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ABSTRACT OF THESIS 

Developing Leptolyngbya sp. as a Heterologous Expression Host 

 

by 

 

Jonathan Tram 

Master of Science in Chemistry 

University of California, San Diego, 2016 

William H. Gerwick, Chair 

 

Filamentous marine cyanobacteria are known to produce a variety of structurally 

diverse and biologically active secondary metabolites, many of which are being studied 

for a wide spectrum of applications, ranging from biofuels to pharmaceuticals. The 

development of a stable heterologous expression host for cyanobacterial biosynthetic 

pathways would alleviate current bottlenecks in natural products research, such as the 

low yield of many of these potentially valuable compounds from field-collected extracts. 
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Additionally, it would allow for a deeper investigation of the expression and genetic 

regulation of these complex pathways while providing a platform in which to investigate 

pathways from strains for which no genetic tools may yet be developed. To date, there 

are no known model filamentous cyanobacterial strains of marine origin. In this study we 

demonstrate the first known transformation and expression of a self-replicating broad-

host-range vector and a knockout vector, carrying two reporter genes, in a filamentous 

marine cyanobacterium.  
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Chapter One: 

Introduction  

1.1 The Marine Environment and Natural Products Drug Discovery 

Earth’s oceans are host to an incredible diversity of life. None are more 

ubiquitous and prolific than the various bacteria and microorganisms that have been 

shown to inhabit all marine environments (1). In the past half century, investigations into 

the chemical diversity of these organisms have led to the isolation and characterization of 

numerous natural products, many of which have been shown to demonstrate a variety of 

biological activities (2). Specifically, many marine natural products have been studied for 

their pharmaceutical effects and potential. For example, curacin A—isolated from the 

cyanobacterium Moorea producens (formerly Lyngbya majuscule) collected near the 

Caribbean island of Curaçao—and hectochlorin, isolated from M. producens in Jamaica, 

have been shown to demonstrate anti-cancer activity (3). Other natural products such as 

jamaicamide A have been shown to demonstrate neurotoxic properties (4), whereas 

malyngamide F acetate demonstrated anti-inflammatory activity (5) (Figure 1.1).  
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Figure 1.1 Biologically active marine natural products.  

Initially, many marine natural products were attributed to larger invertebrates 

such as ocean sponges and snails; however over the course of investigation, many of the 

secondary metabolites previously found in the aforementioned organisms were re-

isolated in much smaller organisms, namely marine cyanobacteria, fungi, and other 

heterotrophic bacteria (2). As a result of this observation, it was later hypothesized that 

many of the secondary metabolites previously described are actually being produced by 
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microorganisms living symbiotically with larger hosts for mutual gain (2, 6). For 

example, the anti-tumor compound, Dolastatin 10, was first reported from the sea hare 

Dolabella auricularia, but would be later found to originate from a cyanobacterium 

(Symploca sp.) that was a part of the gastropod’s diet. Modern marine natural products 

research has since placed greater emphasis on the collection, culture, and study of marine 

bacteria found growing in mats or tufts on coral beds, in deep and shallow ocean 

sediment, or living symbiotically with other organisms (2). Advances in the 

sophistication and detection capabilities of analytical techniques such as NMR and mass 

spectrometry coupled with improving in silico processing in the form of molecular 

networking have allowed for the detection and characterization of the oftentimes trace 

amounts of secondary metabolites isolated from bacterial samples (7, 8, 15). Together, 

this focused targeting of marine bacteria and the improved ability to detect and identify 

novel secondary metabolites with various biological activities have lead to the 

development of several Food and Drug Administration (FDA) approved drugs and 

therapeutics.  

Currently, several FDA-approved drugs exist that are derived from marine natural 

products, with many more in varying stages of clinical trial and development (2, 9). 

Examples of these approved compounds (Figure 1.2) listed by their trade names are: the 

anti-cancer drugs Adcetris (Brentuximab Vedotin), Halaven (Eribulin Mesylate), 

Yondelis (Trabectedin), and Cytosar-U (Cytarabine); the anti-virals Carragelose 

(Carrageenan) and Vira-A (Vidarabine); the neuropathic pain inhibitor Prialt 

(Ziconotide); and lastly, the Hypertriglyceridemia supplement Lovaza (Omega-3-Fatty 

Acid Ethyl Esters). Of the eight, three therapeutics, Prialt, Yondelis, and Carragelose, 
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remain unchanged from their originally discovered natural product (9, 10). Despite the 

optimistic outlook for marine natural products in the clinical pipeline, the vast majority of 

the chemical bounty that the oceans have to offer may yet remain undiscovered. It is 

estimated that less than 1% of marine bacteria have been cultured. And even those being 

grown or preserved in laboratories, could still find their potential untapped (2).  

 

Figure 1.2 Approved drugs of marine origin.  
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1.2 Genomics and Natural Product Research 

Recent advances in DNA sequencing technologies have made the sequencing of 

whole genomes faster and cheaper and have given rise to “big data” genomic, proteomic, 

transcriptomic, and metabolomic studies (2). Genome mining, or the analysis of genome 

sequences for the identification of the genes that encode proteins, has allowed for the 

elucidation of the sets of genes (biosynthetic pathways) responsible for the production of 

many secondary metabolites of interest (9, 11). This bioinformatics approach has also 

lead to the discovery of natural products pathways present in uncultured bacteria found 

either in collected sediment, water samples, or coexisting with cultured strains (9). 

Genomic approaches to natural products discovery opened up the possibility of 

expressing whole or partial biosynthetic pathways in heterologous hosts in order to obtain 

increased yields of desired molecules (12). In addition, the field of synthetic biology has 

emerged from the “era” of genomics allowing for the combinatorial biosynthesis of new 

molecules. Through the genetic manipulation of particular genes within a natural product 

biosynthetic pathway, synthetic biology offers the potential to generate novel molecules 

that would normally be difficult to generate via a purely synthetic approach (9, 13, 14).  

The age of genomics has also resulted in the establishment of numerous online 

bioinformatic tools and databases: NCBI BLAST, antiSMASH, RCSB Protein Data 

Bank, and NCBI Genbank to name a few (15). These publicly accessible tools allow for 

comparative analyses between newly sequenced genomes and numerous profiled and 

annotated genomes for the purposes of predicting putative protein function, identifying 

secondary metabolite biosynthetic pathways, and designing investigative genetic tools 
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(16, 17, 18). Despite the power of modern bioinformatics, there will always be the 

eventual need to validate both biological and biochemical in silico predictions with in 

vivo or in vitro experiments in the laboratory.  

An example of genome mining leading to the discovery of natural products and 

their biosynthetic pathways include the discovery of the FAAR/ADO pathway, which is 

one of the pathways responsible for hydrocarbon production in cyanobacteria (the other 

being the OLS pathway) (15, 19). Comparative genomics were used to identify common 

genes found in odd-chain hydrocarbon producing cyanobacteria versus strains that did 

not produce them. Two gene open reading frames (orf’s) were eventually identified in 

Synechococcus elongatus PCC7942, orf1593 and orf1594, as being likely candidates for 

the production of alkanes in the cyanobacterium. These genes were subsequently 

expressed heterologously in E. coli by Schirmer et al. The coexpression of both orfs in E. 

coli resulted in the production of odd-chain length alkanes and alkenes, confirming their 

biochemical role in cyanobacterial hydrocarbon production (20). 

Genomic comparisons of the biosynthetic pathways found in organisms that 

produce secondary metabolites containing a terminal alkyne such as jamaicamide B and 

viequeamide A (Figure 1.3), revealed a set of conserved genes predicted to be 

responsible for the terminal alkyne formation (15). Zhu et al. eventually heterologously 

expressed the genes JamA, JamB, and JamC from the jamaicamide pathway in E. coli in 

conjunction with a plant type III PKS (HsPKS1) from Huperzia serrate, which loads 

various aliphatic and aromatic starter units for subsequent malonyl-CoA extension. The 

result was the successful terminal alkyne addition to a polyketide starting unit (21). The 

ability to biologically synthesize a terminal alkyne from the heterologous expression of 
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these putative genes represents not only insight into the biosynthetic mechanisms of 

microorganisms, but also provides a novel approach for the synthesis of polyketides with 

terminal alkynes for potential use in “Click” chemistry (15, 21). In summary, it is clear 

that combining modern genomics with biochemical studies allows for the elucidation of 

the various biological mechanisms utilized by microorganisms to produce a variety of 

natural products and that future genomic probing will continue to provide greater insight.     

