UC San Diego

UC San Diego Electronic Theses and Dissertations

Title

Prophage Controls Biofilm Formation and Photosynthetic Pigmentation in the
Cyanobacterium Synechococcus elongatus PCC 7942

Permalink

https://escholarship.org/uc/item/5w265143

Author
Wang, Jingtong

Publication Date
2016

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5w265143
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA, SAN DIEGO

Prophage Controls Biofilm Formation and Photosynthetic Pigmentation in the
Cyanobacterium Synechococcus elongatus PCC 7942

A Thesis submitted in partial satisfaction of the requirements for the degree of
Master of Science

Biology

by

Jingtong Wang

Committee in charge:
Professor Susan Golden, Chair

Professor Brian Palenik
Professor Elina Zuniga

2016



Copyright
Jingtong Wang, 2016

All rights reserved.



The Thesis of Jingtong Wang is approved, and it is acceptable in quality and

form for publication on microfilm and electronically:

Chair

University of California, San Diego

2016



TABLE OF CONTENTS

SIGNATUIE PAgE.....uuuiiii et e et e e e e e e e et e e e e e e eaeane iii
Table Of CONTENTS .....oviiiiiiiiiiiiiiiiii e \Y
IS A ) o 18 = vii
LISt OF tADIES ... IX
ACKNOWIEAGEIMENLS ... e e e e e e e e X
ADSIracCt Of the thESIS .. ..uuuuiiiiiiiiiiiiiiiiiii e Xii
Chapter 1 BacCKgrOUNG...........ccooiiioiiiiiiiiiiie e e e e e e eaaees 1
1.1 Statement Of PUIMPOSE .......uuuiiiie et 1
1.2 Cyanobacteria: Widespread and Diverse Phototrophs ......................... 1
1.2.1 Generating an Oxygen Atmosphere Through Photosynthesis ........ 2
1.2.2 Cyanobacteria: Ancestors of the Chloroplast...............ccooeeeeeeee. 3
1.2.3 Impact of Cyanobacteria Today...........coeeeiiiiiiii, 3
1.2.4 Biotechnological Applications of Cyanobacteria................ccccoeeee. 5

1.3 BaCIeriOPNAgE ..o oo 6
1.3.1 Phage Life CYCIES ......coooiiieieeeeee 7
1.3.2 Cyanophage ....ccooeiieeeeeeee e 11

R = (=T =) o = 14
Chapter 2 A Prophage in Synechococcus elongatus PCC 7942 ................. 20
2.1 Introduction to Synechococcus elongatus PCC 7942................cccoo. 20
2.2 Discovery, description, and annotations .............cccoeveeeeeeieeiiiiiiinnneeeenn. 20



2.3 A50Kkb: A Strain of S. elongatus lacking the prophage ............ccc......... 24

2.4 HYPOLNESIS.....coiiiiiiiiii 26
2.5 REfEIENCE ....ccii i 29
Chapter 3 Removal of the Prophage Enables Biofilm Formation................. 31
3.1 Generating the phage-1ess Strain..........ccccccvvvviiiiiiiiiiiiiiiiiee 32
3.2 The prophage represses biofilm formation ...........ccccccvvvviviiiiiiiiininnnn. 41

3.3 Anew isolate of S. elongatus, WC-1, validates S. elongatus’ natural

ability to form films and supports the role of the prophage in regulating

PIANKEONICITY ... 43

3.4 REIEIENCE ..o 45
Chapter 4 Phenotypic Effects of A Sigma Factor Mutation .......................... 46
4.1 Generating a sigma factor MUtant. .................eeeeeeeemmieimeeiiiiei, 46
4.2 sigF mutants settle, but do NOT enhance biofilm formation ............... 49

4.3 sigF mutations rescue the light:dark growth defect of RpaA-deficient

UL e 51
4.4 SUMMETY ..ottt et e e e e e e e e e e e e e e e e e e e ennnaaas 52
A S RO O N CE .o e e 54

Chapter 5 Investigating Which Prophage Gene(s) Repress Biofilm Formation

.................................................................................................... 55
5.1 Deletions of Gene Sections and Biofilm Analysis .........ccccccccvvvvivennnnn. 55
5.2 The Biofilm Assay of the mutants from UGS Library........cccccccccvvvvenen. 61
5.3 Deletions of Individual Genes and Biofilm Assay........ccccccccvvvveeieeinnnn. 66



L = 2 (=] (=] 4 [ =TT 69

Chapter 6  DISCUSSION .....uuiiiiiiii e e 70

6.1 The S. elongatus prophage represses its host’s ability to form biofilms..

6.2 Technological applications of the PCC 7942 prophage .........ccccccce.... 73
6.2.1 Enhancement of biofilms for biomass and bioproduct generation. 73

6.2.2 Reduction of biofilms to prevent biofouling and harmful algal sludge

.................................................................................................... 75

6.2.3 The prophage as a source for synthetic biology and
biomanufacturing tooIS. ... 76
6.3 REIEIENCE ... 78
Appendix Materials and Methods ..............uuuiiiiiiiiiiiiiiiies 82

vi



LIST OF FIGURES

Figure 1- 1. The lytic and lysogenic cycles of a phage. ..........ccccevvviivieinnneen. 10
Figure 1- 2. The lytic and lysogenic cycle of the cyanophage. ....................... 13
Figure 2- 1. The prediction of a complete prophage in Synechococcus
elongutas PCC 7942 by Dr. Ryan SImKoVSKY. ..........ccccevviiiiiiiiiiiiinnnnnn. 23
Figure 2- 2. A50kb, which lacks the prophage, settles and forms biofilms. .... 25

Figure 2- 3. A model of the prophage life cycle in Synechococcus elongatus

PCC 7942 in natural €NVIFONMENTS. .......cceieeiiiiiiiiiiiiieeeee e 28
Figure 3- 1. Multistep approach of generating the phage-less strain.............. 33
Figure 3- 2. Deletion vector D1K deSign. ...........uuuuuuemiiimiiiiiiiiiiiiiiiiiiiiiinniinnnnnes 35
Figure 3- 3. Tagging vector T-Km deSign. .............uuuuuumimmmmiiiiiiiiiiiiiiiiiiniiinnnnns 39

Figure 3- 4. Sucrose sensitivity test of the tagged prophage strain T-Km....... 39
Figure 3- 5. Antibiotic resistance counter-screening of WTdel clones. ........... 40
Figure 3- 6. The deletion of the prophage allows biofilm formation. ............... 42
Figure 3- 7. The newly isolated S. elongatus strain WC-1 from Waller Creek in
Austin, Texas lacks the prophage and forms strong biofilms. .............. 44
Figure 4- 1. Mutations in sigma factor SigF. .............ccccciiiiiiiiiiiiiiiie 48
Figure 4- 2. SigF mutations cause settling in flasks stored on the bench....... 50
Figure 4- 3. Biofilm analysis of sigF mutants. ...........ccccccceeeiiiiiieiiiiiciee e, 50
Figure 4- 4. Light:dark growth sensitivity assay of ArpaA mutants.................. 53
Figure 5- 1. Deletion vector design for removing all genes in section 5 encoding

the phage tail. ... 59

Vil



Figure 5- 2. The Synechococcus deletion strains of section 5 (Ds5) were

Verified DY PCR. ... 60
Figure 5- 3. Biofilm analysis of gene section deletions. .............cccccccvvviinnnnnes 60
Figure 5- 4. UGS mutant biofilm assay. ..........cccovveeiiiiiiiiiiiiiieeeeeeeeeiiin e 63

Figure 5- 5. Biofilm analysis of potential biofilm formers and replicate
EXPEIMENTS. . 65
Figure 5- 6. Biofilm analysis of the deletion of individual genes in section 7 and

S CHION B it ———— 68

viii



LIST OF TABLES

Table 2-1. All mutations identified in Synechococcus elongatus PCC 7942

obtained from Yoshikawa Lab. ........ooouooniiee e 25



ACKNOWLEDGEMENTS

| would like to express my sincere gratitude to my advisor Professor
Susan Golden for the continuous support of my master study and related
research. Her guidance encouraged and inspired me of my life as being a
female and a researcher.

Besides my advisor, | would like to thank Dr. Ryan Simkovsky, who has
been a tremendous mentor for me, for his patient guidance, encouragement
and advice he has provided throughout my time as a student. | have been
extremely lucky to have Ryan as a supervisor who responded to my questions
so promptly. His advice on both research as well as on my career have been
invaluable.

| would like to acknowledge Schwarz lab and Elad in Schwarz lab for
helping me to optimize experiment protocol and for the GspEQ strain. | would
like to recgnize the important role of Dr. Arnaud Taton for designing the
seamless assembly system. Additional thanks to all undergrads who worked on
this project: Joshua Kenchel who helped with the optimization of the biofilm
protocol, Paul Kasrazadeh who assisted with strain generation Thanks to Jerry
Brand and his group for isolating WC-1 and providing it to us

| would also like to thank my committee members, Dr. Susan Golden, Dr.
Brian Palenik and Dr. Elina Zuniga, for serving as my committee and for great
comments.

| would especially thank Dr. Gabriele Wienhausen, Division of Biology



Science for the support that | could never expected during hardship.

My deepest appreciation belongs to my family for their support over the
course of my research and throughout my life.

Chapter 3 and Chapter 5, in full, are currently being prepared for
submission for publication of the material. Simkovsky, Ryan; Golden, Susan.

The thesis author was the primary investigator and author of this material.

