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ABSTRACT

Sustainable global energy production is one of the grand challenges of the 21*
century. Next-generation renewable energy sources include using photosynthetic
microbes such as cyanobacteria for efficient production of sustainable fuels from
sunlight. The cyanobacterium Synechocystis PCC 6803 (Synechocystis) is a genetically
tractable model organism for plant-like photosynthesis that is used to develop microbial
biofuel technologies. However, outside of photosynthetic processes, relatively little is
known about the biology of microbial phototrophs such as Synechocystis, which impairs
their development into market-ready technologies. My research objective was to
characterize strategic aspects of Synechocystis biology related to its use in biofuel
production; specifically, how the cell surface modulates the interactions between
Synechocystis cells and the environment. First, I documented extensive biofouling, or
unwanted biofilm formation, in a 4,000-liter roof-top photobioreactor (PBR) used to
cultivate Synechocystis, and correlated this cell-binding phenotype with changes in
nutrient status by developing a bench-scale assay for axenic phototrophic biofilm
formation. Second, I created a library of mutants that lack cell surface structures, and
used this biofilm assay to show that mutants lacking the structures pili or S-layer have a
non-biofouling phenotype. Third, I analyzed the transcriptomes of cultures showing
aggregation, another cell-binding phenotype, and demonstrated that the cells were
undergoing stringent response, a type of conserved stress response. Finally, I used
contaminant Consortia and statistical modeling to test whether Synechocystis mutants
lacking cell surface structures could reduce contaminant growth in mixed cultures. In
summary, I have identified genetic and environmental means of manipulating
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Synechocystis strains for customized adhesion phenotypes, for more economical biomass
harvesting and non-biofouling methods. Additionally, I developed a modified biofilm
assay and demonstrated its utility in closing a key gap in the field of microbiology related
to axenic phototrophic biofilm formation assays. Also, I demonstrated that statistical
modeling of contaminant Consortia predicts contaminant growth across diverse species.
Collectively, these findings serve as the basis for immediately lowering the cost barrier of
Synechocystis biofuels via a more economical biomass-dewatering step, and provide new
research tools for improving Synechocystis strains and culture ecology management for

improved biofuel production.
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CHAPTER 1
INTRODUCTION
1.1 Motivation and historical socio-technological perspective

Across the entire course of prehistory, and throughout subsequent civilization,
humans have been influenced by the activities of microbes along two major trajectories:
enduring the negative effects of infectious diseases, and enjoying the benefits of
microbial processes for sustainable food, health, and environment. In the present day,
these influences continue, and frequently overlap, in the formal study of microbiology.
That these opposing influences share common ground can be partly attributed to the
fundamental nature of microbes such as bacteria, which is to combine an enormous
diversity of metabolic processes and capabilities across species, while reusing the
structural design of a single membrane-bound cell. Such physical and organizational
constraint drives extreme efficiency, including reusing subcellular structures that are
shared across microbial species and passed down along generations. Thus the ability and
mechanisms of bacteria to colonize a surface, for example, is equally relevant to
pathogenesis of an unfortunate human host, or increasing yields of farmer’s crops by
colonizing and fertilizing plant rood nodules.

Inspiration is an important driver of scientific progress; nature-inspired design has
as much relevance today as it did when Leonardo Da Vinci built flying machines in the
shape of a bird’s wings. Nature’s first engineers were microbes: the twentieth century
marked the beginning of the first golden age of molecular biology, and enabled
researchers for the first time to directly use molecular tools evolved by microbes billions

of years ago in order to address technological challenges facing society. A relatively
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recent example includes the isolation of extremophiles such as Thermus aquaticus by
Thomas Brock and his undergraduate student, Hudson Freeze, of Indiana University,
Bloomington. They isolated this thermophile from hot springs at Yellowstone National
Park, and it was used to produce the source of heat-stable DNA Taq polymerase, which
was key to the advancement of the polymerase chain reaction (PCR), the single most
widely used procedure in molecular biology. This single innovation enabled PCR to
become an automated high-throughput process, which was a crucial lynchpin in the
development of genomics, bringing with it the second golden age of molecular biology in
the 21% century (10) (9).