 

Figure 1.3 Natural products containing a terminal alkyne.  

1.3 Investigating the Biosynthetic Pathways of Marine Cyanobacteria 

Cyanobacteria are among the oldest life forms on the planet and have been known 

to be a rich source of natural products for the better part of the past half-century (22). 

They are photoautotrophic, prokaryotic bacteria, which inhabit nearly all regions on Earth 

ranging from freshwater lakes, oceans, deserts, forests, hot springs, and are even found 

living symbiotically with other organisms due to their ability to fix nitrogen for their 
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hosts (24, 25). The biological potency and structural diversity in the secondary 

metabolites produced by these organisms has been of increasing interest to many research 

groups worldwide in the past forty years, originating from the work of Dr. Richard E. 

Moore in the late 1970s with the discovery of majusculamides A and B. Since then, the 

two most established fields of natural products research as it pertains to cyanobacteria 

concern investigations of the freshwater and marine strains, not only for their potential 

medicinal value, but also for their negative effects on both human health and their 

ecological roles (26).  

As mentioned earlier, many of the secondary metabolites produced by 

filamentous marine cyanobacteria have attracted interest for their potential therapeutic 

properties. For example, venturamide A, dragonamide A, and gallinamide A have been 

shown to possess antimalarial properties; hoiamide A and palmyramide A are being 

investigated as neuropharmacological agents; and it is estimated that up to 35% of the 20 

anti-cancer agents (of marine origin) that are currently in some stage of clinical trial are 

cyanobacterial in origin (22, 31) (Figure 1.4).  

A large portion of the some 800+ novel compounds isolated from filamentous 

marine cyanobacteria are derived from nonribosomal peptide synthetase (NRPS), 

polyketide synthase (PKS), and hybrid NRPS/PKS biosynthetic pathways (27). These 

pathways are essentially massive enzyme complexes comprised of a series of enzyme 

modules, each of which are responsible for a specific step in the overall elongation of the 

polypeptide or polyketide chains (28).  Each module in the overall assembly line can 

further be delineated into discrete domains responsible for the various functional group 

modifications (reductions, methylations, oxidations, dehydrations, etc.) necessary at each 
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step of elongation in order to furnish the final product (28, 29). Found in each module is 

typically a “carrier protein” which utilizes a phosphopantetheinyl arm to tether the 

growing chain for subsequent nucleophilic attack by the elongation unit, itself tethered to 

a downstream acyl carrier protein (ACP) or peptidyl carrier protein (PCP) for PKS and 

NRPS pathways, respectively. In addition to the core modules responsible for catalyzing 

the chain elongation steps of the growing substrate, auxiliary catalytic enzymes found in 

each module can then perform iteratively the aforementioned modifications before the 

next stage of elongation is performed. The varied combinations of these auxiliary 

enzymes allow for the incredible structural diversity observed in cyanobacterial 

secondary metabolites (28). The study of these pathways, more specifically, the 

characterization of their various biosynthetic enzymes, provide great potential for future 

work utilizing synthetic biology and rational design to generate whole libraries of new 

compounds with yet unknown function and applicable uses (25).  
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Figure 1.4 Biologically active natural products from filamentous marine cyanobacteria. 

1.4 Towards the Development of a Filamentous Marine Cyanobacterial Host 

Unlike other bacterial platforms such as E. coli and in freshwater cyanobacteria 

such as Anabaena PCC 7210, the tools and techniques available for reliable DNA transfer 

into filamentous marine cyanobacteria are extremely lacking (23). The absence of a 

model marine strain, for which genetic tools and heterologous expression systems are 

well developed, limits the ability of researchers to intimately probe filamentous marine 



	  

	  

11	  

cyanobacteria at the genetic and biochemical level. The development of viable genetic 

tools for working with a broad range of marine cyanobacteria would not only help to 

alleviate the classical constraints such as low compound production through up-

regulation efforts, but would also allow for the stable integration and expression of whole 

pathways of interest or of synthetic design (33). Previous efforts by Jones et al. to 

develop the filamentous marine cyanobacterium Moorea producens as heterologous host 

stalled at the early stages of DNA insertion. The methods employed by that previous 

study involved: incubation with fluorescein-labeled morpholinos (to determine if the 

cyanobacterium would passively take up the fluorescent oligomers); conjugation using 

plasmids designed for use in the freshwater cyanobacterium Anabaena PCC 7120; and 

the use of a gene gun and DNA-laced tungsten beads to facilitate DNA introduction (23). 

All of these techniques failed to introduce any exogenous DNA into Moorea producens, 

highlighting the challenges that filamentous marine strains pose.  

Cultured marine cyanobacteria present their own unique challenges when it comes 

to genetic engineering (33). Many cyanobacteria possess multiple chromosomal copies. 

Synechocystis PCC6803, for example, contains 12 chromosomal copies per cell. This 

redundancy poses problems in a potential knockout experiment, as multiple copies of the 

gene to be deleted may be present, making any generated mutants difficult to segregate. 

The morphology of cyanobacteria also makes DNA insertion difficult (23, 33). Many 

marine strains produce exocellular polysaccharides (EPS) and biofilm in addition to the 

mucilaginous sheaths that encase some filamentous strains, presenting additional barriers 

to genetic manipulation through conventional means (33, 34, 35). Additionally variable 
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circadian rhythms and lengthy growth times for many cultured cyanobacteria results in 

difficult to predict genetic expression timescales (23, 33).  

This is not to say that no avenues exist for the genetic manipulation of 

cyanobacteria, and model strains such as the freshwater cyanobacterium Anabaena 

PCC7120 do exist, along with a limited accompaniment of specialized tools (33, 36). The 

broad-host range (BHR) plasmid RSF1010 of E. coli origin was first sequenced by 

Scholz et al. in 1988, and the RSF1010 replicon used to construct BHR vectors were 

shown to replicate in many strains of cyanobacteria by Huang et al. (37, 38).     

Taton et al. developed a modular system for the assembly of various BHR vectors 

for use in heterologous expression and gene knockout and knockin experiments. These 

vectors can be built from an assortment of molecular devices including but not limited to: 

antibiotic resistance makers for selection, origins of replication for both cyanobacteria 

and E. coli, and fluorescence reporter cassettes. Combinations of these devices were 

tested in various strains of filamentous and non-filamentous freshwater cyanobacteria 

(Anabaena sp. PCC7120, Leptolyngbya sp. BL0902, Nostoc punctiforme ATCC29133, 

and Synechocystis sp. PCC6803) in order to determine the viability of each device 

between strains of cyanobacteria (36). The platform developed by Taton et al. was 

utilized and adapted to the filamentous marine cyanobacterium, Leptolyngbya sp., 

investigated in the following study.  

1.5 The Phormidolide Biosynthetic Pathway in Leptolyngbya sp.  

As a proof of concept, this study endeavored to investigate the biosynthetic 

pathway responsible for production of phormidolide, a brominated macrocyclic 

polyketide (Figure 1.5), produced by a cyanobacterium collected by the Gerwick group 
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from Sulawesi, Indonesia in 1994 and subsequently maintained in stable culture for the 

past twenty years (30, 32). Originally identified as a Phormidium sp., the filamentous 

cyanobacterium was later reassigned as Leptolyngbya sp. upon analysis of its 16S rRNA. 