Xi



ABSTRACT OF THE THESIS

Prophage Controls Biofilm Formation and Photosynthetic Pigmentation in the

Cyanobacterium Synechococcus elongatus PCC 7942

by

Jingtong Wang

Master of Science in Biology

University of California, San Diego, 2016

Professor Susan Golden, Chair

Xii



We have discovered a prophage present in the unicellular model
cyanobacterium Synechococcus elongatus PCC 7942 that represses biofilm
formation and photosynthetic pigmentation under high light conditions. While
previously identified as a small cryptic phage region, the 49 kb prophage
containing over 51 open reading frames in fact encodes a complete phage
genome including all genes necessary for generating a virion structure,
switching between lysogeny and lysis, and replication and packaging of its
genome. We have genetically deleted the prophage from the Synechococcus
genome, generating a phage-less strain. Unlike the lysogenic strain, which
remains planktonic in culture and bleaches under high light, the phage-less
strain readily forms biofilms and does not bleach. We hypothesize that the
non-lysogenic strain of Synechococcus naturally grows as a biofilm at the
bottom of the water column, where lower light conditions would favor darker
pigmentation for increased photon capture, and that the prophage actively
releases cells from the biofilm into higher light conditions near the top of the
water column in order to subsequently enable ecological dispersal of the

phage.
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Chapter 1

Background

1.1 Statement of Purpose

The purpose of this project is to reveal how the distinction of a
cyanobacterium of whether being in a suspended, single-cell state (planktonic)
or a multicellular matrix (biofilm) on a surface is influenced by an integrated
virus (prophage) into the cyanobacterial genome. This difference is important,
because cyanobacterial biofilms in aquatic environments have both negative
consequences when they form undesirably on surfaces, cause biofouling and
produce biotoxins and positive consequences when they are applied in water
treatment. Moreover, cyanobacteria are being developed as production
organisms for bioproducts. The ability to regulate biofilm formation has
applications for protecting and harvesting cyanobacterial crops due to the
resistant to unwanted environmental stress and the natural capability of

concentrating biomass.

1.2 Cyanobacteria: Widespread and Diverse Phototrophs

Cyanobacteria, also known as blue-green algae, are photosynthetic
prokaryotes that can convert light into biologically useful forms of energy.
These bacteria are among the most widespread and diverse microorganisms

on the planet. Cyanobacteria occupy nearly every environment on the planet,



including freshwater, marine, Antarctic, desert, and endolithic ecosystems [1].
In aquatic environments, blooms of cyanobacteria can reach sizes that are
visible by satellite [2]. These photosynthetic organisms can exist in planktonic
forms, in phototrophic biofilm communities, or as endosymbionts in eukaryotes
[1, 3]

The cyanobacteria are structurally and genetically diverse [4].
Populations range from unicellular to filamentous, with more complex
structures such as sheets or hollow balls being formed by some species.
Individual cells in the population may develop into specific cell types, including

nitrogen-fixing heterocysts and spore-like akinetes [1].

1.2.1 Generating an Oxygen Atmosphere Through Photosynthesis

The oldest evidence for cellular organisms dates to approximately 3.5
billion years ago, where the Earth’s atmosphere lacked oxygen and contained
high amounts of methane and carbon dioxide. The microbes of the time likely
survived as chemolithotrophs utilizing anaerobic metabolic processes [5]. The
emergence of photolithotrophs in the form of the cyanobacteria is believed to
have occurred approximately 2.7 billion years ago. The subsequent evolution
and success of oxygenic photosynthesis in cyanobacteria led to a momentous
geographic event known as the great oxidation event (GOE) approximately 2.5
billion years ago that changed the early anoxic environment of Earth, resulting
in the presence of free oxygen in the oceans and the atmosphere [5, 6]. This in

turn led to increased bioavailability of nutrients through oxidation-dependent



solubilization and the evolution of aerobic respiration [6]. Therefore, without the
evolution of cyanobacteria, the key evolutionary steps towards the
development of eukaryotes and multicellular organisms would likely not have

occurred.

1.2.2 Cyanobacteria: Ancestors of the Chloroplast

Cyanobacterial photosynthesis did not just provide oxygen flux to
aerobic respiration. Free-living cyanobacteria are also responsible for the
evolution of algae and plants. As a result of at least one endosymbiotic event,
cyanobacteria supplied the products of photosynthesis to the host eukaryote
and eventually integrated with the symbiotic host, thereby becoming the key
organelle of modern photosynthetic eukaryotes known as the chloroplast [7].
Therefore, the evolution of cyanobacteria is ultimately responsible for all

plant-type photosynthesis and free oxygen on the planet.

1.2.3 Impact of Cyanobacteria Today

Cyanobacteria still have a tremendous impact on today’s ecosystem.
Primary production of fixed carbon in organic compounds is mainly driven by
oxygenic photosynthesis [8]. Cyanobacteria in both marine and terrestrial
ecosystems contribute significantly to the global primary production [8].
Approximately 60% to 70% of CO:2 fixation in marine water systems is

performed by two cyanobacterial clades: Synechococcus and Prochlorococcus

[9].



Other cyanobacterial species, such as Trichodesmium [10, 11], are the
main sources of global bioavailable nitrogen due to their ability to fix
atmospheric nitrogen into ammonia and extensive prevalence in the ecosystem
[12]. It has been estimated that Trichodesmium alone accounts for
approximately 40% of global nitrogen fixation [13]. Therefore, cyanobacteria
are the primary contributors to global carbon and nitrogen cycles, thus
providing nutrients and energy to the global ecosystem.

Cyanobacteria directly impact human health and nutrition. A number of
cyanobacteria have been approved for human and animal consumption,
including Aphanizomenon flos-aquae and Arthrospira platensis, often called
Spirulina. These cyanobacteria, consumed as either whole foods or as
nutritional supplements, are high quality sources of all essential amino acids,
polyunsaturated fatty acids including omega-3 fatty acids like
Eicosapentaenoic acid (EPA), vitamins, minerals, and anti-oxidants [14, 15].
Consumption of cyanobacteria has also been shown to have anti-oxidative,
anti-inflammatory, and anti-cancer properties [16]. Given the potential relative
costs, land use requirements, and yields involved in mass-producing
cyanobacteria as compared to livestock and other terrestrial agricultural
sources of protein, consumption of cyanobacteria as a primary food source has
been proposed as a solution to increased global food (particularly protein)
demands.

In contrast to the nutritional benefits of some cyanobacterial species, a

number of cyanobacterial species produce and secrete cyanotoxins, which



include potent neurotoxins, hepatotoxins, dermatoxins, cytotoxins, and
endotoxins [17]. Blooms of these toxin-producing species, often called harmful
algal blooms (HABs) can produce toxins in high enough concentrations to
poison animals and humans via exposure or ingestion of the infected water.
Alternatively, cyanotoxins can accumulate in animals over time, which can
result in poisoning if the animal is eaten as in the case with shellfish poisoning.
With increasing global temperatures, the frequency and scale of harmful algal
blooms is increasing [18-20]. For example, algal blooms dominated by
Microcystis aeruginosa, a cyanobacteria capable of producing the hepatotoxin
microcystin, have occurred annually over the past eight years [21, 22]. These
blooms reached peaks sizes of approximately 5,000 km? and resulted in
temporary shut downs of drinking water supplies to Carroll Township, Ohio in
2013 and Toledo, Ohio in 2014 due to high concentrations of microcystin [23].
Monitoring and controlling these blooms is a critical concern to environmental

and human health agencies.

1.2.4 Biotechnological Applications of Cyanobacteria

Cyanobacteria are an attractive cellular factory or synthetic biology
chassis for producing commodity chemicals and renewable fuels [24]. First, a
number of genetically manipulable cyanobacterial systems have been
established, including the unicellular obligate photoautotroph Synechococcus
elongatus PCC 7942 [25], the filamentous and nitrogen-fixing Anabaena sp.

PCC 7120 [26], the unicellular heterotrophic Synechocystis sp. PCC 6803 [27],



and the filamentous model production strain Leptolyngbya sp. BL0902 [28].
Second, the ability to utilize solar energy to empower carbon fixation and
subsequent metabolism makes cyanobacteria a sustainable alternative to other
genetically modifiable organisms, such as E. coli, because they do not need to
be provided with a chemical energy source such as carbohydrates [29]. In
some of these organisms, metabolic engineering has already yielded the ability
to produce a number of desired products, including ethanol, lactic acid, sucrose,
ethylene, isoprene, iso-butyraldehyde, iso-butanol, and 1-butanol [30].

The elimination of carbohydrate feeds not only reduces production costs,
but also enables net zero carbon emission through fixation of CO2. Compared
to current biofuel production methods, such as the generation of cellulosic
ethanol, cyanobacteria can produce higher yields from solar energy with less
water and less arable land. Because some cyanobacterial strains are capable
of using salt water, brackish water, or polluted waste water for growth,
cyanobacterial production systems may not need to compete with human
consumption for potable water sources [31]. These additional advantages over

current practices make cyanobacteria a promising biotechnological platform.

1.3 Bacteriophage

Like other bacteria, cyanobacteria are hosts to variety of viruses. A
bacteriophage, or simply phage, is a virus that infects and replicates within a
bacterium. Phage have been the subject of modern biological research for over

100 years. This research, often at the forefront of scientific and technological



innovations, has revealed much about the structures, life cycles, and molecular
mechanisms enabling the replication of these viruses. A resurgence of interest
in phage research has occurred in recent years: there is a greater appreciation
for the prevalence, diversity, and impact of phage in all environments; phage
are a source of promising technologies that will affect biomedical, energy,
electronics, and material science applications, among others; and renewed
investigations into phage therapy hold the potential for a solution to the
antibiotic resistance crisis [32, 33]. Although a comprehensive review of the
phage literature is beyond the scope of this thesis, topics critical to the results

of this project are discussed below.

1.3.1 Phage Life Cycles

Phage replication occurs inside of the host cell, taking advantage of the
host’s cellular machinery and molecular resources, either through a Iytic cycle
or a lysogenic cycle (Figure 1- 1). Virulent phages propagate solely through the
lytic cycle, where the phage hijacks the host’s replication, transcription, and
translational components in order to generate new copies of the viral genome
along with the structural components of the virion particle. Often, this is
concomitant with destruction of the host genome and proteins in order to
generate more building blocks for phage replication. Lysis of the cell releases
assembled virion particles into the environment, where further rounds of host
recognition and infection can occur.

Temperate phages are capable of propagating through the lysogenic



cycle, where the phage genome integrates into the host genome and is
replicated along with the host’'s DNA. In the lysogenic state, the integrated
phage is called a prophage and the host is a lysogen. Environmental stresses
or the alterations to the metabolic state of the cell can stimulate induction of the
prophage through a genetically-encoded switch that stops Iysogenic
maintenance and initiates the lytic cycle through excision of the phage. Over
time, a prophage that remains latent may accumulate mutations that result in
the disabling of the phage’s ability to induce, yielding a permanently latent or
cryptic prophage remnant in the host genome.