Since the discovery of Thermus aquaticus, many more microbes been isolated that
have remarkable capabilities to grow in extreme environments, such as in conditions
nearly 20 times as salty as the ocean, in radioactive waste that is 3000 times the strength
of the lethal human dose, and in acid so strong it measures pH 0 (11). Bacteria and other
microbes have been solving difficult chemical engineering challenges for billions of
years in order to survive harsh environments during the course of evolution. They are
also uniquely suited to solve one of the grand challenges of the 21% century: that of a
sustainable global energy supply (12). According to the U.S. Energy Information
Administration’s International Energy Outlook for 2016, the global population will
increase to 9 billion by 2050, driving energy use up by 40% (13). In order to meet this
new energy demand, 26 trillion dollars of investment in new energy infrastructure must
be developed, and will result in a atmospheric carbon dioxide concentration of 1000 ppm,
over twice the level recommended by the International Panel on Climate Change. In

addition, new oil fields will be smaller and fewer, and therefore new petroleum will be
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derived from oil shale, or by converting coal and natural gas into liquid fuels, further
driving up prices of fuel as well as basic necessities like food and clean water.

In the modern era, renewable energy has become essential to a sustainable food
supply, adding energy to the services that microbes provide to society as part of our basic
sustenance. Abiotic processes have recently been developed that enable direct conversion
of COz to ethanol at 63% yield using only a small amount of electricity-driven catalyst
(14), but it is unclear whether this nanotechnology will be scalable to industrial levels.
However, evidence in the fossil record shows that microbial phototrophs have a proven
ability to consume carbon dioxide and produce liquid fuel on a global scale: most crude
oil and other fossil fuels are derived from ancient algae and other photosynthetic
microbes that formed massive blooms in bodies of water hundreds of millions of years
ago. Furthermore, the first living organisms to cause global climate change were these
same photosynthetic microbes, driving the oxygenation of the earth’s atmosphere, and
greatly increasing the mineral diversity of the Earth’s crust (15).

Researchers in labs around the world are therefore investigating the use of
photosynthetic microbes such as cyanobacteria to make renewable, carbon-neutral
biofuels (16). However, historically, research of phototrophic organisms lags behind that
of microbial pathogens. For example, the cyanobacterium Prochlorococcus marinus, on a
per-organism basis, is estimated to be the most abundant species on Earth, and produces
about 20% of the world’s oxygen, in addition to being a major contributor to the global
carbon cycle. Yet despite its importance and its ubiquity, Prochlorococcus was not
discovered until 1991 (17). These relative priorities are maintained today, as can be seen

in the percentage of genome and meta-genome sequencing projects related to medicine
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(47.5%) compared to environmental microbiology (7.9%) on the Genomes Online
Database (18), a storehouse of sequence information for 250,000 different organisms
(including a minority of non-microbial species).

1.2 Dissertation objectives and outline

Knowledge gaps in our understanding of the basic microbiology of phototrophs
are one of the bottlenecks that need to be addressed in order to bring microbial biofuel
production to market. My research objectives in this dissertation aim to address strategic
questions about the basic microbiology of the cyanobacterium Synechocystis, as detailed
below and in the following outline of each chapter. A common theme throughout these
chapters is the importance of the defining feature of all cells, namely, the cell wall. This
feature separates the cell’s inner contents from its outside boundary, regulates its
interaction with other cells and the environment, and can serve as a reservoir of nutrients
such as fixed carbon, among other functions, all of which are relevant to biofuel
production in phototrophic microbes like Synechocystis (19).