Although the culture is maintained as a monoculture, it is not axenic. The assembled draft 

genome for Leptolyngbya sp. is 8.5 MB, not including the sequences believed to be of 

non-cyanobacterial origin. AntiSMASH analysis revealed 16 secondary metabolite gene 

clusters including but not limited to: four NRPS-PKS, three PKS, and one NRPS 

pathways. The PKS gene cluster for phormidolide biosynthesis (phm) proposed by Bertin 

et al. was elucidated using stable isotope-labeled precursor feeding experiments and 

bioinformatics analysis. The pathway itself is notable for the varied modifications 

performed to the macrocycle backbone, including a terminal bromination, numerous 

hyroxy and methyl groups, points of unsaturation, cyclizations, and the incorporation of a 

16-carbon fatty acid moiety near the brominated terminus (32).  

The study described in this Master’s Thesis attempted to leverage existing genetic 

tools for cyanobacteria in order to: 1) introduce heterologous DNA to Leptolyngbya sp. 

and determine its genetic tractability, a feat that has not yet been demonstrated in 

filamentous marine strains of cyanobacteria and 2) demonstrate that homologous 

recombination is possible in this strain via knockout studies of the phormidolide 

biosynthetic pathway. Chapter 2 describes the initial steps taken to develop the 

cyanobacterium, Leptolyngbya sp., as the first filamentous marine heterologous 

expression host.  
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Figure 1.5 The structure of phormidolide. 
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Chapter Two: 

Developing Leptolyngbya sp. as a Heterologous Expression Host 

2.1 Abstract 

Filamentous marine cyanobacteria are known to produce a variety of structurally 

diverse and biologically active secondary metabolites, many of which are being studied 

for a wide spectrum of applications, ranging from biofuels to pharmaceuticals. The 

development of a stable heterologous expression host for cyanobacterial biosynthetic 

pathways would alleviate current bottlenecks in natural products research, such as the 

low and unsustainable yield of many of these potentially valuable compounds from field-

collected extracts. Additionally, it would allow for a deeper investigation of the 

expression and genetic regulation of these complex pathways while providing a platform 

in which to investigate pathways from strains for which no genetic tools may yet be 

developed. To date, there are no known model filamentous cyanobacterial strains of 

marine origin for genetic studies. In this study we demonstrate the first known 

transformation and expression of a self-replicating broad-host-range vector and a 

knockout vector, carrying two reporter genes, in a filamentous marine cyanobacterium. 

Attempts to confirm site-directed mutagenesis of the phmJ gene via PCR however were 

not successful.   

2.2 Introduction  

Cyanobacteria have emerged as attractive platforms for the production of various 

high-value molecules including but not limited to: fuels, nutritional products, and various 

compounds of pharmaceutical or human-health interest (1). Cyanobacteria are 

autotrophic, possessing photosynthetic systems capable of capturing sunlight to produce 
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cellular energy (2). This ability to derive energy from the sun makes cyanobacteria more 

akin to traditional crops in that they rely on renewable energy sources and represent an 

environmentally friendly avenue for the production of various natural products (3). The 

advantages that cyanobacteria possess over traditional crops are that they do not 

require—nor compete for—arable land, typically grow more quickly, and possess easier-

to-access and simpler genetics (4). However, despite the inherent advantages of using 

cyanobacteria as a production platform, progress and development of genetic tools for 

manipulating these organisms has lagged compared to more established organisms such 

as E. coli and yeast (5). 

Despite their appeal, it remains a challenge to develop genetic tools for 

cyanobacteria due to their polyploidy, morphology (tough cell walls and sheaths through 

which DNA oftentimes cannot pass), circadian rhythms, and endogenous restriction 

systems. In addition, each of these factors varies even between model strains, resulting in 

the need for careful categorization of viable genetic devices (resistance cassettes, origins, 

promoters, etc.) for each particular strain. Furthermore, culturing practices and protocols 

need to be optimized and adapted depending on the strain being studied (8-11). 

Cyanobacteria collected from the field also harbor heterotrophic bacteria that oftentimes 

cannot be removed without killing the host cyanobacterium (12).  

Currently, only a few strains of cyanobacteria are amenable to genetic 

manipulation through transformation, electroporation, or conjugation of exogenous DNA 

(6). Most of these strains are freshwater cyanobacteria such as Anabaena PCC7120 and 

Leptolyngbya BL0902, although a unicellular marine Synechococcus has been shown by 

Brahamsha et al. to accept self-replicating and suicide plasmids via conjugation (6). The 
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current suite of genetic tools available for model cyanobacterial strains include: self-

replicating vectors, antibiotic selection markers, promoters, fluorescent reporter genes, 

and knockout vectors. Taton et al. have demonstrated the viability of various RSF1010-

derived, broad-host-range (BHR) vectors in Anabaena sp. PCC7120, Leptolyngbya sp. 

BL0902, Nostoc punctiforme ATCC29133, and Synechocystis sp. PCC6803 (8, 15, 16).   

To date however, there are no known examples of successful transformation and 

heterologous expression in a filamentous marine cyanobacterium. Filamentous marine 

cyanobacteria are known producers of many biologically active natural products and the 

development of a model strain would be appealing to heterologous expression efforts due 

to the availability of biosynthetic pathways (and their unique enzymes), similar cofactor 

and substrate availability, and GC content. This chapter presents the initial attempts to 

develop the first filamentous marine cyanobacterium as a heterologous expression host. 

The strain central to this study, Leptolyngbya sp., was collected from Sulawesi, Indonesia 

in 1994 and has been maintained in stable culture in our laboratory. We were able to 

demonstrate for the first time in a filamentous marine strain: 1) the transformation and 

expression of a self-replicating plasmid, carrying a BHR origin of replication (ori), a 

yemGFP fluorescence gene, and an Sp/Sm antibiotic resistance gene; and 2) the 

successful transformation and expression of a knockout vector, carrying an E. coli ori 

(pBR322), antibiotic resistance gene, and yemGFP gene. However, our attempts to 

confirm site-directed mutagenesis in the phormidolide pathway were unsuccessful and 

the insertion site of the knockout vector has yet to be determined.    

2.3 Materials and Methods 

2.3.1 General Strains and Culture Conditions 
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Cyanobacterial and E. coli strains used in this study are shown in Table 2.1. The 

cyanobacterium, Leptolyngbya sp., was grown in SWBG-11 (containing 35 g/L Instant 

Ocean Aquarium Salt) medium at 28°C (16 h light/8 h dark) at a range of  

30-40 µE m-2 s-1, unshaken, for approximately one-month prior to conjugation 

experiments. The Leptolyngbya strain is remarkably robust, growing readily on the 

surface of agar plates as well as within poured agar, at a range of light levels, 

temperatures, and salinities. E. coli strains were kindly provided by the Golden 

Laboratory and streaked on LB plates with the appropriate antibiotics and incubated at 

37°C overnight in an incubator. Subsequently, single colonies were picked and inoculated 

in 5 mL tubes of LB medium (with the appropriate antibiotics) at 37°C while spinning in 

a roller drum. Overnight liquid cultures would then be used in conjugation experiments.  

DD1H is derived from WM3064, a diaminopimelic acid (DAP) dependent 

auxotrophic E. coli strain kindly provided to the Golden Laboratory by William Metcalf, 

University of Illinois at Urbana-Champaign. The strain possesses native streptomycin 

resistance and is capable of conjugation using RP4. It originally harbored the plasmid 

pKMW7 (Tn5 transposon, Cm resistance), which was removed so that the Cm resistance 

conferred by pKMW7 would not be mistaken for antibiotic resistance arising from the 

helper plasmid (13).  
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Table 2.1 Bacterial strains used for this study.  

