengers cyclic-AMP (cAMP) 

and cyclic-di-GMP (c-di-GMP) which previously had not been associated with biofilm 

regulation in PCC 7942. 

5.3 Results and Discussion 

A pilB IRB-Seq library in S. elongatus PCC 7942 screens for interactions in 

the biofilm pathway. A screen using an RB-TnSeq library can examine the fitness effects 

genes have on the reproduction of the cell in a specific environmental condition by 

comparing the relative frequency of each transposon insertion mutant in the library 

between a control condition and the experimental condition. With IRB-Seq, in addition to 

the measurement of the environmental perturbation of the library, a known genetic 

perturbation is added, and the fitness analysis measures the combined effect of these 

perturbations to find synthetic interactions. S. elongatus PCC 7942 constitutively 

represses biofilm formation by secreting a suppressor molecule(s) into the surrounding 

medium. This suppression phenotype complicates the use of the RB-TnSeq library for 

biofilm fitness screens in PCC 7942, but an IRB-Seq approach can take advantage of the 

known biofilm phenotype and genetic model of the pilB mutation.  

For the first stage of IRB-Seq, the RB-TnSeq library was revived and initial T0 

reference samples were archived. The T0 sample is the reference for the first stage 

comparison, the interaction screen (Fig. 5-2A). The library was split, and one portion was 

transformed with a pilB mutation plasmid and the second with a control plasmid. The 

library mutants contain a kanamycin-resistance cassette in the transposon insertion, 
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so  pilB and control plasmids were chosen that carry a gentamicin-resistance cassette, 

and library transformants were selected with both kanamycin and gentamicin to maintain 

the diversity of the library. The control plasmid transformation identifies mutants that are 

incapable of transformation or are affected by the transformation protocol. The 

transformants from the separate transformation reactions were collected and pooled, and 

Tɑ reference samples were archived. The Tɑ samples are the reference for the second 

comparison, the experimental interaction screen (Fig. 5-2B). The individual 

transformation libraries were used to inoculate flasks at a high density to promote biofilm 

formation, as the pilB biofilm phenotype develops during stationary phase growth. After 4 

days in low light with no agitation, the flasks were separated into different fractions: cells 

in planktonic growth, cells that settled but were not incorporated into the biofilm, and the 

biofilm (Fig. 5-3). Analysis of the experimental interaction screen was done in pairwise 

fashion, comparing the planktonic fraction to either the biofilm or settled fraction to 

determine the fitness effect of gene interactions with pilB.  

The synthetic interactions of pilB are alleviating interactions. The interaction 

analysis of pilB was filtered for genes with a false discovery rate (FDR, linear mixed-

effects model) <0.01 and a fitness estimate > |1|. There were no genes with negative 

fitness estimates that would indicate aggravating or synthetic lethal gene interactions, but 

65 genes with positive fitness estimates indicating alleviating interactions were present 

(Table 5-2). It isn’t surprising that no synthetic lethal interactions with pilB were observed, 

as mutations of the T4P apparatus are not uncommon in S. elongatus, including a 

mutation of PilN that renders several strains non-transformable (8). One third of the 

alleviating interactions are either core components of the T4P apparatus or members of 
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the known set of genes required for competence in PCC 7942 (6). These competence 

genes appear in the interaction screen because they are depleted in both samples as a 

result of failing gentamicin selection. When the two sets are compared, any variation in 

the low frequency of barcodes associated with these genes in the pilB transformation 

relative to the control will cause a significant fitness estimate in the analysis. Additionally, 

synthetic alleviating interactions can indicate genes that are in the same pathway or are 

part of the same functional unit, as once the pathway has been rendered non-functional 

by one mutation, additional perturbations of the pathway will not have a fitness cost (9). 

Specifically, once the T4P has been rendered non-functional by the pilB mutation, 

additional mutations in components of the T4P machinery do not have an additional cost. 

Nine genes with transcriptional regulation or signal transduction functions also have 

alleviating interactions with pilB. Two of these genes encode CP12 proteins, which are 

theorized to be components of redox-mediated metabolic switches in cyanobacteria (10). 

A histidine kinase gene in this group of alleviating interactions has been previously 

observed to have co-fitness with T4P component genes in PCC 7942 in multiple fitness 

screens (11). These alleviating interactions with signal transduction or transcriptional 

regulation functions are targets that can expand the present model of the regulation of 

biofilm formation in S. elongatus to include the integration of a signaling pathway beyond 

the current model. 