Starting at the cell surface, my objective was to characterize the genetics and
physiology of biofilm formation by Synechocystis, to determine how cells of a single
phototrophic species interact with each other, and with abiotic surfaces such as glass and
plastic, which are frequently used materials to culture microbial biofuel feedstocks. I
chose to focus on biofilms due to their relevance to basic science and to biofuel
applications, as described in more detail in the Background section. Next, I investigated
differential regulation of the transcriptome in aggregated and unaggregated Synechocystis
cultures in order to correlate regulatory networks on the inside of the cell with adhesion
phenotypes on the outside of the cell. Finally, I investigated whether altered
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Synechocystis cell surface phenotypes may improve biofuel yield at the scale of microbial
populations by studying mixed-species cultures. I specifically tested whether
Synechocystis mutants correlated with increased biofuel yield by reducing the ability of
heterotrophic bacterial contaminants to grow in Synechocystis cultures.

A summary of each of these research aims is described for each Chapter in more
detail below. In Chapter 3, I report that biofuel-producing cultures of Synechocystis
underwent extensive biofouling of a large, outdoor photobioreactor under conditions
correlated with nutrient limitation. I hypothesized that phototrophic bacteria such as
Synechocystis are able to form axenic biofilms, and use cell surface structures such as
pili, S-layer, and exopolysaccharides (EPS) to attach and adhere to surfaces, similar to
other biofilm-forming heterotrophic bacteria. I developed a modified crystal violet assay
and found that axenic wild-type (WT) Synechocystis forms biofilms of cells and extra-
cellular material when shifted to altered nutrient conditions. Axenic WT Synechocystis
does not form biofilms in nutrient-replete medium (BG11). Also, unlike WT
Synechocystis, mutants lacking genes required for synthesis of cell surface structures such
as type IV pili and the S-layer do not form biofilms under altered nutrient status. I
conclude that pili and the S-layer are necessary but not sufficient for biofilm formation by
Synechocystis: an additional adhesion-mediating factor must be induced, such as through
dilution of growth medium, in order for pili and S-layer to facilitate biofilm formation.

To further elucidate the molecular mechanisms of cell-cell binding by
Synechocystis, 1 developed an aggregation assay and found that both pili and the S-Layer
were required for consistent aggregation, but mutants lacking wza, a gene required for

exopolysaccharide production in Synechocystis, has a super-binding phenotype. |
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compared outer membrane (OM) fractions of WT and mutant cultures under treatment
and control conditions for aggregation. Coomassie stain of SDS-PAGE of these OM
proteins showed no difference in protein profiles, and preliminary data suggest
aggregated cells were not dispersed by treatment with cellulase. Overall, these data
support that the molecular mechanism for aggregation by WT Synechocystis is synthesis
and/or modification of cell surface structures by non-protein adhesive molecules in
response to environmental stimuli inducing aggregation, such as change in growth
medium status. In summary, I report that Synechocystis is a good candidate for a model
organism for axenic phototrophic biofilm formation, and describe two new rapid,
ecologically-relevant assays for further development of this area of study. I demonstrate
the utility of these assays in identifying non-biofouling mutant strains of Synechocystis,
and identifying environmental signals for rapid aggregation of wild-type Synechocystis
biomass; both useful phenotypes for biofuel applications.

In Chapter 4, I investigated the relationship between aggregation and stress
response in Synechocystis. The paradigm for bacterial aggregation is that it is an adaptive
response to environmental stress. Both cellulose-dependent aggregation and stringent
response (SR), a type of stress response, are widely conserved bacterial phenotypes that
can be induced by nutrient limitation and other environmental signals; however, they use
distinct regulatory pathways coordinated by different secondary messengers (c-di-GMP
and (p)ppGpp, respectively). It may therefore be possible for bacteria to coordinate these
two phenotypes separately, for example undergoing SR without aggregation, or vice
versa. Previous studies of photosynthetic bacteria such as the cyanobacterium