Strain Description 
Source or 
reference 

Leptolyngbya sp.  Cyanobacteria, wild type 
Laboratory 
collection 

DH5α E. coli, cloning host Gibco BRL 

AM4414 
E. coli, DH10β possessing pAM4413, 
pRL623, and pRL443 

Laboratory 
collection 

AM4413 E. coli, DH10β possessing pAM4413 
Laboratory 
collection 

AM1359 
E. coli, DH10β possessing pRL623 and 
pRL443 

Laboratory 
collection  

DD1H 

E. coli, WM3064 diaminopimelic acid 
(DAP) auxotrophic strain with pKMW7 
removed; possesses pRL623 (13) 

 

2.3.2 General PCR Protocols 

Typical PCR amplifications were carried out using Q5 High-Fidelity DNA 

Polymerase from New England BioLabs under conditions dictated by the manufacturer’s 

protocols. A typical PCR reaction consisted of an initial denaturation step at 98°C for 30 

sec, followed by 30 cycles of a 10 sec denaturation at 98°C, 20 sec annealing at either 

65°C, 68°C, or 70°C, and an extension step (15 sec/kb) at 72°C. Plasmids were prepped 

using a Qiagen QIAprep Spin Miniprep Kit and cleaned and concentrated using a Zymo 

Research DNA Clean and Concentrator Kit. Restriction enzyme digests were performed 

for 3-5 h using 5U of restriction enzyme per µg of DNA in a final volume of 25 µL. DNA 

purity and concentration were measured using a Thermo Scientific NanoDrop 2000c.    
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Table 2.2 List of primers used in this study with their sequences.  

Name Sequence 5' to 3' Function 

LA_phmJ_DRKOassembly_F 

ATCGGGCCCGGGCCCGGGGACT
GAGAGTGGAAAACCGCTTAGTG
C Left arm assembly 

LA_phmJ_DRKOassembly_R 

ATCCGCGCGCGCGCGCGCGATG
CCAATAGTAACTGTTCCACCGA
CAC Left arm assembly 

RA_phmJ_DRKOassembly_F 
ATCCCGCCGCCGCCGCCGGATT
CGCACTGAAGCCAAAGCCTAC Right arm assembly 

RA_phmJ_DRKOassembly_R 
ATCGGGGGCCCCCGGGGGGACG
CATCTGCCCCCTACTTCACC Right arm assembly 

phmJ_DRKO_LA_confirm_R_inG
FP 

AGGCATCAAATAAAACGAAAG
GCTC 

Sequencing knockout 
vector 

phmJ_DRKO_LA_confirmation_pr
imer_F 

CAGAGCAGGCTGTCTTGTCACT
ACC 

Sequencing knockout 
vector 

LT_bb_AntR_ccw 
TTCGAAACCGGTATCCCGCCGC
C 

Sequencing knockout 
vector 

phmJ_DRKO_RA_confirm_R 
ATCGGATGCATCAATGACTTCA
AC 

Sequencing knockout 
vector 

phmJ_DRKO_LA_confirmation_pr
imer_F 

CAGAGCAGGCTGTCTTGTCACT
ACC 

Sequencing knockout 
vector 

phmJ_DRKO_RA_confirm_R 
ATCGGATGCATCAATGACTTCA
AC 

Sequencing knockout 
vector 

phmI-16996F 
CCAACGGAAGAAGACCTAATAG
TC Left arm recombination 

yemGFP-D853F 
GCAGAAGCGGTCTGATAAAACA
G Left arm recombination 

aadA_277R 
GCACAACAATGGTGACTTCTAC
AG Right arm recombination 

phmJ_DRKO_RA_confirm_R 
ATCGGATGCATCAATGACTTCA
AC Right arm recombination 

phmE_pos_F: GGCGCTAGAAATAGGCATCCAG Control sequence 

phmE_pos_R: 
GCGAATGTCCAGTTCAAGACTC
TC Control sequence 

Cyano_16S27F     AGAGTTTGATCCTGGCTCAG 16S primer 
Cyano_23S30R     CTTCGCCTCTGTGTGCCTAGGT 16S primer 

Cyano_16S378F 
GGACTACWGGGGTATCTAATCC
C Sequencing 16S 

Cyano_16S784R 
GGACTACWGGGGTATCTAATCC
C Sequencing 16S 

DRKO_GFPinsert_F 
CGCGCGCGCGCGCGCGGATGCT
CGAGTGCACGTACGACGTCTAG GFP insert primer 

DRKO_GFPinsert_R 

GCGGGCTTTTTTTTGGCGCGCCG
TGGCTGTGCAGGTCGTAAATCA
C GFP insert primer 
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2.3.3 Genomic DNA Extraction  

Two DNA extraction protocols were used to extract genomic DNA from both the 

wild type (WT) and mutant strains of Leptolyngbya sp.. The first protocol, a phenol-

chloroform extraction using cetrimonium bromide (CTAB), was performed as follows: A 

20 mL culture of cyanobacteria was concentrated by centrifugation (4000 rpm, 10 min) 

and washed in 500 µL of 120 mM NaCL and 10 mM EDTA, pH 8.0. The cells were re-

pelleted and resuspended in 340 µL of 25% sucrose, 50 mM Tris-HCl, pH 8.0, and 10 

mM EDTA, pH 8.0 (lysozyme and RNase were added to a final concentration of 2 

mg/mL and 0.1 mg/mL, respectively). The cells were then incubated for 45 min at 37°C, 

after which 2 µL of proteinase K (10 mg/mL stock) and 20 µL of 20% sarkosyl were 

added. The cell suspension was then mixed and incubated at 55°C for 30 min. 

Afterwards, 57 µL of 5 M NaCl and 45 µL of 10% CTAB (in 0.7 M NaCl) were added. 

The resulting mixture was incubated at 65°C for 10 min. Extraction was then performed 

using 500 µL of 24:1 chloroform:isoamyl alcohol. The aqueous layer was removed and 

extracted with 500 µL of equilibrated phenol. Once more the aqueous layer was removed 

and extracted with 500 µL of 24:1 chloroform:isoamyl alcohol. The resulting aqueous 

phase was removed and DNA was precipitated using 2 volumes of 100% ethanol. The 

genomic DNA was pelleted by centrifugation (16,000 rpm, 15 min) and washed with 1 

mL 70% ethanol prior to evaporation and resuspension in 50 µL of polished water.    

The second method used for DNA extraction incorporated the Qiagen Genomic 

tip 20/G kit and protocol with slight modifications for use with filamentous 

cyanobacteria. Prior to implementing the Qiagen protocol, 20 mL cultures of the 

cyanobacterium were harvested by filtration and ground using a mortar and pestle 
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following a flash freeze using liquid nitrogen. The pulverized cells were then used in the 

Qiagen protocol with the only other modification being a lysozyme incubation time of 1 h 

compared to 30 min as recommended in the Qiagen manual. 

2.3.4 Fluorescence Microscopy 

Differential interference contrast (DIC) and fluorescence microscopy were 

performed using an Applied Precision Delta Vision microscope system: Olympus IX71 

inverted microscope, Olympus UPlanSApo objectives, and a CoolSNAP HQ2/ICX285 

camera. Tetramethylrhodamine isothiocyanate (TRITC) filters (EX555/28 and 

EM617/73) were used to image autofluorescence of photosynthetic pigments and GFP 

(EX470/40 and EM525/36) filters were used to image fluorescence. Resolve3D 

softWoRx-Acquire software was used for image acquisition and processing. 

2.3.5 Antibiotic Assay of Leptolyngbya sp. 

In order to test the susceptibility of Leptolyngbya sp. to a range of antibiotics, an 

assay was performed wherein the cultured strain was streaked on SWBG-11 noble agar in 

2 mL, 24-well plates containing a concentration gradient of the specific antibiotic to be 

tested. The antibiotics used in the assay were ampicillin (Ap), tetracycline (Tc), 

kanamycin (Km), neomycin (Nm), gentamycin (Gm), chloramphenicol (Cm), 

erythromycin (Em), and spectinomycin/streptomycin (Sp/Sm).  