Although the lysogenic state is generally a dormant state, it can be
evolutionarily advantageous to the host cell. The phage may carry genes
acquired from a previous host that can prove beneficial to the lysogen, a
process known as horizontal gene transfer. In some cases, lysogenic
conversion can occur when integration of the prophage disrupts expression of
specific genes or prophage-encoded genes are expressed in the lysogen and
confer new properties to the bacterium. The most common examples of
lysogenic conversion include superinfection immunity from subsequent
infections by other phage, modifications to the bacterial O-antigen, and
virulence through phage-encoded toxins. In some cases, lysogenic conversion
can impact more complex traits such as biofilm formation and sporulation [34].
In the case of biofilm formation, it has been demonstrated that cryptic prophage
elements in the E. coli K12 strain [35] and expression of an RNA polymerase

sigma factor from lysogenized phage genomes in Bacillus anthracis enable



biofilm formation [36]. Given that biofilm formation can enable antibiotic
resistance and determine population dispersal kinetics, this kind of lysogenic
conversion can have tremendous impacts on human health and the

environment.
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Figure 1- 1. The lytic and lysogenic cycles of a phage. Adapted from Pearson Education
Benjamin Cummings.
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1.3.2 Cyanophage

Phages that specifically infect cyanobacteria are called cyanophage.
Until approximately a decade ago, very little was known about cyanophage
especially in relation to the body of knowledge concerning enteric phage.
Cyanophage have been predominantly studied in marine environments where
it is thought that they have a major impact on the planet’s primary production of
fixed carbon through Iytic modulation of oceanic cyanobacterial population
dynamics [37-39]. Like the enteric phage, cyanphage can replicate through
lysis or lysogeny [40]. Thus, they are also a major mechanism for horizontal
gene transfer [41]. For example, multiple cyanophage families that infect
marine Prochlorococcus species carry genes encoding the photosystem Il core
reaction center protein D1 (psbA), and a high-light-inducible protein (HLIP) (hli),
along with other hli and photosystem genes [42]. These genes are believed to
provide a fitness advantage to these virulent phages during the lytic cycle by
maintaining the photosynthetic apparatus in the absence of the host's genome
in order to provide more energy and resources for phage replication.

In contrast to the marine systems, freshwater cyanobacteria have not
been as well studied. As of a 2013 review, only 6 freshwater cyanophage
genomes have been sequenced, whereas >200 marine cyanophage genomes
have been sequenced and numerous metagenomes have been published [43].
Only a handful of freshwater cyanophage have been sequenced in the last
decade [44-46]. While the environmental impacts of freshwater cyanophage

are presumed to be similar to their marine counterparts, this has not been well
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studied [44]. Only recently has it been demonstrated that freshwater
cyanophage can also carry genes encoding host proteins, such as NbIA, which
degrades the light-harvesting phycobilisomes [47, 48].

It is believed that phage-encoded host genes enhance lytic reproduction.
In contrast, the lysogenic state is predominantly viewed as hibernetic, with little
or no contribution of phage genes to the biology of the host (Figure 1- 2).
However, this hypothesis has been proposed based primarily on sequence
similarity and a single report of functional analysis through heterologous
expression of the phage-encoded NbIA protein in a non-host cyanobacterium
[48, 49]. The main difficulty in testing the impacts of cyanophage-encoded
genes on their hosts is that there are NO known genetic systems in which both
the phage and cyanobacterium can be easily manipulated in tandem. Thus,
without further investigations, the belief that the prophage does not impact the
host’s behavior or physiology in a manner similar to that observed in the lytic
stage has prevailed [43] and temperate cyanophage are viewed as merely
agents of horizontal gene transfer [48].

In this thesis, | will show that a freshwater cyanophage can control its
host’s niche through alterations in biofilm behavior and photosynthetic
metabolism during the lysogenic cycle. These findings will allow us to not only
better understand the impacts of freshwater cyanophage, but will also enable
us to develop phage and genetic tools in order to improve biofuel production
through improved harvesting and efficient energy conversion, as well as

manipulate toxic cyanobacterial populations.
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Chapter 2

A Prophage in Synechococcus elongatus PCC 7942

2.1 Introduction to Synechococcus elongatus PCC 7942

Synechococcus elongatus PCC 7942 is a unicellular, polyploid
cyanobacterium that is naturally competent [1], can be transformed with
exogenous DNA [2], and can integrate DNA into or otherwise alter its
chromosome through apparent double homologous recombination [3, 4]. Due
to this ease of manipulation, S. elongatus is an excellent genetic model system
that has been applied to study, among other subjects, circadian rhythms and
metabolic engineering for the production of biofuels and high-value co-products
[5-7]. Although the laboratory strain of S. elongatus is planktonic, it has recently
been used to study the regulation and formation of biofilms due to the
discovery that a knockout mutation in the type Il secretion system gene E

enables biofilm formation [8].

2.2 Discovery, description, and annotations

Through bioinformatics analysis, a postdoc in the Golden lab, Dr. Ryan
Simkovsky, identified a complete prophage (bases 711,254 to 759,991) in the
chromosome of S. elongatus PCC 7942 comprising 48,618 bp flanked by two
identical 60 bp duplications. While others have noted that a cryptic prophage [9]

or that a prophage-like 20 kb region [10] exists at this location in the
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chromosome, Dr. Simkovsky’s analysis indicates that the prophage encodes all
the genes necessary to construct virion particles likely composed of an
icosahedral head and a long P2-like tail; for excision, replication, and
integration of the phage genome; and for regulation of a temperate lifecycle
between lytic and lysogenic phases. Genes that encode similar function, such
as the tail genes, are encoded in the same orientation and in groups, allowing
the annotation of gene sections (). Analysis of the flanking 60 bp duplication
indicates that this sequence is the phage’s attachment site allowing the
integration of the prophage into a tRNA-Leucine (tRNA-leu) gene without
disrupting the gene (). In spite of this analysis, a number of hypothetical ORFs
with no known homologs or function remain to be investigated.

As shown in the gene sections map of the prophage (), section 1 is
composed of a single gene (Synpcc7942_0716) encoding the integrase;
section 2 contains hypothetical genes, the putative DNA excisionase, and the
dUTP synthetase; and section 3 contains homologs of phage genes
responsible for DNA replication and packaging, such as the phage terminase.
Sections 4 and 5 contain the structural genes encoding the head and talil,
respectively, while section 6 is composed of a single hypothetical gene of
unknown function. The phage lysozyme, hypothetical proteins, and putative
DNA-binding proteins are encoded in section 7, while the genes in section 8
and 9 are responsible for maintaining lysogeny or inducing lysis, respectively.

Altered versions of the prophage are present in the genomes of the

closely related strains of Synechococcus elongatus PCC 6301 [11] and
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Synechococcus elongatus UTEX 2973 [12]. In PCC 6301, the integration site
and attachment site duplications are identical to PCC 7942; however, the
prophage sequences differ by 39 single nucleotide polymorphisms (SNPs), 3
single base insertions, and 1 single base deletion as compared to PCC 7942 in
the prophage. 32 of these differences are located in the tail gene section
(section 5). The nucleotide sequence of the UTEX 2973 prophage region is
identical to that of PCC 7942 except for the deletion of the terminal 220 bp of
the prophage as part of a 5,764 bp deletion that includes 55 bp of the last
prophage gene (Synpcc7942_0767), the entirety of the second attachment site,
and five genes outside of the prophage (Synpcc7942_ 0768 to
Synpcc7942_0772). In theory, the deletion of the duplicate attachment site in

UTEX 2973 would render its prophage incapable of excision.
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2.3 A50kb: A Strain of S. elongatus lacking the prophage

Serendipitously, at about the same time as Dr. Simkovsky was
performing his analysis, the Yoshikawa lab in Japan published a study on the
origin of replication of PCC 7942 that demonstrated that their lab’s strain of
PCC 7942 lacked the exact region encoding the prophage [13]. While their
publication essentially ignored this deletion as it was inconsequential to their
study, we recognized that their strain lacked the prophage. Because the
precise history of this strain is unknown (personal communication, Yoshikawa),
it is unclear whether the prophage excised or this strain represents a lineage in
which the prophage never integrated. Reanalysis of the published sequencing
data for this strain confirmed the absence of the prophage while demonstrating
that SNPs are present in six open reading frames in the chromosome, as
compared to the published genome sequence (Table 2-1). The most obviously
significant of these mutations is a truncation mutation in the sigma factor gene,
sigF (Synpcc7942_1510). The impacts of this sigma factor mutation will be
discussed in Chapter 4. We obtained this strain, hereafter referred to as A50kb,
and observed that A50kb settles and forms biofilms in stationary flask culture
(Figure 2- 2), and is darker on solid surfaces grown under high light as

compared to our lab strain (hereafter referred to as WT).



25

Table 2-1. All SNPs identified in Synechococcus elongatus PCC 7942 obtained from
Yoshikawa Lab as compared to the published sequence for our lab WT.

Mutation

Gene

P87P (CCC—CCA)
T206P (ACC—CCC)
R768L (CGT—CTT)
K53E (AAG—GAG)
Q149* (CAA—-TAA)
V294A (GTG—GCG)

Synpcc7942_0778
Synpcc7942_0807
Synpcc7942_0859
Synpcc7942_0977
Synpcc7942_1510

pyrG

A50kb

Figure 2- 2. A50kb, which lacks the prophage, settles and forms biofilms.A50kb was
obtained from Yoshikawa Lab and was identified as having a 50-kbp deletion (711, 254 -
759,931) relative to the Golden lab WT. A50kb was confirmed as lacking the prophage
region via PCR and genome sequencing analysis.



26

2.4 Hypothesis

Based upon the A50kb biofilm formation phenotype, we developed a
model in which the prophage regulates the behavior and ecology of S.
elongatus in natural environments. The goal of this project is to test this
hypothesized model.