Synechococcus elongatus and the alpha-proteobacterium Rhodobacter sphaeroides
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demonstrate that SR occurs upon shift to dark conditions. Additionally, several
cyanobacterial species, including Synechocystis, have been shown to use c-di-GMP-
dependent aggregation. I sought to better understand the possible role of SR in
Synechocystis aggregation. Here I report preliminary data from RNA sequencing
supporting the conclusion that aggregated cultures of Synechocystis have undergone SR.
Additionally, aggregation has been shown to be a light-dependent process in
Synechocystis; my data support that aggregated cells have not undergone SR from dark
conditions such as self-shading during aggregation. This represents the first known
evidence of SR correlated with aggregation in cyanobacteria, and the first report using an
environmental signal other than darkness to induce SR in cyanobacteria. | summarized
my findings by highlighting implications of the relationship between aggregation and SR
on cyanobacterial lifestyle and application, such as sedimentation and biofuel production.
In Chapter 5, I assessed the microbial ecology of the photobioreactor (PBR).
Synechocystis was previously engineered to secrete elevated levels of long-chain fatty
acids such as laurate, a jet fuel precursor (20). An outdoor 4,000-liter PBR of
Synechocystis culture that became contaminated by heterotrophic bacteria had reduced
yield of fatty acids. Current practice for maintaining very large outdoor monocultures
include use of chemical additives (salinity, alkalinity, and antibiotics) to create selective
growth conditions for crop protection, including microalgae. I hypothesized that using
additives well-tolerated by Synechocystis, such as salt, alkalinity and/or antibiotic, would
inhibit growth of heterotrophic bacteria (heterotrophs) while allowing Synechocystis to
flourish, improving biofuel yields. In the current study, I used regression analysis to make

quantitative predictions of heterotroph growth in response to levels of added salinity,
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alkalinity, and the antibiotic kanamycin in LB liquid media and also in Synechocystis
supernatants. Defined Consortia of heterotrophs that included laurate-consuming species
isolated from PBRs and also freshwater sources were used to reproducibly simulate the
PBR contaminome under controlled laboratory conditions.

In LB liquid media, heterotroph growth responses were accurately predicted by
levels of these three additives (NaCl, pH, and kanamycin) across diverse Defined and
Undefined Consortia. In Synechocystis supernatants, presence of additives was able to
protect laurate for over 72 hours by suppressing heterotroph growth. High-throughput
16S rRNA gene sequencing and PICRUSt metagenomic analysis (Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States) of Defined and
Undefined Consortia growth were consistent with predictions that abundant contaminant
taxa grown in presence of additives belong to an unrelated guild of phylotypes carrying a
common ‘minimum core’ of 7 different adaptive trait marker genes conferring tolerance
or adaptation to these three additives; abundant taxa in negative control samples had
fewer and/or absent resistance trait genes. I concluded that this pilot study supports use of
this modular platform of statistical modeling, sequence analysis, and artificial Consortia
to quantitatively model bacterial contamination and biofuel productivity of PBRs under
controlled conditions.

In Chapter 6, I summarized my findings and outline the implications of this work.

I identify several high-priority studies to advance the most significant of these findings.



CHAPTER 2
BACKGROUND: TOWARDS A MODEL ORGANISM FOR AXENIC
PHOTOTROPHIC BIOFILM FORMATION

2.1. Phototrophic biofilms are relevant to ecology and biotechnology

There are many more bacteria on Earth than there are stars in the known universe
(21); most of them exist in multi-cellular communities called biofilms (22). Mixed-
species phototrophic biofilms (containing heterotrophs and phototrophs) contribute to
global nutrient cycling in terrestrial and aqueous environments (23-28). Phototrophs
occur in all three domains of life, including diverse phyla distributed across the bacterial
domain: Proteobacteria (purple sulfur and non-sulfur bacteria), Chloroflexi and Chlorobi
(green sulfur and non-sulfur bacteria), Cyanobacteria (oxygenic phototrophs), Firmicutes
(Heliobacteria), and Acidobacteria; each of these bacterial phyla have been identified in
mixed biofilm communities (29-34). Among phototrophs, members of phylum
Cyanobacteria are noteworthy both as primary producers capable of carbon and nitrogen
fixation, and for their prevalence in biofilms across time and space. Contemporary
stromatolites in Shark Bay, Australia and a few other locations (35-37) are cyanobacteria-
containing microbial mats that mineralize carbonate as part of their metabolic activities
(lithification). They are of particular importance to understanding how biogeochemical
cycles were established on early Earth, as they occur prominently in the fossil record at
least 3.4 billion years ago (15, 38-40) (although recent genomic evidence indicates these
were likely ancestors of cyanobacteria that predate the evolution of oxygenic
photosynthesis (41)). Additionally, the incidence of cyanobacteria in surface-associated

consortia from extreme environments including hot springs (28), hyper-saline lakes (42),
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desert crusts (43-45), and outside the International Space Station and simulated Mars
surface conditions (46-48) support their relevance to astrobiological studies.