A 50 mL aliquot of a one-month old culture of the cyanobacterium were sonicated 

using a Fisher Scientific Model 500 Sonic Dismembrator at 20% power (120 Watts) for 

45 sec (5 sec on/off cycle) in order to break up the biofilm and allow for a more 

homogenous mixture of Leptolyngbya sp. The cells were then concentrated by 

centrifugation and resuspended in 1 mL of SWBG-11 medium for each antibiotic to be 
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tested. Serial dilutions were then generated from the 1 mL of concentrated cells and 

ultimately 10 µL of the 1x, 100x and 10,000x dilutions were streaked on the antibiotic-

laced plates as shown by Figure 2.1. The plates were then allowed to incubate at 30°C 

for 7 days while the relative growth between the various antibiotics were monitored.   

 

Figure 2.1 A scheme showing the general layout of an antibiotic screening plate. The 
values shown are presented only to demonstrate how the antibiotic concentration 
increased between wells. The actual concentrations were varied between the different 
antibiotics and are shown in Figure 2.3.  
 
2.3.6 Transformation of Leptolyngbya sp.  

The plasmids used in this study are shown in Table 2.3. The biparental 

conjugation of Leptolyngbya sp. followed the protocol used by Taton et al. in their own 

heterologous expression studies (8). Five mL cultures of E. coli strains AM4414 and 

AM4413 were grown overnight in LB medium with the appropriate antibiotics. AM4414 

harbors three plasmids: 1) prL623, a helper plasmid possessing mobilization genes and 

methylases to protect shuttle plasmids from restriction enzymes 2) prL443, the conjugal 

plasmid and 3) pAM4413, the shuttle plasmid possessing an RSF1010 BHR ori, a bom 

site for mobilization, an antibiotic selection gene (aadA), and a yemGFP reporter gene. 
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AM4413, the negative control, also harbors the pAM4413 shuttle plasmid, but possess 

neither the conjugal nor helper plasmids necessary for conjugal gene transfer. 

The overnight cultures were split into two 2 mL aliquots (2 mL of E. coli are used 

per conjugation). The E. coli were centrifuged (4000 rpm, 3 min) and washed three times 

with 2 mL fresh LB medium without antibiotics in order to avoid residual antibiotics 

from being detrimental to the cyanobacterium during conjugation. After the wash steps, 

the E. coli strains were concentrated in 200 µL of LB medium in preparation for 

conjugation. 

A 100 mL, one-month culture of Leptolyngbya sp. was harvested and sonicated 

using a Fisher Scientific Model 500 Sonic Dismembrator (3 x 45 sec, 5 sec on/off cycle, 

150 Watts). After each sonication step, the cells were centrifuged (5000 rpm, 10 min) and 

resuspended in fresh SWBG-11 medium containing 75% the normal salt concentration. 

The cells were then concentrated in 8 mL of fresh SWBG-11 medium. The general ratio 

for one biparental conjugation is 200 µL of E. coli per 1 mL of concentrated 

cyanobacteria. The E. coli and cyanobacterium were then combined, and the bacterial 

mixture was concentrated by centrifugation (4000 rpm, 3 min), resuspended in 350 µL of 

fresh SWBG-11 medium, and incubated at 30°C in low light (10-20 µE m-2 s-1) for 3 

hours. Each biparental conjugation mixture was then streaked (150 µL, 100 µL, and 50 

µL aliquots) on SWBG-11 plates (75% normal salt concentration, +5% LB) without 

antibiotics. These conjugation plates were overlaid with Immobilon Nitrocellulose 

Transfer Membranes (0.45 µm pore size). The biparental mating was allowed to proceed 

at 30°C under low light (10-20 µE m-2 s-1) for 24 hr after which the membranes from the 



	  

	  

28	  

conjugation plates were transferred to SWBG-11 selection plates containing 10 µg/mL of 

Sp/Sm. The selection plates were incubated at 30°C at 50-60 µE m-2 s-1 for 7-9 days.  

Table 2.3 List of plasmids used in this study. 

Plasmid Description Source or reference 

pAM4413 

Shuttle vector containing yemGFP reporter 
gene downstream of a trc constitutive 
promoter; Sp and Sm resistance  Laboratory collection 

pRL623 

Helper plasmid containing Mob(ColK) and 
Anabaena methylases M.AvaI, M.Eco47II, 
and M.EcoT22I; Cm resistance Laboratory collection 

pRL443 Conjugal plasmid; Ap and Tc resistance Laboratory collection 

phmJ-DRKO 

Knockout vector containing antibiotic 
resistance and yemGFP cassettes flanked 
by two homologous regions. Possesses 
sacB, and E. coli ori pBR322; Sp/Sm 
resistance     This study 

 

2.3.7 Construction of the knockout vector 

The assembly of the knockout vector for the predicted halogenase (phmJ) in the 

phormidolide biosynthetic pathway was carried out based on the modular assembly 

strategy developed by Taton et al., utilizing genetic devices kindly provided by the 

Golden Laboratory (8). Two approximately 2 kb flanking regions straddling phmJ were 

targeted for PCR amplification. The primers used for the amplification of these so-called 

“Left” and “Right” arms contained GC-rich overlapping regions designed in silico using 

the CYANO-VECTOR website. The Left and Right fragments were eventually 

assembled with other genetic devices, possessing the corresponding GC-overlap regions.  

The initially assembled knockout vector possessed a sacB gene (for positive 

selection of double-recombinants), the E. coli ori pBR322 which is not known to be 

replicated by cyanobacteria, and an aadA cassette conferring Sp/Sm resistance. The 



	  

	  

29	  

assembly was performed using the Thermo Fisher GeneArt Seamless Cloning and 

Assembly Kit, using the molar amounts of each genetic part as calculated in silico by 

CYANO-VECTOR. The 5 µL (total volume) assembly was carried out at 25°C for 25 

min followed by direct chemical transformation into DH5α competent cells. 

A counter selection for constructs containing the assembled vector was performed 

using 100 µg/mL Ap and 20 µg/mL Sp/Sm LB plates. Screened colonies were then grown 

overnight in 5 mL LB medium (20 µg/mL Sp/Sm). The knockout plasmid was 

subsequently prepped, purified, and concentrated, and then the correct assembly of the 

knockout plasmid was confirmed via restriction enzyme digest with EcoRV-HF 

restriction enzyme (37°C, 3 h).  

It was eventually decided that in order to enhance the ability to distinguish 

between transformed filaments versus WT filaments, a yemGFP fluorescence gene 

should be incorporated into the insert region of the initially assembled knockout vector. 

The knockout vector was digested with NheI restriction enzyme (37°C, 3 h), and a 

yemGFP cassette was PCR amplified from pAM4413. The yemGFP cassette and the 

digested knockout vector were assembled using the Thermo Fisher GeneArt Seamless 

Cloning and Assembly Kit in order to generate the final knockout vector, phmJ-DRKO. 

The correct assembly of this plasmid was confirmed via restriction enzyme digest (BlpI, 

37°C, 3 h) and sequencing by SeqXcel, Inc.  

2.3.8 Transformation of the knockout vector 

The transformation of phmJ-DRKO into Leptolyngbya sp. was performed via 

biparental conjugation as previously described in Section 2.3.6 with modifications 

described in this section. The two conjugal strains used were DD1H and AM1359. The 
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decision to use the auxotrophic E. coli strain was made in order to reduce the amount of 

persisting E. coli post-conjugation. Prior to conjugation, the knockout vector was 

electroporated into AM1359 while both the helper plasmid and the knockout vector, were 

chemically co-transformed into DD1H.  

In total, 10 biparental matings were performed (5 using DD1H as the conjugal 

strain, and 5 using AM1359). The conjugal strains were grown up overnight in 10 mL LB 

medium with the appropriate antibiotics and with the addition of 60 µg/ml of DAP for the 

auxotrophic strain. The E. coli were washed 3 times with fresh LB medium without 

antibiotics. Simultaneously, a 100 mL one-month culture of Leptolyngbya sp. was 

sonicated and homogenized. The biparental matings were streaked first on SWBG-11 

plates (75% normal salt concentration, +5% LB) without antibiotics and allowed to 

recover for 24 h. After the recovery period, the cells were transferred to SWBG-11 plates 

containing 10 µg/ml of Sp/Sm. After 14 days, 9 colonies were observed, which were then 

grown up in 3 mL liquid cultures (5 µg/ml of Sp/Sm) and subsequently streaked onto 

SWBG-11 plates containing 10 µg/ml of Sp/Sm and 5% sucrose for counter-selection of 

double-recombinants.  