As previously stated, the Golden lab’s WT PCC 7942 is a lysogen and
remains planktonic in liquid cultures (Figure 2- 3) Our preliminary data
suggested that when PCC 7942 lacks the prophage, it forms biofilms, which
are surface-associated bacterial communities embedded within self-produced
extracellular polymeric substances. In support of this proposal, our
collaborators from Dr. Rakefet Schwarz’s Lab in Israel have demonstrated that
PCC 7942 encodes genetic mechanisms for regulating and producing biofilms
[8]. Their work has demonstrated that the laboratory strain of PCC 7942
produces an extracellular repressor of biofilm formation, though the identity of
this repressive molecule is currently unknown. In natural environments, settling
and biofilm-forming cells would attach to surfaces at the bottom of the water
column, where light levels are low. To harvest enough light to meet the cells’
energy requirements, these cells have increased concentrations of
photosynthetic pigments and appear darker in color. These biofilms are a target
for phage infection. Upon infection and integration of the phage, the prophage
represses the biofilm state so that S. elongatus becomes planktonic and rises
in the water column. The prophage also represses the photosynthetic

light-harvesting apparatus, resulting in a pale appearance, in order to better
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acclimate the cell to the higher light intensities at the top of the water column.
The prophage-induced planktonicity thus enables the cell to move horizontally
through the environment. This in turn allows for phage migration to new
environments where induction of lysis and dispersal of virions would allow for

the infection of new cyanobacterial populations.
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Figure 2- 3. A model of the prophage life cycle in Synechococcus elongatus PCC 7942 in
natural environments.
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Chapter 3

Removal of the Prophage Enables Biofilm Formation

Because we observed that the lysogenic WT remains planktonic and the
phage-less A50kb forms biofilms, we hypothesized that the prophage is
repressing biofilm formation and that removal of the prophage or specific
prophage genes will enable biofilm formation. Alternatively, SNPs present in
the genome of A50kb that differ from the lab WT sequence may be responsible
for this phenotype.

To test these hypotheses, | deleted the prophage from the Golden lab’s
WT strain, AMCO6, in order to recreate the phage-less strain with a genetic
background that lacks the A50kb-associated SNPs. This paper will describe the
construction of the prophage deletion strain and show that removal of the
prophage enables biofilm formation (Chapter 3). | also generated sigma factor
mutants, related to one of the SNPs that was a candidate for causing the
biofilm phenotype, and tested for biofilm formation (Chapter 4). Together, these
data demonstrate that it is the prophage, not the sigma factor, that represses
biofilm formation. To determine which genes in the prophage regulate this
behavior, | will describe the deletion of sets of genes or individual genes in
order to determine which prophage regions, genes, or non-coding RNAs

actively repress biofilm formation (Chapter 5).
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3.1Generating the phage-less strain

The chromosomal difference between the Golden lab’s WT strain,
AMCO6, and A50kb is diagrammatically demonstrated in Figure 3- 1, where two
identical 60 bp attachment sites flank the prophage in WT while only a single
attachment site is present in the A50kb strain. In theory, induction and/or
excision could yield the desired prophage-less strain from a WT genetic
background. However, attempts by Dr. Simkovsky to use canonical methods of
induction, including UV irradiation, mitomycin C, and metal toxicity did not
appear to induce the prophage and the natural mechanism of induction is still
currently unknown. Although Dr. Simkovsky has since been able to use genetic
mechanisms for inducing excision of the prophage genome and lysis of the
cells, those tools were not available at the time to enable deletion of the
prophage.

Because markerless deletion of the prophage would require a difficult
series of “hit-and-run” transformations and counter-selections to ensure
complete removal of all chromosomes containing the prophage, we decided to
approximate the difference between WT and A50kb by replacing the prophage
region with an antibiotic-resistance cassette flanked by the two 60 bp
attachment sites. This same final construct was introduced into both WT and
AS0kb to generate strains, referred to as WTdel and A50del respectively, as

appropriate for phenotypic comparison.
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Figure 3- 1. Multistep approach of generating the phage-less strain. In the first step, either
a kanamycin (Km-) or a spectinomycin and streptomycin (SpSm-) resistance gene was
inserted along with a sacB expression cassette into WT at NS3, which is located in the
prophage. Subsequently, the SpSm-tagged prophage was replaced with a Km-resistant
cassette, generating the phage-less strain WTdel. A50kb was transformed with the same
deletion vector, D1K, from the previous step to generate A50del. The prophage insertion
region of WTdel and A50del are identical.
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The final deletion vector, D1K, encoding a kanamycin cassette, was
generated via seamless assembly of standardized parts developed by Dr.
Arnaud Taton in the Golden lab [1] and PCR amplicons containing the
prophage flanking regions (Figure 3- 2). To generate assembly-acceptable
amplicons that serve as homologous recombination regions, | performed PCR
using primers that would enable these regions to be assembled with a
Kme-resistance part derived from pCVDO012 and an E. coli origin of replication
part derived from pCVvDO028 from the Golden lab assembly system using the
Life Technologies Seamless Assembly Kit [1]. Assembled vectors were
transformed into E. coli and verified by PCR, restriction endonuclease digestion
analysis, and sequencing. All other deletion vectors discussed in this thesis
were generated using the same methodology with only the primers and target
amplicons being changed to generate the desired deletion vector. Another
vector, D1C, was similarly created through assembly to delete the prophage
without leaving an antibiotic-resistance cassette, thus resulting in the exact

genome structure found in A50kb.
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WT
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Figure 3- 2. Deletion vector D1K design. The regions surrounding the prophage known as
recombination sites were PCR amplified by using primers that allow for assembly with a
kanamycin-resistance part and an E. coli origin of replication part derived via digestion
from the Golden lab’s seamless assembly system. Through double homologous
recombination, this vector can replace the prophage with a kanamycin-resistance cassette.
Following transformation and recombination, the two attachment sites remain surrounding
the antibiotic resistance cassette.
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Successfully constructed deletion vectors were transformed into WT S.
elongatus PCC 7942, AMCO06, in order to generate the deletion strain [2].
Unfortunately, all attempts at creating a phage-less strain from AMCO6 in a
single step using either D1K or D1C failed to generate a reliable, segregated
clone that completely lacked the prophage from all copies of the chromosome.
Thus, it was necessary to take a multistep approach in which we took
advantage of the previously designed neutral site 3 to tag the prophage with a
counter-screenable  antibiotic-resistance  cassette  and sacB, a
counter-selectable marker that makes cells lethally sensitive to sucrose.
Neutral site 3 is located in SynPCC7942_0739 in the tail section (section 5) of
the prophage [3]. This gene putatively encodes the gp25-like baseplate wedge
and lysozyme protein and does not appear to be expressed in the WT lysogen
[4].

Seamless assembly was again used to generate the vectors necessary
to tag the prophage, though these tagging vectors were created through a
two-step protocol (Figure 3- 3). First, a pre-tagging vector was constructed from
3 parts directly from the Golden lab’s seamless assembly: a neutral site 3
recombination part with an E. coli origin of replication derived from pCvDO024,
an antibiotic resistance part derived from either pCVDO0O02 (spectinomycin and
streptomycin-resistance, SpSm) or pCVDO012 (kanamycin-resistance, Km), and
a cloning cassette containing the suicide gene ccdB derived from pCVDO015.
Two pre-tagging vectors were thus generated, NS3-ccdB-swal-Km and

NS3-ccdB-swal-SpSm, and transformed into DB3.1 E. coli cells that can
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tolerate the presence of CcdB. In a second assembly step, the ccdB casettes
were replaced via digestion of the pre-tagging vectors with swal and assembly
with a PCR amplicon containing a SacB expression cassette derived from
pCVvDO0028 with appropriate 25nt-adaptor sequences to enable assembly. Thus,
two tagging vectors, T-Km and T-SpSm, were generated and confirmed via
restriction digest, PCR, and sequencing.

These tagging vectors were transformed into AMCO6 to generate the
T-Km and T-SpSm S. elongatus strains. Double homologous recombination
and complete segregation of the tagged chromosomes were confirmed via
PCR. Segregation and the functionality of the sacB gene product were further
confirmed via a failure of the T-Km and T-SpSm strains to grow on plates
containing 5% sucrose (Figure 3- 4).

Subsequently, the SpSm-tagged PCC 7942 strain T-SpSm was
transformed with the D1K vector in order to replace the entire prophage with a
Km-resistant cassette. Transformants were selected on plates containing
BG11+Km+5% sucrose to counter-select against the tagged prophage
chromosomes. Counter-screening against the SpSm-resistant cassette was
also performed (Figure 3- 5). This counter-screen proved an invaluable and
reliable method to confirm segregation, as many clones that survived on
sucrose also survived on SpSm, indicating both the presence of the tagged
prophage chromosome and a possible suppressor mutation of the sacB gene.
Only those clones that died on SpSm and survived in the presence of Km and

sucrose were further checked via PCR to confirm the complete absence of the
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prophage. The successfully generated phage-less strain is here after referred
to as WTdel. The same D1K vector from this final step was used in order to
generate a Km-tagged A50kb strain, referred to as A50del, which is identical to
WTdel in the prophage region. Since Km-tagged WT, WTdel, and A50del are all
Km-resistant, all three were used to control for the effects of antibiotics in

subsequent phenotyping experiments.
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Figure 3- 3. Tagging vector T-Km design. The pre-tagging vector was designed by
connecting a Km-resistant part, a ccdB-swal part and an E.coli origin of replication with the
regions surrounding NS3. The ccdB-swal was then replaced with sacB part as counter
selection.

Figure 3- 4. Sucrose sensitivity test of the tagged prophage strain T-Km. A kanamycin
resistance cassette and sacB expression cassette were inserted into neutral site 3 of WT
to generate T-Km. Two clones of T-Km were grown on solid BG11 media supplemented
with (left) or without (right) 5% sucrose. The inability of these clones to grow on sucrose
indicates the integration and function of the sacB expression cassette.
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Figure 3- 5. Antibiotic resistance counter-screening of WTdel clones. WTdel clones were
generated through transformation of the prophage-deletion vector D1K into the T-SpSm
strain. Individual clones were replica plated as streaks onto solid BG11 media
supplemented with (left) spectinomycin and streptomycin (SpSm), (center) kanamycin
(Km), or (right) kanamycin and 5% sucrose. Clones that grew on all three plates retain
chromosomes with tagged prophage and chromosomes with the prophage replaced by a
kanamycin cassette. Circled clones on the center and right plates are clones that are
sensitive to SpSm and therefore represent the desired WTdel mutant that lacks any of the
parental T-SpSm chromosomes.
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3.2 The prophage represses biofilm formation

The confirmed phage-less strain WTdel forms a biofilm that attaches to
the bottom of glass flasks and tubes, while WT does not attach to the flask
surface (Figure 3- 6A). Upon quantifying the biofilm formation from numerous
biological replicates using the crystal violet staining and absorbance
measurement protocol of Fisher, et al. [5], it is clear that WTdel forms biofilms
to a similar extent as the published biofilm-forming mutant, GspEQ [6] (Figure 3-
6B). Consistent with our previous observations, A50kb and A50del also formed
films. In contrast, T-Km and T-SpSm strains did not form visible biofilms and
produced similar crystal violet absorbance readings as WT. These data rule out
the possibility that biofilm formation is dependent upon the application of a
particular antibiotic or the expression of the antibiotic cassette. Instead, these
data support the conclusion that the prophage, rather than any of the SNPs
present in A50kb, is quantitatively responsible for repressing biofilm formation.
Moreover, the prophage gene into which the antibiotic-resistance cassettes are

inserted in T-Km and T-SpSm have no effect on the biofilm phenotype.
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Figure 3- 6. The deletion of the prophage allows biofilm formation. (A)The phage-less
strain WTdel forms a biofilm that remains attached to the flask after three water washes. (B)
Flask cultures were allowed to form biofilms, which were quantified by crystal violet
staining measured via absorbance at 600 nm of stain extracted from the films. Strains
analyzed include WT as a negative control, the tagged prophage strains T-Km and

T-SpSm, GspEQ as a positive control for biofilm formation, and the phage-less strains
A50kb, A50del, and WTdel.