The ability of phototrophic biofilms to cycle carbon and other nutrients has
obvious applications for bioremediation and bioenergy applications. Compared to
traditional photobioreactors (PBRs), where cells remain suspended in culture, biofilm
PBRs were over three times more efficient at removing sulfate from waste water effluent
(49). Likewise, hydrogen production by biofilm PBRs was 25 times more efficient than
traditional PBRs (50). However, in traditional PBRs or open ponds, unwanted biofilm
formation (termed biofouling) can interfere with flow of growth medium, immersed
sensor function, and light penetration. Studies of marine environments have shown that
biofouling in the photic zone is dominated by phototrophs (51). Biofouling
countermeasures in open ponds include plastic polyvinylchloride liners and raceway
flushing, with limited success (52). Current practice to mitigate industrial-scale
biofouling use biocides such as copper-containing paints for the hulls of ships; the
environmental toxicity of heavy metals is driving research into alternatives including less
toxic chemical paint additives (53-56). Knowledge of genetic and molecular mechanisms
of biofilm formation by phototrophs would enable rational engineering of strains with
customized adhesive properties, such as non-biofouling strains for traditional cultivation
systems, or enhanced performance of biofilm PBRs.

The literature describing in situ mixed-species phototrophic biofilms is extensive,
but there are few studies (reviewed below) describing biofilm formation by a single
(axenic) species of WT phototrophic microbe; thus the role of phototrophs in colonizing

environments in order to establish these essential biogeochemical cycles and
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biotechnology processes is poorly understood. An as-yet untested paradigm of mixed-
species biofilms is that these microbial communities are initiated by species other than
phototrophs, which may lack the ability to initiate biofilm formation and are only able to
join pre-existing biofilms. For example, one study found that surfaces pre-colonized by
heterotrophs had more rapid subsequent growth by phototrophs (57).

Since there are no extant examples of growing axenic phototrophic biofilms,
methods to utilize phototrophs in simulated biofilms for biotechnology applications tend
to use physical or chemical means to artificially create multi-cellular communities;
examples include immobilization of phototrophs such as R. palustris and Synechocystis
on various thin-film substrates or alginate beads for use as a biocatalyst (58-61). Benthic
sedimentary axenic biofilms have been developed using artificial sand as a biofilm
substrate for Prosthecochloris aestuarii strain CE 2404, a green sulfur photolithotroph,
and Thiocapsa roseopersicina strain 5811, a purple sulfur anoxygenic photoautotroph
(62).

Colony formation on agar plates has been described as a type of biofilm; for
example, studies with model heterotrophic bacteria Bacillus subtilis and Salmonella
enterica use colonies on agar plates as a standard biofilm assay (63, 64); these species
form colonies with pronounced macroscopic and symmetrical reproducible three-
dimensional structures. Many species of phototrophic microbes can also form colonies on
agar plates, and some have had three-dimensional aspect of the colonies characterized
biochemically (65); this type of growth mode assay would be especially relevant to
epilithic ecology, such as biodegradation of stone Mayan artifacts (66). However, a study

of Pseudomonas aeruginosa suggests that colony formation, biofilm formation and
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planktonic growth (liquid cultures) are distinct modes of growth and that colony protein
profiles are more similar to that of planktonic cells (67).