Fitness in the biofilm. The experimental interaction screen analysis revealed 131 

genes with a significant (FDR > 0.01) fitness effect greater than |0.5| in the settled or 

biofilm fractions of the pilB interaction library (Fig. 5-4). The biofilm interaction screen 

analysis assesses the fitness effect of synthetic interactions on a mutant’s presence in 
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the biofilm or in the settled fraction of the culture. In the case of the pilB IRB-Seq library, 

however, not all fitness estimates in the biofilm screen must be interpreted as gene 

interactions. This is partly due to the fact that the pilB mutation does not have a large 

fitness cost to cells, and also because the pilB mutant has a dramatically different 

secretion profile that promotes biofilm formation (12). The exoproteome of the pilB mutant 

has been shown to promote biofilm formation even in WT PCC 7942 cells that are capable 

of producing the repressor of biofilm formation. In this background and culture milieu, the 

interaction fitness effect of genes in biofilm and settled cell fractions do not have to be 

considered strictly as interaction mutants, and can also be considered on their own merit 

for their roles in the regulation of biofilm formation.  

A gene set enrichment analysis based on categories for T4P machinery, 

competence, the biofilm pathway of PCC 7942, and COGs was performed on the sets of 

genes that had significant positive or negative interaction fitness effects in the biofilm 

interaction screen. The categories of T4P, competence, biofilm genes and motility or 

secretion COGs were enriched in the negative interaction gene sets (Fig. 5-5). The set of 

competence genes have significant fitness estimates in the biofilm experiment 

comparison due to their appearance at low but significant frequency in the interaction 

screen. Two proteins that are known to work in the same pathway of biofilm regulation as 

the pilB mutant and interact physically with PilB, EbsA and hfq, also have negative fitness 

in the interaction screen, as would be expected for interactions in the same pathway or 

function (12).  

Many of the same mutants have negative fitness estimates in both biofilm and 

settled fractions, but the settled fraction contains some mutants that score with negative 



156 

fitness estimates that do not have negative fitness in the biofilm fraction. There are no 

genes with a positive fitness estimate in the settled fraction that do not also have a positive 

fitness effect in the biofilm fraction. This pattern may indicate that the genes with negative 

fitness effects only in the settled fraction are necessary in specific stages of biofilm 

formation, as strains that become easily incorporated into the biofilm once they are no 

longer part of the planktonic fraction. An operon that synthesizes O-antigen in PCC 7942 

has negative fitness in the settled fraction (13, 14). The previous work in PCC 7942 on 

the genes in this operon showed that mutations in these genes lead cells to autoflocculate 

and settle in flasks.  It is likely that mutations in these genes allow cells to be easily 

incorporated into the biofilm, and their quick settling phenotype would have made them 

early components of the biofilm. 

The gene set with positive fitness effects in the biofilm fraction include genes that 

regulate the second messengers cyclic-AMP (cAMP) and cyclic-di-GMP (c-di-GMP). The 

regulation of c-di-GMP levels in the cell is a canonical pathway for regulating the lifestyle 

switch between a sessile, biofilm lifestyle and a motile or planktonic lifestyle. 

Synpcc7942_1716 contains a phosphodiesterase domain to break down c-di-GMP, and 

no apparent regulatory region. I hypothesize that the knockout of this phosphodiesterase 

may allow c-di-GMP to rise in PCC 7942 to a level that promotes biofilm formation. 

Similarly, another gene with a positive fitness effect in the biofilm fraction is a cAMP 

receptor protein (crp). Previous literature did not find this protein in PCC 7942 and 

hypothesized that it had been lost as the result of adaptation to new environments, as 

Crps in other cyanobacteria are transcriptional regulators that impact diverse responses 

such as energy and motility (15–17).    
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5.4 Conclusions 

An IRB-Seq approach was used to find the fitness contributions of genes to biofilm 

formation in PCC 7942. By adding the pilB mutation to the RB-TnSeq library of PCC 7942, 

the repression of biofilm formation was abolished and the fitness contributions of genes 

to the biofilm phenotype of PCC 7942 could be determined. Many genes that have already 

been shown to have functions in T4P or competence were found to have negative fitness 

in the biofilm, which supports previous knowledge that T4P provide an advantage in 

biofilm formation in other bacteria, even as they are dispensable for biofilm formation in 

PCC 7942 (1). Importantly, the screen identified genes that can be investigated further to 

expand the current model of biofilm formation in S. elongatus beyond the pathway 

controlled by constitutive repression, such as transcriptional regulators and genes 

involved in the metabolism of the second messengers cAMP and c-di-GMP. 