43

3.3 A new isolate of S. elongatus, WC-1, validates S. elongatus’ natural
ability to form films and supports the role of the prophage in
regulating planktonicity

In collaboration with Dr. Jerry Brand’s group at the University of Texas in

Austin, we recently received a newly isolated strain of S. elongatus, called

WC-1. Dr. Brand'’s group isolated this strain from Waller Creek, where some of

the original strains of S. elongatus were isolated. While the genome of this

strain has not yet been sequenced, we have confirmed that WC-1 completely
lacks the prophage and has a genomic structure at this locus that resembles

AS0kb. As seen in Figure 3- 7C, WC-1 readily forms more extensive biofilms

than any other tested strain. Also, the biofilm of WC-1 clearly formed in a

light-dependent directional manner, with increased biofilm formation in the

darker regions of the flask than in the part of the flask closer to the light (Figure

3- 7C). This finding indicates that this strain may also be phototactic, whereas

our laboratory WT strain is not. These data support the model that S. elongatus

is naturally capable of forming biofilms, that the prophage represses biofilm
formation, and that the laboratory strain likely underwent selective pressure
through domestication to not form biofilms and to retain the prophage.

Chapter 3, in full, is currently being prepared for submission for
publication of the material. Simkovsky, Ryan; Golden, Susan. The thesis author

was the primary investigator and author of this material.
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Figure 3- 7. The newly isolated S. elongatus strain WC-1 from Waller Creek in Austin,
Texas lacks the prophage and forms strong biofilms.(A) WC-1 was confirmed as lack of the
prophage by PCR performed by Dr. Simkovsky. (B) Flask cultures were allowed to form
biofilms, which were quantified by crystal violet staining measured via absorbance at 600
nm of stain extracted from the films. WTdel, A50del and WC-1 do not encode the prophage
in their genomes, while WT encodes the entire prophage and UTEX 2973, a fast growing
strain of S. elongatus [7], encodes nearly the entire prophage. For data point, n=3 (C)
WC-1 biofilms appeared to form in a gradient, with more dense films forming away from
the light source.
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Chapter 4

Phenotypic Effects of A Sigma Factor Mutation

4.1 Generating a sigma factor mutant.

As stated in Chapter 2, reanalysis of the published sequencing data for
the A50kb strain revealed that the most obviously significant SNP outside of
the prophage region is one that results in the truncation of the sigma factor
gene sigF (Synpcc7942_1510). In Synechocystis sp. strain PCC 6803, SigF
enables phototaxis and motility through the expression of the type IV
pilus-forming pilA genes [1] and plays a role in acclimation to salt or high light
stress [2], likely through alterations in cell surface properties. Because our
collaborators in the Schwarz lab have evidence that knocking out pilA genes
can induce biofilm formation in PCC 7942, we hypothesized that a truncation of
this gene could be responsible for or contribute to the A50kb biofilm phenotype.
Because this truncation is in the middle of the second DNA-binding domain of
Synpcc7942_ 1510 (Figure 4- 1), it was unclear if this mutation results in a loss
or a gain of function through the loss of binding-specificity domains. To
determine the impact of A50kb’s sigF truncation, mutants were generated in
the backgrounds of WT, WTdel, and A50kb via transformation of two different
transposon insertional vectors from the Golden lab’s Unigene Set (UGS) [3, 4]
private mutant library: 4E8-N5, referred to as N5, in which the insertion is

located in the N-terminal-coding end of the gene to generate a loss-of-function
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knockout, and 1E9-D7, referred to as D7, in which the insertion is in the third
DNA-binding domain (Figure 4- 1). Segregated mutant clones were confirmed

by PCR analysis.
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Figure 4- 1. Mutations in sigma factor sigF. In A50kb, the SigF protein is truncated in the
middle of domain 2 of Synpcc7942_1510. The mutants generated from the UGS library
from WT PCC 7942 are either a knockout the entire gene known as N5 or the final domain
D7.
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4.2 sigF mutants settle, but do NOT enhance biofilm formation

After growth but prior to the initiation of the biofilm formation assay (see
appendix for assay details), the parental strains and their sigF mutants were
observed for the ability to settle out of suspension, as opposed to remaining
planktonic. As expected, WT remained planktonic while A50kb settled (Figure 4-
2). Interestingly, WTdel remained planktonic during this time period. In contrast,
all sigF mutants settled to the bottom of the culture. These data indicate that
sigF enables the planktonic state of the strain while the prophage does not
impact this phenotype.

Quantification of biofilm formation demonstrated that the sigF mutations
do not enable biofilm formation (Figure 4- 3). Neither of the sigF mutations in the
genetic background of WT significantly increases biofilm formation, as
determined by crystal violet staining and absorbance measurements, over that
of WT. In contrast to the hypothesis that sigF mutations enable biofilm
formation, both sigF mutants in the WTdel background appear to form
decreased amounts of biofilm compared to WTdel, though these values are still
significantly higher than that observed for both WT and the published biofilm
former, GspEQ. In A50kb, these mutations do enhance biofilm formation but
not more than in A50del, indicating a degree of biofilm variability in the ASOkb
strains that may be associated with the presence of an antibiotic-resistance
gene as opposed to the sigF mutations. Overall, these data suggest that the
prophage represses biofilm formation, while the sigma factor activates or

maintains the planktonic state.
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Figure 4- 2. SigF mutations cause settling in flasks stored on the bench. The parental
strains are WT, A50kb (which encodes a SigF truncation) and phage-less WTdel. N5
mutants possess an insertional knockout of domain 1 of sigF while D7 mutants have a
transposon insertion in domain 3 of sigF.
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Figure 4- 3. Biofilm analysis of sigF mutants. Flask cultures were allowed to form biofilms,
which were quantified by crystal violet staining measured via absorbance at 600 nm of
stain extracted from the films. The parental strains are WT, A50kb (which encodes a SigF
truncation) and phage-less WTdel. N5 mutants possess an insertional knockout of domain
1 of sigF while D7 mutants have a transposon insertion in domain 3 of sigF. GspEQ was
assayed as a positive control. For each data point, n=3.
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4.3 sigF mutations rescue the light:dark growth defect of RpaA-deficient
cells

It is known that the deletion of the rpaA gene (ArpaA), which encodes a
component of the output mechanism of the circadian clock in PCC 7942,
results in mutant strains that are not capable of forming colonies when grown in
light:dark cycles [5], a phenotype referred to as LD-sensitivity. Preliminary
evidence had suggested that this LD-sensitivity is the result of active cell death
in response to changes in light, rather than impaired growth [6]. Dr. Simkovsky
tested the hypothesis that the prophage or its induction is the active agent of
cell death in ArpaA mutants by deleting the rpaA gene from the A50kb and
WTdel strains and testing these mutants for survival in the dark. While
A50kb-ArpaA” mutants survived and grew in LD cycles, ArpaA mutants of
WTdel did not. These results indicate that one of the A50kb SNPs suppresses
the LD-sensitivity phenotype.

To test the hypothesis that mutations in sigF rescue the LD-sensitivity
phenotype of ArpaA, | generated ArpaA mutants in the backgrounds of WT and
WT’s sigF mutants. Mutants and parental strains were then assayed for the
LD-sensitivity phenotype using serial dilution spot plates to check for culture
and colony growth on plates under light:dark cycles (Figure 4- 4). As expected in
this assay, WT+ArpaA is impaired in growth under a 12:12 LD cycle but is not
growth impaired when grown under constant light. In contrast, the introduction
of either sigF mutation rescues the WT+ArpaA LD-sensitivity phenotype and

enables colony growth similar to that of WT. These data support the conclusion
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that the sigF truncation is responsible for the suppression of LD-sensitivity in

A50kb+ArpaA.

4.4 Summary

In this chapter, | have demonstrated that mutation of the sigF gene in S.
elongatus causes settling of the cells to the bottom of the flask, does not
enhance the ability of the cell to form biofilms, and is responsible for rescue of
the ArpaA LD-sensitivity phenotype. These data further support the hypothesis
that the biofilm formation phenotype observed in A50kb and WTdel is due to
the lack of the prophage rather than one of the SNPs identified in A50kb.
Although the sigF truncation in A50kb causes cells to settle, likely due to a
resulting lack of pili as observed in Synechocysistis sp. PCC 6803, it does not
appear to determine biofilm formation. Instead, the sigF mutation may impact
the kinetics of film formation via the rapidity of accumulation of cells at the

bottom of the flask.
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Figure 4- 4. Light:dark growth sensitivity assay of ArpaA mutants. Cultures were serially
diluted at 1:5 dilution (original culture at top, most dilute culture at bottom for each plate)
and a 5 pl drop of each dilution was spotted onto solid BG11 media. Cultures were grown
in a 12:12 light:dark cycle (top) or under constant light (bottom). All cultures grew under
constant light, while WT+ArpaA did not grow in LD. WTN5 = WT + N5 sigF mutation;
WTD7 = WT + D7 sigF mutation.
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Chapter 5
Investigating Which Prophage Gene(s) Repress

Biofilm Formation

Our evidence so far supports a role for the prophage in biofilm formation.
Genetic and phenotypic comparison of A50kb, WTdel, and WT indicates that
the prophage does not passively repress biofilm formation through
chromosomal disruption via integration, as the integration does not appear to
disrupt any genetic elements and the presence of an antibiotic cassette at this
locus does not repress biofilm formation. These observations support the
hypothesis that the prophage expresses genes in the lysogenic state to actively
repress biofilm formation. We wish to determine which genes in the prophage

regulate this behavior.