Some mutant strains of Synechocystis (68, 69) and Synechococcus elongatus PCC
7942 (70, 71) (described in more detail in Chapter 3) with altered exopolysaccharide
and/or other cell surface structures have been found to be aggregative and/or form
biofilms in liquid cultures as detected by small flocks or adherence to glass test tube or
flask surfaces. These mutants have revealed important insights into the molecular
mechanisms of adhesion by phototrophs, but are perhaps less ecologically relevant
models for biofilm formation than WT strains. WT Synechocystis can form biofilms on
the bottoms of standing flasks of culture after several weeks’ incubation in blue light, but
the growth rate is linear rather than exponential in this condition, limiting the ability to
compare these results to standard biofilm assays of exponentially-growing heterotrophic
bacteria. Similarly, WT Thermosynechococcus vulcanus RKN is shown to aggregate
when shifted from standard growth conditions to blue light in the cold (72). In summary,
my review of the literature did not identify any extant studies establishing that an axenic
WT phototrophic species from any domain of life is able to initiate biofilm formation in
conditions analogous to characteristic biofilm studies conducted with heterotrophic
bacteria, as described below, which limits our ability to perform comparative analysis.
2.2 Features of heterotrophic bacterial biofilm formation are conserved

In contrast to the dearth of literature describing mechanisms of biofilm formation
by phototrophs, a vast and expanding literature describes the molecular mechanisms,
genetic regulation, and physiological characteristics of biofilm formation by

heterotrophic bacteria (73, 74), most notably that of human pathogens such as
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Escherichia coli (75), Salmonella species (76), and Pseudomonas aeruginosa (77).
Biofilm formation has also been well-characterized in a few other heterotrophic bacteria
such as Agrobacterium tumifaciens, a pathogen of many agriculturally important plants
(78), and Caulobacter crescentus, a model organism for cell cycle control and polar
development (79). Although there is not a consensus definition of biofilm formation
(partly because the qualities and mechanisms of forming biofilms varies greatly between
species and also across different conditions by the same species), certain characteristic
features of a biofilm have emerged, which were largely conducted using axenic
exponentially-growing liquid-phase biofilm assays over the course of a few hours to
days, using a submerged abiotic biofilm substratum such as a microscope slide coverslip.
Specifically, biofilm formation requires cell energy input and is characterized by distinct
stages of development from initiation of cell-surface contact to biofilm maturation, and
results in a population of cells that are surface-bound and enclosed in an extracellular
matrix (80). These characteristics likely do not apply to all bacteria, but are commonly
encountered among bacterial biofilms studied to date.
2.3 Environmental and molecular signals induce biofilm formation

Initial attachment is frequently the focus of experiments to determine the
environmental signals causing a transition from suspended to attached growth modes
comprising the first stage of biofilm formation. These signals include but are not limited
to change in nutrient status, quorum-sensing, or detection of specific surface molecules
on host cells during infection by pathogens (reviewed in (73)). The effect of nutrient
status (limited or replete) on biofilm formation varies greatly, depending on bacterial

species and also environmental factors. For example, nutrient limitation enhances biofilm
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formation by Salmonella enterica serovar Typhimurium (81), suggesting biofilm
formation is a type of stress response. On the other hand, abundant sugars enhance
biofilm formation by Vibrio cholerae, which could be interpreted as colonizing nutrient-
rich environments as part of a chemotactic response (82). Similarly, change in osmotic
pressure (salts, sugars, or other osmolytes) can either induce or inhibit biofilm formation
depending on strain physiology of diverse heterotrophs (83-85).

Some strains generate their own biofilm signaling molecules. Quorum-sensing in
bacteria such as Vibrio fischeri require a minimum concentration of specific metabolites
such as acyl homoserine lactone (AHL) before attaching to surfaces (86). While AHL has
been detected in environmental (multi-species) biofilms containing the cyanobacterium
Gloeothece PCC 6906 (66), it is still unknown whether these biofilms are induced by
quorum sensing from Gloeothece. 1 and others found no other studies that identified
quorum sensing by a phototroph whether in a biofilm or other growth phase (87),
although quorum-quenching signals were detected in Anabaena PCC 7120 liquid cultures
(88). Removal of biofilm suppression is another initiation mechanism: a study of
Synechococcus elongatus PCC 7942 found that WT secretes an as-yet unidentified small
molecule into the growth medium that inhibits biofilm formation; thus certain mutant
strains form biofilms as they are deficient at one or more steps in the inhibitor secretion
pathway (71). In any case, once a signal is detected allowing a bacterial cell to transition
from planktonic to sessile states, molecular cascades occur to coordinate wide-ranging
physiological changes in the cell, including the down-regulation of genes required for

swimming and up-regulation of extracellular matrix synthesis genes for adhesion; c-di-
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GMP appears to be a conserved metabolite signal molecule coordinating this transition
across bacterial species (89, 90), discussed further in Chapter 3.
2.4 Mechanisms of attachment require cell surface structures