5.5 Materials and Methods 

IRB-Seq Screen and Sequencing. An IRB-Seq library was constructed and 

analyzed as previously described (18). Briefly, an aliquot of the RB-TnSeq library of PCC 

7942 was thawed and grown as previously described (5). Four samples were taken for 

the T0 time point and pelleted and frozen at -80°C, then the library was split and 

transformed in triplicate reactions with standard transformation protocols (19) using a 

knockout mutation plasmid to create the pilB insertion knockout mutation (2) with 

gentamicin resistance (AM5369) and separately a Neutral Site I control mutation plasmid 

with gentamicin resistance (AM5610). After 4 days of growth in 140 μmol photons m−2 s−1 

under kanamycin (for library selection) and gentamicin (for interaction mutation selection) 

transformants for each transformation reaction were harvested and pooled. One sample 
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from each tube was pelleted and frozen at -80°C to serve as the post-selection sample 

for the interaction screen analysis and the T0 (Tɑ) sample for the sensitized interaction 

screen analysis. The harvested transformation plates were used as inocula for the biofilm 

interaction screen. Flasks containing 50 ml BG-11 were inoculated at a density of OD750 

= 0.5 and placed in ~40 μmol photons m−2 s −1 without shaking for 4 days until visible 

biofilms had formed. Planktonic cells were harvested from each flask by drawing off all 

but 2 mL of culture. Settled cells were harvested by the gentle addition of 3 mL of fresh 

BG-11 and swirling the flasks for 5 seconds before drawing off the media and cells. The 

biofilm fraction was harvested by adding 5 mL of BG-11 medium and pipetting and 

scraping all biofilm cells off of the walls and bottom of the flasks. All fractions were pelleted 

and frozen at -80°C. The genomic DNA of all frozen archived samples was extracted 

using a phenol-chloroform protocol (19), and the barcoded mutant frequencies in each 

sample were quantified using the previously described BarSeq protocol (20). 

IRB-Seq Analysis. The interaction screen and biofilm interaction screen analysis 

was performed as described previously (18). Briefly, to identify genetic interactions, the 

frequency of library constituents in the pilB mutation experiment was compared to the 

frequency of library constituents in the control mutation experiments to determine the 

interaction effects of the pilB mutation. The control mutation background was considered 

to be the control condition, and the pilB mutation background the experimental. For the 

biofilm screen, pairwise analyses were performed, with the second partner of the pair 

considered to be the sensitizing condition: Planktonic vs. Biofilm, Planktonic vs. 

Suspended, Suspended vs. Biofilm. A FDR <0.01 was used as a cutoff for candidates; 

no fitness estimate cutoff was used. 
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Gene Set Enrichment Analysis. Categorical meta-data for genes from multiple 

sources were curated for all genes in the PCC 7942 pangenome, such as: essentiality 

and conservation data (5), functional categories (COGs) determined in the pangenome 

analysis (see Chapter 2), pili and competence genes (6), and known biofilm genes (1–3, 

12, 21). The IRB-Seq gene sets with significant positive or negative enrichment in biofilm 

or settled fractions were identified, and significant enrichments in the identified meta-data 

categories were determined using custom R scripts. Briefly, enrichment values were 

determined using two-sided Fisher’s exact tests, with FDR-adjusted p-values ≤ 0.05 being 

designated as significant. Fold enrichment (F) was calculated as the number of genes in 

the IRB-Seq interest group that are also in the meta-data category (Ngc) divided by the 

number of genes expected in the group and category (Egc). This expected number was 

calculated by multiplying the number of total genes in the IRB-Seq interest group (Ng) by 

the frequency of all genes in the genome that are found in the meta-data category (fc), 

which was determined as the number of genes in the category (Nc) divided by the number 

of genes in the genome (N).  

F = Ngc/Egc; Egc = Ng * fc; fc = Nc/N 
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Figure 5-3: Representative biofilm IRB-Seq experiment flasks. Flasks of pilB and control-mutation 
cultures before the planktonic cells are removed, the settled fraction of the culture, and the biofilm fraction 
of the culture. 



Fi
gu

re
 5

-4
: V

ol
ca

no
 p

lo
t o

f I
R

B
-S

eq
 b

io
fil

m
 fi

tn
es

s 
es

tim
at

es
. T

he
 b

io
fil

m
 a

nd
 s

et
tle

d 
fra

ct
io

ns
 o

f t
he

 p
ilB

 in
te

ra
ct

io
n 

w
ith

 th
e 

R
B-

Tn
Se

q 
lib

ra
ry

. 
G

en
es

 a
bo

ve
 th

e 
ho

riz
on

ta
l d

as
he

d 
lin

e 
ha

ve
 F

D
R

 <
 0

.0
1 

(L
in

ea
r m

ix
ed

-e
ffe

ct
s 

m
od

el
). 