2.4 Results 

2.4.1 Antibiotic Screen of Leptolyngbya sp.  

In order to develop Leptolyngbya sp. as a platform for future heterologous 

expression, it was first necessary to determine the native antibiotic resistance of the WT 

strain. The goal was to determine which antibiotic cassette(s) could serve as viable 

selection markers for future transformants carrying heterologous plasmids or pathways of 

interest. WT Leptolyngbya sp. that were streaked on plates containing various antibiotics 
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were observed for 7 days and images were taken to chronicle their relative growth 

(Figure 2.2). A summary of the results of all the antibiotic screens is shown in Figure 

2.3. From the assay, it was determined that Sp/Sm inhibited WT growth at 2 µg/ml; Em 

at 2 µg/ml; and Cm at 10 µg/ml, suggesting that any one of the corresponding resistance 

cassettes could serve as a potential reporter gene during heterologous expression or 

mutagenesis experiments. Moving forward, this study used the aadA (Sp/Sm) resistance 

gene to select for transformants. 

 

Figure 2.2. The plates used for the antibiotic assay of the marine Leptolyngbya are 
shown. The images represent growth (or lack thereof) after 7 days.  
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  Antibiotic Concentration (µg/mL) 
Antibiotic 0 0.5 1 2 5 10 15 20 25 30 50 100 

Tc -   - - - -   -   -   - 
Km -     - - -   - -   - - 
Nm -     - - -   - -   + + 

Sp/Sm -   - + + +   +   +   + 
Gn -     -   -   - - - + + 
Cm -     - - + + +   +   + 
Ap - -   - - -     -   - - 
Em -     + + +   +   + + + 

-   no inhibition of growth observed 
+  inhibition of growth observed 
Figure 2.3. The antibiotic screening results of the WT Leptolyngbya sp. strain is shown. 
The “+” indicates that inhibition of growth was observed at a particular antibiotic 
concentration after 7 days. The “-” symbol indicates that no inhibition of growth was 
observed at a particular antibiotic concentration. Grey squares represent concentrations 
that were not tested in this study.   
 
2.4.2 Heterologous Expression of a Self-replicating BHR Vector in Leptolyngbya sp.  

Previous attempts by our group to transfer plasmids and genetic material into the 

filamentous marine strain, Moorea producens, were unsuccessful, highlighting the 

challenges that arise when dealing with a field-collected strain. It is believed that the 

tough cell wall and sheath prevented DNA uptake. In this study we utilized biparental 

conjugation with E. coli to transform pAM4413, a self-replicating BHR vector carrying a 

fluorescent yemGFP reporter gene, into Leptolyngbya sp. In order to bypass the bioifilm 

and EPS produced by the strain, which could present a barrier to exogenous DNA, we 

sonicated and homogenized the cells extensively prior to biparental mating, washing the 

cells with fresh media between each cycle of sonication and homogenization. 

The very first selection of transformants was carried out on SWBG-11 plates 

containing 2 µg/mL of Sp/Sm (the minimal amount of antibiotic required to inhibit WT 

growth as determined by our antibiotic assay). These plates also contained the normal 

amount of Instant Ocean salts (35 g/L) used to maintain our other cyanobacterial strains. 
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After 7 days of incubation, we did not observe any colonies that would indicate 

successful antibiotic selection. Instead, we observed lawns of cyanobacterial growth on 

the antibiotic selection plates. Fluorescence microscopy of material scraped from the 

selection plates revealed large populations of non-fluorescent filaments and no conclusive 

evidence of fluorescence from the yemGFP reporter gene.    

The presence of WT (non-fluorescent) filaments growing on antibiotic-laced 

plates contradicted previous assay data. We hypothesized that if pAM4413 were 

successfully transformed and expressed in the cyanobacterium, a large proportion of the 

population could be antibiotic resistant, resulting in the overgrowth observed. However, 

the plasmid could be present at such low copy numbers that fluorescence was not 

observable above background auto-fluorescence.  

To improve our conjugation efficiency and confirm that we were successful in 

transforming exogenous DNA into the Leptolyngbya strain, we decided to increase the 

concentration of Sp/Sm to 10 µg/mL on selection plates and reduced the concentration of 

salt in the conjugation plates to 75% (18.75 g/L) of their normal concentration (35 g/L). 

We had previously observed that Leptolyngbya was capable of growing at lower salinity, 

and thus we chose to reduce the concentration of salt in the conjugation plates in order to 

reduce the osmotic shock on the conjugal E. coli strains.  

After performing a subsequent biparental conjugation with the aforementioned 

modifications, we were able to observe distinct patches (or colonies) of cyanobacteria on 

plates conjugated with AM4414 and zero growth of cyanobacteria mated with AM4413 

(Figure 2.4). The individual patches were collected and grown up in 5 mL tubes of 

SWBG-11 with 5 µg/mL Sp/Sm for 7 days. Fluorescence microscopy was then used to 
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confirm yemGFP fluorescence within the filaments of the Leptolyngbya, indicating that 

heterologous expression of pAM4413 was achieved (Figure 2.5).  

 

Figure 2.4. Left: The selection plate for the biparental conjugation of AM4413 (negative 
control) and Leptolyngbya sp. Right: The selection plate for the biparental conjugation of 
AM4414 and Leptolyngbya sp. Each plate contained 10 µg/mL of Sp/Sm. The negative 
control plate contains no growth whereas the conjugation between AM4414 and the 
cyanobacterium resulted in numerous colonies indicating successful transformation of the 
BHR vector. 
 

 

Figure 2.5. Images from the fluorescence microscopy of (A) WT and (B-C) transformed 
Leptolyngbya sp. are shown. (B) is of a single transformed filament and (C) is of a 
population. (A-C) are the superposition of two separate images taken using TRITC (for 
the autofluorescence of native photosynthetic pigments) and GFP (for yemGFP) filters. 
There is clearly no observed GFP expression in the WT filaments, whereas transformed 
filaments demonstrate fluorescence that is separate from native autofluorescence.  

WT yemGFP yemGFP 

A B C 

	  

AM4413 AM4414 
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2.4.3 Mutagenesis of phmJ in Leptolyngbya sp.  

In order to further demonstrate the viability of Leptolyngbya sp. as a heterologous 

host, we endeavored to show that site-directed mutagenesis via homologous 

recombination was possible in this strain. We chose the gene phmJ, predicted by Bertin et 

al. to be the halogenase responsible for furnishing the vinyl bromide moiety in 

phormidolide, as the target for knockout. We hypothesized that successful knockout of 

phmJ would result in the formation of a debromophormidolide analog that is not 

observed when the strain is grown in bromine-replete medium. Interestingly, Vulpanovici 

et al. reported this debromo analog in strains grown in bromine-depleted conditions (18).  

Assembly of the knockout vector, phmJ-DRKO (Figure 2.6), was successful and 

biparental conjugation of the Leptolyngbya with AM1359 and DD1H resulted in 9 

colonies (1 from conjugation with AM1359 and 8 from conjugation with DD1H) after 14 

days of incubation on selection plates. The colonies were grown up in liquid medium and 

fluorescence microscopy was used to determine if yemGFP was being expressed (Figure 

2.7). The observance of fluorescence in the transformed filaments suggested 

chromosomal integration of the knockout vector since the E. coli ori is not known to be 

replicated in cyanobacteria. The cultures were then streaked onto plates containing 

sucrose in order to counter-select for double-recombinant mutants. However, this resulted 

in an overgrowth of contaminating heterotrophic bacteria (since the Leptolyngbya strain 

was not axenic). It should also be noted that because this was the first time a vector 

containing the sacB gene was transformed into Leptolyngbya, there was no guarantee that 

a sucrose counter-selection would be possible. As a result, we concluded that PCR 

verification would be necessary to confirm either single or double-recombination of the 
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knockout vector. In an attempt to re-purify and further segregate the mutant 

transconjugants that grew on sucrose-laced plated (3 colonies) we subsequently streaked 

serial dilutions of the surviving mutants on SWBG-11 plates with 10 µg/mL Sp/Sm. We 

tested for bacterial contamination by inoculating transconjugants in the dark at 30°C on 

SWBG-11 plates containing 0.4% glucose (wt/vol) and 5% (vol/vol) LB broth. 