The initial stages of biofilm formation (transient attachment and more permanent
adhesion of single cells to a substratum) are mediated by cell surface structures such as
filaments of protein and glycoprotein (pili, flagella) and adhesive exopolysaccharides (74,
91, 92). Flagella and pili are hypothesized to contribute to attachment by changing the
charge distribution of a cell, thereby reducing the amount of electrostatic and hydrophilic
repulsion between cell and substratum in aqueous solutions (93). The filamentous shapes
of these appendages have reduced surface area compared with the cell body, thereby
reducing the electrostatic and hydrophilic repulsion to be overcome in order to initiate
contact with the substratum. These protein filaments are frequently tipped with adhesins
such as glycoproteins, promoting surface adhesion. Pili and flagella also contribute
motility to cells, which is thought to facilitate overcoming repulsion between cell and
substratum as well. In addition, once pili have initiated contact with the surface, the pilin
motors are activated and retract the pili into the cell, thereby drawing the cell body closer
to the substratum in an energy-dependent process, until the pili are completely retracted
and the cell body is in contact with the substratum (91). Mutants lacking pili and/or
flagella are unable to attach to surfaces, and have reduced biofilm formation; those
studies will be described in more detail in Chapter 3.
2.5 Towards a model organism for axenic phototrophic biofilm formation

Growth of axenic phototrophic biofilms under controlled laboratory conditions

would enable controlled study of their molecular mechanisms, genetic regulation, and
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physiology, but there is currently a lack of rapid, ecologically relevant assays for
phototrophs that are analogous to those used in the existing canon of axenic heterotrophic
bacterial biofilm formation. Furthermore, identification of genes and structures essential
for a phototroph to form biofilms would inform rational engineering of strains with
customized adhesive properties for different biotechnology applications. Despite the
importance of phototrophic biofilms to ecology and biotechnology, there is currently a
lack of genetically tractable phototrophic model organism(s) to use in an analogous
manner as has been established with laboratory studies of heterotrophic bacteria biofilms.
The cyanobacterium Synechocystis is a model organism for the study of oxygenic
photosynthesis, is genetically modifiable with a fully annotated genome sequence, and as
such increasingly used as a microbial biofuel feedstock strain (20, 94, 95). I hypothesized
that phototrophs, specifically Synechocystis, are able to form axenic biofilms, and use cell
surface structures such as pili, S-layer and EPS to attach and adhere to surfaces, similar to
other biofilm-forming heterotrophic bacteria. To test this hypothesis, I screened the
literature to identify genes required for cell surface structures important for biofilm
formation in heterotrophic bacteria that had putative homologs in Synechocystis; these
were targeted for deletion and their biofilm formation and aggregation were studied using
modified assays.

Customizing the cell surface may confer added benefits to feedstock strains with
regard to improved nutrient fluxes, increased permeability of exported biofuels, reduced
sensitivity to pathogens or predators, or suppressing the growth of contaminants by
reducing concentrations of soluble microbial products (SMPs) (19). Some of these
aspects are described in Chapter 5.
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CHAPTER 3
SYNECHOCYSTIS PCC 6803 FORMS AXENIC BIOFILMS AND AGGREGATES,
WHICH REQUIRE CELL SURFACE STRUCTURES AND ARE INDUCED BY
CHANGE IN NUTRIENT STATUS
3.1 Introduction