Ab
so

lu
te

 v
al

ue
s 

of
 fi

tn
es

s 
es

tim
at

es
 o

f 1
 a

re
 in

di
ca

te
d 

by
 

ve
rti

ca
l d

ot
te

d 
lin

es
. A

ll 
po

in
ts

 w
ith

 F
D

R
 <

 1
0−1

0  a
re

 p
lo

tte
d 

as
 F

D
R

 =
 1

0−1
0 .

163 



164 

Figure 5-5: Gene set enrichment analysis for IRB-Seq biofilm experiment. Plots showing enriched 
categories in the gene sets with significant (FDR < 0.01) positive and negative fitness estimates in either 
the biofilm or settled fractions. 
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CHAPTER 6:  Conclusions 

This work expanded the tools and information available to study complex 

phenotypes in Synechococcus elongatus, particularly phenotypes of phototaxis and 

biofilm formation. This was first accomplished through the development of S. elongatus 

UTEX 3055 as a model organism for phototaxis and biofilm research. The sequencing 

and annotation of the genome of this recent and novel isolate of S. elongatus led to the 

determination of an operon essential for phototaxis and made additional genome 

comparison analysis possible.  

A comprehensive comparative genomics analysis in this work was the scaffold that 

supported the multiple discoveries in diverse topics relating to the biology of S. elongatus. 

Perhaps the finding with the potential for the largest impact in the cyanobacterial research 

community is the correction of the type strain PCC 6301 genome sequence, bringing it 

closer to the sequences of the legacy strains, specifically to UTEX 2793 that is 

presumably derived from it. The analysis also led to a pangenome analysis and 

annotation, making any future comparative analysis using S. elongatus strain data easier 

by standardizing and collating available annotations and metadata. The main proposed 

use of the comparative genome analysis, to use it to find specific loci or nucleotide 

changes that explain complex phenotypes, was a success. The analysis identified specific 

loci that explain a difference in pigmentation and phototaxis phenotypes between UTEX 

3055 and other legacy S. elongatus strains as well as showing that the patterns of shared 

and unique SNPs and genes between UTEX 3055 and the legacy strains are compatible 

with a domestication hypothesis. The genomic analysis also helped explain a confusing 
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allele present in PCC 7942 that is neither WT nor a sequencing error, but derives from a 

rare mutant clone used for the published reference sequence for PCC 7942.  

The RB-TnSeq library of PCC 7942 has proven to be an invaluable tool for 

interrogating the genetics of phenotypes in a cost-effective and labor-effective manner, 

and as part of this work I developed a complementary library in UTEX 3055 that is a 

beneficiary of the great depth of information that has been synthesized through the use 

of the PCC 7942 library. The library of UTEX 3055 is dense enough to be used to screen 

for genes involved in phenotypes that are difficult or impossible to assay in PCC 7942 

such as biofilm formation and phototaxis, and can be used in tandem with the PCC 7942 

library to interrogate fitness effects across the entire S. elongatus pangenome. 

Experiments that mix the two libraries are also possible, because the unique barcode of 

each insertion is assigned to its respective genome. Such experiments will enable 

questions to be addressed related to the fitness contributions of unique portions of UTEX 

3055, such as CRISPR and toxin-antitoxin systems, when presented with complex 

microbial assemblages such as water from Waller Creek.   

In addition to genome comparison analysis and the creation of an RB-TnSeq 

library in UTEX 3055, an IRB-Seq approach in the PCC 7942 library was used to find 

additional genes in the biofilm formation pathway of PCC 7942. The analysis of this IRB-

Seq experiment identified genes that can be investigated further to expand the current 

model of biofilm formation in S. elongatus beyond the pathway controlled by constitutive 

repression, such as transcriptional regulators and genes involved in the metabolism of 

the second messengers cAMP and c-di-GMP. 
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The combined approach of using comprehensive comparative genome analysis 

and deep mutant screens to interrogate complex phenotypes in S. elongatus not only 

bears fruit in revealing targets for exploring phototaxis and biofilm formation, but also 

provides tools for future researchers to use and build upon, such as an RB-TnSeq library 

in UTEX 3055, new sequence data for model strains, improved annotation and organism 

metadata, and a pangenome of S. elongatus. 