 

Figure 2.6. A vector map of the knockout plasmid phmJ-DRKO.    
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Figure 2.7. Fluorescence microscopy of Leptolyngbya sp. carrying the knockout vector 
phmJ-DRKO. The image represents the superposition of two separate images taken using 
TRITC (for the autofluorescence of native photosynthetic pigments) and GFP (for 
yemGFP) filters. Expression of the yemGFP reporter gene suggests chromosomal 
integration of the knockout vector since the E. coli ori pBR322 is not known to be self-
replicated in cyanobacteria.  
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Figure 2.8. Scheme of site-directed mutagenesis of the phmJ gene showing the regions 
that would undergo homologous recombination.   
 

2.4.5 PCR Screen of Knockout Mutants 

Our efforts to confirm site-directed mutagenesis by PCR amplification were 

unsuccessful. In this section I briefly summarize the attempts that were made and their 

results. The in silico reconstructions for double-recombination and single-recombination 

at either the left or right arm regions flanking phmJ are shown in Figure 2.9, and a 

summary of the PCR products expected from each recombination event is shown in 

Figure 2.10. In a typical mutagenesis experiment, following sucrose selection, PCR 

amplification of the insert region would confirm double-recombination (22). However, in 

our experiments with the marine Leptolyngbya we were not able to completely remove 

the lingering conjugal strains (even when utilizing the DAP-dependent auxotroph). We 

	   phmJ 
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hypothesize that these conjugal strains are being sustained in the biofilm of the 

cyanobacterium. Because the conjugal strains harbored the knockout vector, it would not 

be sufficient to PCR amplify the insert region to confirm recombination. We designed 

primer sets that amplified regions outside of the Left and Right arms as well as within the 

insert region (yemGFP and aadA). 

 

Figure 2.9. The in silico reconstruction of (A) a double-recombination, (B) single-
recombination at the left arm, and (C) single-recombination at the right arm. 
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Primer Sets WT 

Single-
recombination 

LA 

Single-
recombination 

RA 

Double-
recombinat

ion 
phmI-1699F and yemGFP-

D853F 
No 

product 3 kb 11.5 kb No product 
aadA_277R and 

PhmJ_DRKO_RA_confirm
_R 

No 
product 11.9 kb 2.6 kb No product 

phmI-16996F and 
PhmJ_DRKO_RA_confirm

_R 6.5 kb 16 kb 16 kb 7.3 kb 
 
Figure 2.10. A summary of the expected PCR products produced for double-
recombination and single-recombination at either the left or right arm regions flanking 
phmJ.  
 

Numerous attempts were made to obtain PCR products from the genomic DNA 

extracted from the 3 mutants. PCR reactions using Q5 High Fidelity, Taq, and 

PrimeSTAR-GXL (Clonetech, Inc. Takara) DNA polymerases failed to obtain PCR 

products that would confirm chromosomal integration at the phmJ site. We first 

attempted to amplify short control sequences (approximately 800 bp) from the phmE 

gene, upstream of phmJ (Figure 2.11); however, no PCR product was observed from the 

three mutants screened. Initially we suspected that contaminants from the extracted 

mutant genomic DNA were inhibiting polymerase activity. Therefore, we conducted an 

inhibition assay (Figure 2.12) wherein varying concentrations of mutant DNA were 

applied to a control PCR reaction containing the WT reference DNA. However, no 

inhibitory effect was observed as the 800 bp product was observed in all controls 

regardless of mutant DNA being added.  
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Figure 2.11. PCR attempt of control band (approximately 800 bp) from phmE upstream 
of phmJ. The correct band was observed for the WT reference genomic DNA, however 
no bands were observed for any of the extracted knockout mutant genomic DNA. The 
triplicates represent three different annealing temperatures (65°C, 68°C, and 70°C)  
 

	  

Figure 2.12. The inhibition assay testing two sets of extracted genomic DNA from 
mutants KO1 and KO3. Top: PCR of the 800 bp control band was unsuccessful despite 
varying the amount of template (5 ng, 25 ng, 50 ng, and 100 ng). Bottom: each reaction 
contains 15 ng of WT reference genomic DNA. The lanes with the gradient indicate 
where 5 ng, 25 ng, 50 ng, or 100 ng of “contaminating” mutant DNA were added. No 
inhibitory effects were observed as the reference genomic DNA was still able to generate 
the 800 bp control band.  
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We were however able to amplify the 16S DNA sequence from genomic DNA of all 

mutants using cyanobacteria-specific 16S rRNA primers, suggesting that our genomic 

DNA was not degraded to the point where no PCR amplification was possible (Figure 

2.13).  

 

Figure 2.13. PCR amplification of the 16S RNA gene was successful in genomic DNA 
from all mutants and WT strains suggesting that the DNA was not somehow degraded 
during extraction.  
 

Despite varying annealing temperatures, primer sets, template concentrations, and 

magnesium concentrations, we were unable to PCR amplify neither control products nor 

products that would suggest chromosomal integration of the knockout vector at the 

directed site. Eventually we moved to the Prime-STAR GXL DNA polymerase, which 

was able to generate an 11 kb (Figure 2.14) band that would be indicative of single-

recombination at the Left Arm region, however restriction enzyme digest (HindIII) and 

sequencing of the PCR product were not successful; the product was not digested by the 
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enzyme to form the expected digest pattern and sequencing of the 11 kb product using the 

primers phmI-16996F and yemGFP-D853F resulted in poor nucleotide signal, suggesting 

we were obtaining a product from non-specific binding. 

A.	   	  	  	  B.	   	  

Figure 2.14. (A) Top: PCR amplification using primer sets that would confirm single-
recombination at the Right Arm (expected product 11.5 kb) Bottom: PCR amplification 
using primer sets that would confirm recombination at the Left Arm (expected product 
11.9 kb). Even though product was observed, the corresponding 3 kb product was not 
observed in the Top gel. (B) Restriction enzyme digest of the 11 kb product using HindIII 
was not successful as the product was not digested to the correct band pattern (5 kb, 3 kb, 
2.5 kb, and 1 kb). The triplicates represent three different annealing temperatures (65°C, 
68°C, and 70°C) 
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2.5 Discussion 

Although genetic tools and techniques exist for the manipulation of certain model 

strains of cyanobacteria, their development has so far been outpaced by development in 

other organisms such as E. coli and yeast. Furthermore, the inability to genetically 

manipulate filamentous marine strains of cyanobacteria presents a glaring impediment to 

the future heterologous expression of biosynthetic pathways originating from similar 

strains. The development of a stable heterologous expression platform would not only 

allow greater access to increased yields of high-value compounds but would support 

investigations into their regulation, production, and unique enzymatic activities (5, 24). 

The marine Leptolyngbya central to this study is one of the more robust strains in our 

collection, making it a promising candidate for development as a host strain. The 

Leptolyngbya has been maintained in stable culture for 20 years and can be grown in agar 

or on nylon and nitrocellulose membranes for ease of transfer. It also grows relatively 

quickly, with a doubling time of about 24 h, which is comparable to the 20-23 h doubling 

time of the model freshwater cyanobacterium, Anabaena sp. PCC7120 (26). For 

additional comparison, the filamentous marine strain, M. producens, has a doubling time 

of 6 days (5). 