5.1 Deletions of Gene Sections and Biofilm Analysis

Since there are over 50 genes in this prophage, we first proceeded to
delete sections of genes encoding proteins of similar function, such as the
region encoding the tail genes (section 5), in order to narrow down which
genes or possibly non-coding RNAs repress biofilm formation. All section
deletion vectors were constructed using a seamless assembly strategy similar
to that for generating D1K (see Chapter 3). As an example, the assembly of the

tail genes section 5 deletion vector, Ds5, was accomplished by using PCR to
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amplify ~500 bp long recombination regions that abutted the start codon of the
first gene and the stop codon of the last gene in the section 5 region. The
primers used to amplify these recombination regions were designed to enable
their assembly with a Km-resistance part derived from pCVD012 and an E. coli
origin of replication part derived from pCVDO028 (Figure 5- 1). Once the deletion
vector was constructed, transformed into E. coli, and verified by PCR,
restriction endonuclease analysis, and sequencing, the vector was used to
transform and recombine with WT in order to generate the desired deletion
strain, Ds5.

All S. elongatus prophage section deletion strains were verified by PCR
to check for double recombination and segregation. For small deletions, a
single pair of PCR primers is sufficient to detect the difference in size at the loci
of interest between WT and the deletion mutant. However, for larger deletions
such as Ds5, two PCR reactions using a total of three primers were required to
properly verify the clone. In the first PCR reaction, primers binding to the
recombination regions flanking the gene section detect only mutant
chromosomes because the WT region is too large to produce a band. In the
case of Ds5, correct mutants are expected to produce an amplicon 2,062 bp in
size (Figure 5- 2). The second reaction is designed to detect WT chromosomes
since it uses one of the primers that binds to the recombination region and a
second primer that binds just inside of the deleted section. Thus, the
combination of results from these two PCRs indicates if the mutation has been

integrated into all copies of the genome.
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| attempted to generate five section deletions and was successful in
generating three of these mutants: Ds4, which deletes the section encoding the
phage portal and head; Ds5, which deletes the phage tail section; and Ds7,
which deletes six genes including those that encode the phage lysozyme,
putative DNA binding proteins, and a predicted restriction endonuclease. The
deletions of section 2 or section 3 were not successfully generated. Although
transformation with the Ds2 vector produced hundreds of colonies, PCR
analysis of these colonies demonstrated that they retained the WT
chromosome. Transformation with Ds3 never produced any colonies. We
propose that the failure to generate Ds2 or Ds3 is due to the presence of
prophage gene, Synpcc7942_0723, shown to be essential for viability [1], at
the transcriptional start of section 2 that may be necessary for maintaining the
lysogenic state. This gene appears to be significantly expressed in WT [2, 3]
and we hypothesize that its removal via Ds2 or the removal of its promoter via
Ds3 results in either cell death or the excision of the phage genome in a way
that destabilizes the chromosome. Because sections 1 and 6 encompass only
a single gene each, the knockouts of these sections were investigated using
UGS transposon insertional mutant vectors. Similarly, because sections 8 and
9 are predicted to impact the state switch between lysogeny and lysis, these
genes were investigated using individual UGS mutants rather than deletion of
the entire region. Individual UGS gene mutants will be discussed further in the
next section.

Segregated clones of the section deletions Ds4, Ds5, and Ds7 were
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analyzed using the biofilm assay protocol described in the appendix (Figure 5-
3). All section deletions produced biofilms in quantities significantly different
than WT. However, the amount of biofilm production in these section deletions
is significantly less than when the entire prophage is deleted in WTdel. Due to
the initial low values of biofilm production in A50kb and GspEQ, the experiment
was performed again. This experimental replicate confirmed the initial
observation that the section deletions produce biofilms in greater quantities
than WT but not to the same degree as the phage-less or GspEQ

biofilm-forming strains.
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Figure 5- 1. Deletion vector design for removing all genes in section 5 encoding the phage
tail. Recombination regions (~500 bp in length) surrounding section 5 were PCR amplified
by using primers that allow them to be assembled with a Km-resistance part and an E. coli
origin of replication part from Golden lab’s seamless assembly system in order to generate
the deletion vector. Transformation of this vector into WT allows for the replacement of all
of the tail genes with a kanamycin resistance cassette.
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Figure 5- 2. The Synechococcus deletion strains of section 5 (Ds5) were verified by PCR.
Primer 1 and Primer 2 were designed outside of section 5, while Primer 3 was designed
inside of the section 5. Amplification of WT chromosomes with primers 1 and 2 should not
produce a band due to the large size of section 5, while PCR on a chromosome lacking
section 5 should produce a 2,062 bp band. In contrast, PCR with primers 1 and 3 will only
produce a band from WT chromosomes. Gel electrophoresis analysis on a 0.7% agarose
gel of WT and two Ds5 clones is shown above.
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Figure 5- 3. Biofilm analysis of gene section deletions. Flask cultures were allowed to form
biofilms, which were quantified by crystal violet staining measured via absorbance at 600
nm of stain extracted from the films. Quantification of crystal violet staining was performed
for the section deletion mutants Ds4, Ds5, and Ds7. A50kb, WTdel, and biofilm former
GspEQ were analyzed as positive controls, while WT was analyzed as a negative control.
For each data point, n = 3.
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5.2 The Biofilm Assay of the mutants from UGS Library

To further investigate individual genes for biofilm formation, we
regenerated and confirmed segregated UGS mutants that possess individual
insertional knockout mutations in a selected set of prophage genes. This set
includes the genes composing sections 1 (Synpcc7942_0716, mutant 21C1)
and section 6 (Synpcc7942_0754, mutant 21F6) in order to assay these gene
sections. The subset of examined genes also includes all genes known to be
transcriptionally or translationally expressed in WT according to Vijayan, et al.
[2] and Guerrerio, et al. [3], respectively, as well as a number of genes of
interest in the lysogeny and lysis gene sections. Whenever possible, two
replicate clones were selected, confirmed, and quantitatively analyzed for
biofilm formation. The data for each clone is shown in Figure 5- 4.

A number of clones displayed high levels of biofilm formation, such as
21E7 #1 and 21G3 #10. However, for the majority of these clones, the data
were inconsistent with the alternative analyzed clone, such that while 21E7 #1
showed extremely high biofilm formation values, 21E7 #2 only showed
moderate biofilm formation. To confirm these results, potential biofilm formers
were selected and replicate experiments were again performed (Figure 5- 5). Of
all the UGS mutants that have been tested to date, only four gene-inactivation
mutants displayed consistent biofilm formation similar to the values observed
with WTdel across multiple clones: the 21D10 mutation in the phage capsid
protein gene Synpcc7942_0734, 21F10 in the gene Synpcc7942_0756 that

encodes the phage lysozyme, 21F12 in Synpcc7942_0764 encoding a putative
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transcriptional regulator likely maintaining lysogeny, and 21G3 in
Synpcc7942_0766, which putatively encodes the phage antirepressor
responsible inducing the prophage and is not expressed in WT. A number of
mutants display biofilm formation values significantly higher than WT, but not
consistently at levels similar to WTdel. Among these are mutants with clones
displaying some of the highest biofilm values observed to date: 21C12 in
Synpcc7942_0725, a putative DNA replication helicase that is not expressed in
WT; 21E3 in a previously unannotated open reading frame that encodes a
proline-alanine-alanine-arginine (PAAR) repeat protein that is homologous to
the structural tip protein of the contractile phage spike or is often associated
with the bacterial type VI secretion system; and 21E7 in Synpcc7942_0743,
which is predicted to encode a virulence-associated tailspike protein with
glycosyl-hydrolase activity. Interestingly, the last gene, Synpcc7942_0743, is
not well expressed in WT, but an anti-sense transcript spanning the location of
the 21E7 insertion is highly expressed in WT. This raises the possibility that the
prophage element repressing biofilm forming is a non-coding RNA, rather than

a protein.
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Figure 5- 4. UGS mutant biofilm assay. Biofilm analysis of individual UGS mutant clones,
presented as in previous biofilm assay figures.
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Figure 5- 4. UGS mutant biofilm assay, Continued. Biofilm analysis of individual UGS
mutant clones, presented as in previous biofilm assay figures.



65

Absorbance (600 nm)
.5 1 1.5 2 25 3 35 4

o
o

WT
WTdel
A50del
WC-1
21C4 #1
21C4 #2
21C11#1
21C11#2
21C12#1
21C12#2
21D8#1
21D8#3
21D10#1
21D10#2
21E3 #1
21E3 #2
21E7 #1
21E7 #2
21E8 #1
21E8 #2
21F1 #1
21F1 #2
21F10 #1
21F10 #2
21F12 #3
21F12 #8
21G3 #5
21G3 #10

u Potential
H Biofilm Former
Replicates

i Potential
Biofilm Former

il

ITTEET R SRR T AT

Figure 5- 5. Biofilm analysis of potential biofilm formers and replicate experiments. Data in
red are as from Figure 5-5, while data in blue are from replicate experiments with the same
clones. Biofilm analysis of individual UGS mutant clones, presented as in previous biofilm
assay figures.
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5.3 Deletions of Individual Genes and Biofilm Assay

Although the analysis of individual UGS gene mutants assisted in
identifying potential repressors of the biofilm formation phenotype, a number of
these gene candidates are located in the head and tail sections of the phage,
sections 4 and 5 respectively, which do not display strong biofilm formation
phenotypes when the entire section is deleted. This inconsistency led us to ask
if the same observation would be made with mutations of genes in section 7.
Only two of the six genes in section 7 have corresponding UGS mutations, with
only one of those having been previously analyzed: 21F10 in the
Synpcc7942_0756 lysozyme gene. The most likely explanation for the lack of
transposon insertions in this region is a dramatic drop in the percent GC of the
DNA sequence from approximately 60% to 35% following the tail section of the
prophage, which retards transposon insertion. To examine more of the genes
present in section 7, in particular the two genes that appear to be highly
expressed in WT, SynpPCC7942_0759 and Synpcc7942_0760, | generated
deletion vectors using the same strategy described for the section deletions.
These vectors were then used to attempt deletions in WT.

| was able to successfully generate segregated deletion mutants in
Synpcc7942_0757 (D0O757), Synpcc7942_0759 (D0759), and
Synpcc7942_0760 (D0760), although only a single segregated clone of DO757
was recovered and confirmed. All attempts to generate the deletion in
Synpcc7942_0758 failed. | also generated deletions in the section 8 genes

Synpcc7942_0761 (D0761) and Synpcc7942_0762 (D0762), which encode a
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hypothetical protein and a putative helix-turn-helix transcriptional regulator,
respectively. Although it was difficult to recover DO761 mutants, segregated
clones were recovered.