The successful transformation and heterologous expression of an RSF1010-

derived BHR vector carrying two reporter genes represents the first known demonstration 

of its kind in a filamentous marine cyanobacterium. This result confirms that the 

Leptolyngbya strain is capable of accepting exogenous DNA via biparental conjugation 

with E. coli carrying both a conjugal and helper plasmid. The genetic tractability of the 

Leptolyngbya effectively opens up a variety of future studies in the strain including 
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determining the functionality of other genetic devices (promoters, antibiotic resistance 

cassettes, fluorescence markers, etc.), which can be readily constructed via the modular 

assembly scheme described in this chapter and the web-based CYANO-VECTOR 

platform developed by Taton et al (8).  

Progress towards the heterologous expression of complete marine cyanobacterial 

biosynthetic pathways has been slow and difficult. Currently, the only known examples 

are of lyngbyatoxin (from M. producens) and 4-O-demethylbarbamide (derived from the 

barbamide pathway in M. producens) in E. coli and Streptomyces venezuelae, 

respectively (19, 20). Additionally, patellamide A and C (from Prochloron didemni) were 

produced in E. coli by Schmidt et al and analogs of the ribosomally synthesized and 

posttranslationally modified peptide (RiPPs) cyanobactin were produced in E. coli by 

Ruffner et al (27, 28). The challenges associated with the expression of heterologous 

pathways include precursor availability, substrate availability, cofactor availability, and 

codon usage, all of which can vary from strain to strain and with the evolutionary 

distance of the designated host organism (3, 24). We predict that a filamentous marine 

cyanobacterial host would provide an additional tool capable of surmounting these 

obstacles and allow for the eventual expression of whole pathways from other 

filamentous marine strains.  

We were successful in transforming a knockout vector into the marine 

Leptolyngbya as shown by the expression of both the antibiotic resistance and 

fluorescence markers. While this result would suggest that chromosomal integration of 

the vector has occurred (as the E. coli ori, pBR322 is not known to self-replicate in any 

cyanobacteria), we were unable to confirm chromosomal integration of the vector at the 
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designated insertion site (phmJ) via PCR. This does not however exclude the possibility 

that the vector was able to recombine and integrate itself into another region of the 

chromosome. It could be possible to determine the region of integration using methods 

similar to those applied when screening transposon mutagenesis libraries (21, 26). The 

mutant genomic DNA that we have extracted could be circularized, transformed into E. 

coli, and screened for both Sp/Sm resistance and yemGFP expression. Screened colonies 

could then be prepped and the resulting plasmid library could then be sequenced starting 

from either reporter gene in order to determine the insertion site. The expression of both 

reporter genes on the knockout vector in the Leptolyngbya strain is still promising, 

making the construct a viable vector for future heterologous expression studies. 

The work described in this chapter presents the initial progress towards 

developing the first filamentous cyanobacterial heterologous host of marine origin. In 

order to fully realize this goal, several tasks must still be accomplished. Now that the 

Leptolyngbya has proven to be amenable to genetic manipulation, a more complete 

cataloging of viable genetic devices should be determined for the strain. Additionally, 

PCR protocols need to be further refined and optimized considering the difficulty we 

experienced in obtaining reliable PCR products in our knockout mutants. Furthermore the 

purification and segregation of transformants must further be optimized, although the 

difficulty in segregating transformants may be due to the ploidy of the Leptolyngbya, 

which is currently unknown. As more biologically active natural products are isolated 

from marine cyanobacteria, more information will be needed to support the continued 

investigation of the biosynthetic pathways that encode for the production of these 

structurally diverse secondary metabolites. Additionally there will be increasing need to 
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heterologously express natural products pathways in order to overproduce these 

compounds for further experimentation. The results of this study position this marine 

strain of Leptolyngbya for further development as a heterologous expression host.  
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Chapter 3: 

Conclusions and Future Directions 

3.1 Summary 

Natural products have played a beneficial role in human health for hundreds—if 

not thousands—of years, and many approved drugs and therapeutics are derived from 

natural sources. More recently, investigations of the chemical diversity found in the 

organisms living in the marine environment has led to the discovery of a bevy of 

biologically active molecules, and to the development of numerous pharmaceutical drugs 

(1). Marine cyanobacteria are some of the oldest organisms on the planet and filamentous 

strains have historically been a rich source of structurally novel and biologically potent 

natural products. Traditionally, the study of cyanobacterial secondary metabolites has 

involved the bioassay-guided isolation of compounds found in the extracts of field-

collected strains, followed by structure elucidation by NMR, MS, and chemical analyses. 

The advancement of bioinformatics, genomics, and synthetic biology however, offer 

additional avenues for natural products investigation (2). With whole genome sequences 

becoming more readily available, the biosynthetic pathways that encode for the 

production of natural products have increasingly become the target of heterologous 

expression efforts. And looking forward, synthetic biology offers the potential for the 

combinatorial biosynthesis of new molecules through the reconstruction of whole 

pathways (3, 4, 5).  

Despite the enormous potential in the heterologous expression of biosynthetic 

pathways from filamentous marine cyanobacteria, the actual genetic manipulation of 

these organisms has been limited as the genetic tools and techniques available for 
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filamentous marine strains are lacking. The development of a filamentous marine host 

organism would further heterologous expression efforts, but has been stymied due to a 

lack of viable filamentous marine strains amenable to genetic manipulation (6, 7).  

The results reported in this Master’s Thesis position the filamentous marine 

cyanobactreium Leptolyngbya sp. as an experimental heterologous expression host. By 

demonstrating the ability to transform exogenous DNA into the strain via biparental 

conjugation, we effectively unlock the cyanobacterium for future investigations along 

these lines. Now that we are able to introduce plasmids into the Leptolyngbya, more work 

should be placed on testing the viability of other genetic devices in the organism with the 

goal of developing and optimizing a system for the eventual expression of more complex 

vectors that harbor entire pathways. Additionally, efforts should also be placed towards 

optimizing conjugal efficiency by varying factors such as light intensity, recovery time, 

and the culture age. We were unable to confirm site-directed mutagenesis of the phmJ 

gene and as a result, were unable to further investigate the phormidolide pathway. 

However, it could still be worthwhile to grow large cultures of the mutant strains that I 

produced and use LC-MS or MALDI analyses to determine if debromophormidolide is 

formed in the event that knockout of phmJ was achieved and was simply not confirmable 

during our PCR experiments. Additionally, a Southern Blot of extracted genomic DNA 

could be used to determine whether the expression of the reporter genes from the 

knockout plasmid was due to homologous recombination or via self-replication of the 

plasmid (8). 

Future studies should place emphasis on confirming that homologous 

recombination is possible in the Leptolyngbya either by performing additional knockout 
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experiments or via transposon mutagenesis. Demonstration of site-directed mutagenesis 

would allow us to probe the activity of not only the various enzymes in the phormidolide 

pathway, but in the other 15 predicted biosynthetic pathways in the Leptolyngbya. We 

would then also be able to identify neutral sites that would serve as integration sites for 

pathways from other cyanobacterial strains. One potential future experiment would be the 

cloning of the lyngbyatoxin pathway from the fosmid used in previous expression studies 

into either a BHR vector or into the knockout vector used in this study and evaluate if the 

compound can be produced in this marine Leptolyngbya sp. The lyngbyatoxin pathway is 

appealing due to its short length (11.3 kb), and the successful production of lyngbyatoxin 

in this Leptolyngbya sp. would further validate the strain as an expression platform.  

Although the work presented herein represents only the initial steps towards the 

development of a model filamentous marine cyanobacterium, I believe that with further 

engineering, it will be possible to eventually utilize it as a heterologous expression host. 

Such a feat would not only enhance and accelerate the study of the endogenous 

biosynthetic mechanisms in this marine Leptolyngbya sp., but would also provide a 

platform for the investigation of genes from other filamentous cyanobacteria and 

contribute to our understanding and continued benefit from the study of marine natural 

products.  
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