Analyzing these deletion mutants for biofilm formation demonstrated
that all of these mutants formed films to a degree significantly greater than WT,
but significantly lower than WTdel, A50kb, and GspEQ (Figure 5- 6).
Unfortunately, these data do not enable any further insight as to whether an
individual gene represses biofilm formation or a diversity of prophage genes
contribute to this phenotype.

Given that a few potential biofilm repression gene candidates were
identified, future experiments will focus on over-expressing these candidate
genes or non-coding RNAs in biofilm-forming cells to determine their role in
biofilm regulation.

Chapter 5, in full, is currently being prepared for submission for
publication of the material. Simkovsky, Ryan; Golden, Susan. The thesis author

was the primary investigator and author of this material.
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Figure 5- 6. Biofilm analysis of the deletion of individual genes in section 7 and section 8.
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Chapter 6

Discussion

6.1 The S. elongatus prophage represses its host’s ability to form
biofilms

We have demonstrated that the unicellular model cyanobacterium
Synechococcus elongatus PCC 7942 is a lysogen — its genome carries a
previously unrecognized prophage. The prophage genome appears to encode
all of the genes necessary to regulate a temperate life cycle that is capable of
switching between lytic and lysogenic states; excise, replicate, and package its
genome; and build a tailed virion particle. This prophage is present in various
forms in at least two other S. elongatus strains. Because of its existence in the
genome of PCC 7942, the PCC 7942 prophage represents the first genetically
manipulatable system for understanding the interaction between cyanophage
and their cyanobacterial hosts.

In Chapter 3 of this thesis, | have demonstrated that genetic removal of
the prophage uncovers its active role in regulating cyanobacterial physiology in
living cells by quantitatively repressing biofilm formation. Through experiments
beyond the scope of this thesis, Dr. Simkovsky, a postdoctoral researcher in
the Golden lab, has demonstrated that removal of the prophage also increases
the amount of photosynthetic pigments when grown under high light for long

periods. Taken together, these findings first demonstrate that, in contrast to the
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field’s general view of prophage as inactive states in the phage life cycle, this
prophage actively regulates host behaviors that are critical for its survival and
adaptation to specific environments. Second, we hypothesize that these
regulatory activities, likely occurring through expression of specific prophage
encoded genes, determine both the ecological niche of the host and the
environmental life cycle of the phage such that the phage infects a host
adapted to low light levels in biofilms at the bottom of the water column and
reprograms it to adapt to a light-intense, planktonic niche that allows for
geographic dispersal.

In support of this hypothesis, we have demonstrated that the newly
isolated strain WC-1 lacks the prophage, readily forms biofilms, and displays
the increased photosystem pigmentation phenotype [1]. We are currently
pursuing experiments to introduce the prophage into WC-1 to test for
repression of these phenotypes in order to further support the environmental
relevance of our findings.

We are also currently continuing our experiments to identify the genes
responsible for biofilm repression and pigmentation regulation. As presented in
Chapter 5, characterization of gene section deletions and individual gene
knockouts or deletions has revealed a subset of candidate genes or
non-coding RNAs that may repress biofilm formation. Deletions or knockouts of
these candidate regulatory elements, however, have not produced strains that
consistently produce biofilms to the same degree as has been observed when

the prophage is absent from the cell. Further experiments using expression
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constructs will be performed to verify the candidate biofilm repression genes or
non-coding RNAs. Using these same deletion and knockout mutants, Dr.
Simkovsky has narrowed down the regulators of the pigmentation phenotype to
two genes expressed in the lysogen: Synpcc7942_0759 and/or
Synpcc7942_0760 [1]. These data provide further evidence of the active role
that the lysogen plays in manipulating its host and hope that a similarly small
set of genes will be found that control the biofilm phenotype.

Based in part on these data and an ongoing collaboration with the
laboratory of Dr. Rakefet Schwarz, we currently hypothesize that the regulation
of biofilm formation may involve a complex network of regulatory factors and
small RNAs that integrate information from the environment, from the state of
the cell, and the prophage to determine biofilm formation. Dr. Schwarz’s lab
has determined that a lack of pili is a strong factor in enabling biofilm formation
[2]. Based upon the results presented in Chapter 4 that mutations in sigF
enhance the settling of S. elongatus and the fact that sigF regulates pili
expression in PCC 6803, our findings would support the notion that SigF- or
pili-regulated planktonicity is one of a number of factors repressing the biofilm
state, but that the lack of either SigF or pili is not sufficient to activate biofilm
formation. Interestingly, my data have also suggested a role for SigF in
rescuing ArpaA LD sensitivity while Dr. Simkovsky has demonstrated that SigF
does not contribute to the pigmentation phenotype [1].

In further support of the role of sigF and the pili in enhancing biofilm

formation, | collaborated with PhD candidate Benjamin Rubin in the Golden lab
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to screen a randomly barcoded transposon-insertional library [3] grown under
biofilm-forming conditions in test tubes to identify genes that enhance or
disable biofilm formation. High throughput sequencing of the barcoded library
(RB-seq) and quantification of the relative population levels of every insertion in
the biofilm versus the original culture resulted in a list of 68 genes that appear
to repress biofilm formation and 35 genes that appear to enable inclusion or
viability in the biofilm state. Included in the 68 repression genes are sigF and
14 pilin-encoding genes, again highlighting the regulatory role that these genes

play in biofilm formation.

6.2 Technological applications of the PCC 7942 prophage

The prophage discussed in this thesis represents a powerful technology
that can be applied to numerous industrial and environmental scenarios in
order to actively alter the biofilm state of a cyanobacterial population for
beneficial purposes. These include biomass-harvesting, production, prevention

of biofouling and harmful algal sludge, and manufacturing of new biomaterials.

6.2.1 Enhancement of biofilms for biomass and bioproduct generation

Industrial growth of cyanobacteria for the purposes of generating
biofuels, nutraceuticals, and other high-value products is predominantly
performed in open pond systems, such as outdoor raceways. One major
barrier to economic viability of these emerging markets is to reduce process

costs, including the time, labor, and monetary expenses associated with
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harvesting and dewatering the cyanobacterial crop. Our investigations suggest
that removal of the prophage or inhibition of key biofilm-repressing elements
encoded in the prophage will induce biofilm formation in S. elongatus
populations. Formation of films can thus be exploited as an inducible
mechanism for harvesting the planktonic cyanobacterial crop.

In contrast to the current planktonic growth-based practices,
biofilm-based production systems have been proposed for algal biofuel and
bioproduct generation [4]. These systems take advantage of the concentrated
biomass inherent in biofilms to generate high product yields with minimal water
and nutrient inputs. Additional benefits to these biofilm-based growth systems
over the current planktonic growth systems include cost-efficient harvesting,
reduced light limitation, and potential resistance to predators [5, 6] [7, 8].
Rotating algal biofilms (RABs), which combine the designs and benefits of
planktonic open pond growth with biofilm-based growth on rotating surfaces,
have proven to be among the most productive algal growth systems. These
systems illustrate the technological potential of a cyanobacterial strain whose
planktonic and biofilm growth behaviors can be readily manipulated by the
addition or removal of the PCC 7942 prophage in order to optimize biomass
production and harvesting in large-scale cyanobacterial growth systems.

Beyond mass production, many cyanobacterial biofiims can be
beneficial to human health when employed in wastewater purification systems
or bioremediation processes [9-12]. RABs were originally designed for

wastewater purification purposes. It has also been demonstrated that some
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phototrophic biofilms enhance degradation of some environmental toxins, such
as microcystin [13]. The biofilm generating strains described in this thesis could

enhance the generation of phototrophic, bioremediating communities.

6.2.2 Reduction of biofilms to prevent biofouling and harmful algal
sludge

In both natural and industrial environments, the accumulation of
microorganisms as scums or films on surfaces can lead to extensive problems
for human health [14, 15] or maintenance of aquatic systems [10, 16]. Biofilms
enable bacterial communities to withstand antibiotics, disinfectants, and
predators, including the phagocytic cells of the innate immune system [17, 18].
These biofilm properties also protect cyanobacteria associated with harmful
algal blooms, where these microorganisms produce toxins that can affect
humans, livestock, and fish populations. Not only do these cyanobacterial films
concentrate the harmful microbes, but they can also accumulate or concentrate
the toxins in the scum present at the air-water interface, as is the case with
microcystin produced by the cyanobacterium Microcystis aeruginosa [19] .

In all aquatic environments, accumulation of biofilms can lead to
biofouling of artificial surfaces either in the form of disintegration of the material
or in the excessive accumulation of substances to the point of impeding the
function of the structure. For example, biofouling of naval vessels, which
increases ship drag and reduces sailing efficiency, has been noted since the

time of Plutarch [20].
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Disruption of biofilms in all of the above scenarios is a desired goal and
could be accomplished by using the PCC 7942 prophage as an anti-film agent.
This may either be in the form of direct addition of the phage virion or through
the application of key biofilm-repressing elements encoded in the prophage.
Depending upon the ability to generate virion particles and the host range of
the phage, the phage in theory could prevent film formation through either of
two mechanisms: 1) lysis to disrupt the bacterial film community or 2)
integration and repression of the bacterially-encoded biofilm formation pathway.
Alternatively, upon identifying the genetic elements responsible for the biofilm
repression phenotype, integration of expression constructs of the genes or
application of the encoded elements could provide useful tools and

technologies for biofilm disruption.

6.2.3 The prophage as a source for synthetic biology and

biomanufacturing tools

In recent years, there has been a resurgence of interest in developing
phage-based technologies and phage therapies [21]. Phage display or
manipulation of viral components have been successfully developed to
generate nanotechnology and novel bio-molecular materials, such as 3D
printed nanofibers [22], antibacterial polymers [23], and biosensors [24-26].
Viral capsids have been engineered to function as imaging agents, including
nanocomposite high-relaxivity MRI contrast agents [27], or conjugated to

magnetic beads to act as sensors and antimicrobials against E. coli [28] or
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Salmonella [29]. Most recently, manipulation of phage have allowed for the
development of energy solutions in the form of energy generation [30] and
biosolar panels [31]. Viruses, including bacteriophage, have been used to
generate commercial bio-products widely [32, 33].

The Synechococcus elongatus PCC 7942 prophage is an advantageous
platform for the development of similar phage-based technologies. In particular,
the combination of the ease of genetic manipulation of the prophage in S.
elongatus and the ability to grow it phototrophically to essentially convert solar
energy directly into these various technologies makes the PCC 7942 prophage
a very promising mass production platform. Given its natural freshwater
environment, development of the prophage towards crop protection, harmful
algal bloom control, and water waste remediation or monitoring are particularly

interest [34].
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Appendix

Materials and Methods

Generating tagging and deletion vectors

Tagging and deletion vectors were constructed using the GeneArn®
Seamless Cloning and Assembly Kit (Life Technologies). Assembly DNA
devices were derived from CYANO-VECTOR donor plasmids using restriction
enzymes Zral or EcoRV-HF (New England BiolLabs) followed by DNA
purification and concentration with DNA Clean & Concentrator™- 5 kit (Zymo),
as detailed in Taton, et al [1]. Assembly amplicons were generated by PCR
using Q5 polymerase (New England BioLabs), as per the manufacturers
instructions, and verified through gel electrophoresis on 0.7% agarose gels.
Prior to seamless assembly, amplicons greater than 300 bp were purified with
the Invitrogen PureLink® PCR Purification Kit (Life Technologies) using the
High-Cutoff Binding Buffer (B3) to remove primer dimers and small,
non-specific PCR products.

Assembled vectors were transformed into chemically competent DH5a
or One Shot® TOP10 (Life Technologies) E. coli according to standard heat
shock procedures or the manufacturer’s instructions. Transformed E. coli were
grown at 37 °C overnight on solid LB agar plates containing 50 pg/ml
kanamycin (Km) or 20 pg/ml spectinomycin (Sm) and 20 pug/ml streptomycin

(Sp), dependent upon the vector design, to select for cells harboring the
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desired vector. Colonies were counter-screened for ampicillin-resistance
through replica-plating onto solid LB agar plates containing 100 pg/ml
ampicillin (Ap). Clones lacking Ap-resistance but continuing to grow on the
desired antibiotics were inoculated into 5 ml liquid cultures and processed for
DNA via the QlAprep Spin Miniprep Kit (Qiagen) or ethanol precipitation. All
vectors were confirmed by PCRs designed to amplify across assembly
junctions, restriction enzyme digest analysis designed to produce unique band
patterns in the product versus parental donor vectors, and sequencing of
recombination regions and junctions.

Cosmids for generating transposon-insertional knockout mutants into
individual gene were obtained from the unigene set (UGS) library [2, 3].
Knockouts of the sigF gene, Synpcc7942_ 1510, were obtained from private

library cosmids 4E8-N5 (referred to as N5) and 1E9-D7 (referred to as D7).

Generating mutants of Synechococcus elongatus PCC 7942

Confirmed deletion, tagging, or UGS vectors were transformed into
fresh cultures of S. elongatus PCC 7942 that were grown at 150 pumol photons
m-2s? at 30 °C. Transformation was performed according to standard methods
that take advantage of S. elongatus’ natural competence and ability to perform
double homologous recombination [4-6]. Transformants were selected on solid
BG-11 media [7] supplemented with kanamycin at 5 ug/mL, spectinomycin at 2
pg/mL, streptomycin at 2 pg/mL, or 5% sucrose, as appropriate for the desired

strain. Cultures derived from transformation colonies were grown in BG-11
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media either in liquid or on solid medium containing the appropriate antibiotics
under constant light levels ranging from 100 — 200 pmol photons m2s* at 30 °C.
Liquid cultures were analyzed for bacterial or fungal contamination regularly
using BG-11 Omni medium: solid BG-11 agar media supplemented with 0.04%
(wt/vol) glucose and 5% (vol/vol) LB.

Transformants were analyzed for double homologous recombination
and complete conversion or segregation of all chromosomal copies via PCR
analysis designed to amplify the locus of interest. In all cases, the amplicon
generated from the WT locus differed significantly in size from that derived from
the mutant locus so that gel electrophoresis analysis of the PCR products
would differentiate WT from mutant loci. Confirmed clones were grown and

maintained as described above.

Quantitative assays for biofilm formation

In order to assay strains for biofilm formation in a quantitative and
high-throughput manner, a number of methodologies for preparing biofilms in
culture were attempted. A substantial amount of time and effort was spent
testing and optimizing these protocols due to the requirement to have a
reproducible and quantitative assay to analyze and compare the large number
of strains generated for this project. Therefore, the important lessons and
protocol points will be described here.

In preparation for the biofilm formation assays, lawns of cultures were

first grown on BG-11 plates containing the appropriate antibiotics. This
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solid-medium starter culture is a necessary step for the biofilm assay so as to
eliminate or infinitely dilute any accumulated biofilm repressor that would inhibit
subsequent film formation [8]. Scrapings of those lawns were then added to
starter cultures in 250 ml flasks containing 15 ml of BG-11R medium without
antibiotics and incubated for four days on an orbital shaker at 30°C under
constant light intensity of ~150 pmol photons m=2s'. The BG-11R medium
contains freshly made iron solutions and 4% HEPES as a buffer, as per the
biofilm formation media preparation detailed in Schatz, et al [9]. The growth of
the starter culture in a low volume of medium in a 250 ml flask was important
for obtaining high densities of cell cultures in a short period of time, so as to
prevent accumulation of the secreted biofilm repressor. Presumably, the rapid
growth and increased cell densities were due to the combination of decreased
shading effects and increased gas exchange due to the high surface area to
volume ratio. It was also important to acclimate the cultures to BG11R media at
this stage, prior to the initiation of the biofilm formation assay.

As stated, biofilm formation in cultures was tested using several different
culturing methods. These methods include the published bubbling tube
protocol of our collaborators in the Schwarz lab [9], multiple multi-well plate
protocols, and biofilm formation in stationary flasks, which is the condition
under which the Golden lab originally observed biofilms when initiating the
collaboration with the Schwarz lab. Due to the fact that the bubbling tube assay,
as performed in our lab, is not particularly high-throughput and films often fell

off the curved, glass surface during post-formation washing steps, numerous
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multi-well plate protocol were tested for biofilm formation. Variations to the well
plates included differing material compositions (polystyrene vs. poly-D-lysine
vs. glass), surface treatments (poly-D-lysine coated vs. Corning Cell Bind
Surface vs. Ultra Low Attachment Surface vs. BioCoat for attachment purpose
vs. non-coated), well sizes and numbers (from 6 well plates to 96 well plates),
and well-bottom shapes (flat vs. conical vs. curved). Plates were also tested
under different conditions, including varying temperature (room temperature or
30 °C) and light conditions (=3 to 150 umol photons m=s™). In our hands, no
single plate or condition proved to perform consistently or significantly when
assaying our control strains: WT, T2SEQ obtained from the Schwarz lab, and
the A50kb strain.

A modified multi-well plate assay was tested based upon advice from
the Curtiss lab [10] was attempted in which glass coverslips were placed in the
bottom of 6-well plate wells. The notion behind this protocol is that the glass
would improve biofilm attachment and also enable observation of the films
under the microscope. However, not all control strains formed films under these
conditions and those biofilms that did appear simply fell off the coverslip upon
washing.

Of the methodologies examined and optimized, only the small flask
cultures resulted in significant and consistent data across positive and negative
biofilm formation controls. All quantitative biofilm formation values reported in
this thesis were performed using the following flask-based biofilm-formation

assay.
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To perform the biofilm assay in small flask cultures, starter cultures were
diluted to an OD at 750 nm of 0.5 using fresh BG11-R media and 5 ml aliquots
of this dilution were placed in sterile 25 ml flasks plugged with cotton balls. Due
to potential build up salts or other residues that can impact biofilm formation,
these flasks were autoclaved with water present in the flask, as opposed to a
dry autoclave cycle, prior to removal of the water and subsequent addition of
medium and culture. Although biofilms appear to form better in the bottoms of
old vs new flasks, the biofilms formed on scratched vs. non-scratched clean
flasks were compared, which gave no significant difference. Most of the flasks
labeled as flat bottom have a slightly curved bottom due to manufacture issue,
but only the flasks with real flat bottoms supported stronger biofilms. To
maintain the same condition for every experiment, all biofilm formation data in
this thesis were performed in new 25 ml Pyrex flasks (catalog number 4980).
Biofilm formation flasks were incubated at low light, approximately 5 pmol
photons m2s, at room temperature without shaking for 7 days.

Biofilm formation was quantified according to a modified version of the
crystal violet staining technique of Fisher, et al. [10]. In brief, liquid cultures
were removed by decanting and the culture flasks were gently washed with
water three times and air-dried prior to staining with 5 ml of 1% crystal violet in
each flask for 15 min. Stain that remained in the biofilm after three additional
water washes was extracted by a 5 ml of modified biofilm dissolving solution
(MBDS) containing 10% sodium dodecyl sulfate (SDS) dissolved in 80%

ethanol. The volume of the crystal violet stain and MBDS were same as the
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volume of the culture to stain all biofilms, no matter whether the culture was
grown in flasks or tubes. A 200-pl volume of each extract solution was
transferred to 96-well plates and measured by absorbance spectroscopy at 600
nm using an Infinite® M200 absorbance plate reader (Tecan) to quantify the
amount of crystal violet that was bound to the biofilm. For each experimental

strain, multiple biological replicates were assayed.

LD-sensitivity spot assay

To test for the LD-sensitivity phenotype previously described for the
deletion of the rpaA gene in the WT S. elongatus PCC 7942 background [11],
exponentially growing cultures were diluted to an optical density at 750 nm of
0.494. These dilutions were subsequently serially diluted 1:5 five times. 4 ul of
each serial dilution was spotted onto BG-11 solid media. Serial dilution cultures
plates were incubated at 30°C with 12:12 artificial light:dark cycles or constant
light at 149 pumol photons m2s* for 2 weeks and checked for growth of the

cultures.
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