3.1.1 Overview and hypotheses

Synechocystis is model organism for photosynthesis, and has been genetically
modified for biofuel production (20). Knowledge of the environmental signals and
molecular mechanisms of biofilm formation by phototrophic bacteria would inform
rational engineering of customized cellular adhesion for biofuel applications, as well as
ecological insights into the physiology of mixed-species biofilms containing heterotrophs
and phototrophs (23, 96, 97). A review of the literature did not identify any studies
reporting a biofilm assay for WT phototrophic bacteria using exponentially-growing
cultures, as is typically used for biofilm studies of heterotrophic bacteria. Thus, although
a few recent studies of cyanobacterial biofilms have been reported with mutant strains,
and also WT under slow-growing conditions, has given important initial progress in this
area (described below), progress has been limited by the lack of a model organism and
assays for axenic phototrophic biofilm formation enabling comparative biology studies
with the canon of related work in heterotrophic bacteria. This area of research remains
understudied relative to its importance in basic and applied microbiology.

I hypothesize that phototrophs, specifically WT Synechocystis, are able to form
axenic biofilms in log phase, and use cell surface structures such as pili to attach and

adhere to surfaces, similar to other biofilm-forming heterotrophic bacteria. To test this
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hypothesis, I screened the literature to identify genes required for cell surface structures
important for biofilm formation in heterotrophic bacteria that had putative homologs in
Synechocystis; these were targeted for deletion. Synechocystis cell structures of interest to
putative biofilm formation include the S-layer (surface layer protein), EPS
(exopolysaccharide), and pili.

3.1.2 Role of S-layer in biofilm formation

Synechocystis S-layer protein (S111951) is visible in TEM as a honeycomb-like
surface texture on wild-type cells (R. Roberson, unpublished) (98, 99). It is a
glycosylated protein, which may contribute to adhesive or electrostatic properties of the
Synechocystis cell surface. Deletion of S-layers enhances biofilm formation in Bacillus
cereus (100) and C. crescentus (Yves Brun, personal communication).

3.1.3 Role of pili in biofilm formation and motility

Synechocystis has thousands of Type IV pili arranged peritrichously on its surface
(101). These pili are glycosylated along their entire length; mutations causing altered
glycosylation of PilA, the pilin subunit, cause motility defects (102). PilC has been
shown to be a chaperone protein for assembly of PilA monomers into pili structures in
heterotrophic bacteria (103). In Synechocystis, pilC mutants (s/r0162-0163) are apiliate
(bald) (104), consistent with this predicted role. Pili are required for biofilms in E. coli
and C. crescentus (91, 105). Interestingly, knockout of a putative pi/C homolog,
pcc7942 2069 confers a biofilm-forming phenotype to S. elongatus (71), which is
believed to be related to the role of PilC in secreting an unidentified biofilm-inhibiting

small molecule by WT strains of S. elongatus.
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Motility is a feature of initiating biofilm formation in many bacterial species (74).
Pili confer twitching motility to Synechocystis (106), which allows it to move over
hydrated surfaces but not swim through liquid. Pili, EPS and S-layer have all been
implicated in motility for cyanobacteria, including Synechocystis. Specifically, EPS is
hypothesized to play a role in gliding motility in Syrnechocystis, independent of the
glycosylated pili (106). S-layer (oscillin protein) (107) and EPS (108) are both required
for motility in filamentous gliding cyanobacteria (43); their role in coccoid Synechocystis
twitching motility has not yet been reported to my knowledge.

3.1.4 Role of EPS in biofilm formation: Wzy-dependent Group 1 capsular EPS.

Many cyanobacteria synthesize EPS (109, 110); here I review relevance of
cellulose, Wza/Wzc dependent EPS, and released polysaccharides (RPS) such as colanic
acid to Synechocystis EPS. Synechocystis EPS has been biochemically characterized
using acid hydrolysis and chromatography of resulting monomers (111). The negative
charge conferred on the cell surface by uronic acids and sulfate groups is a common
feature of cyanobacterial EPS structure (reviewed in (110)). Bacterial EPS export systems
are best characterized in E. coli, which includes Group 1 capsule export (112). Group 1
capsule is one of four major groups of capsular EPS characterized in E. coli based on
features of biochemistry and genetic regulation. Group 1 capsule shares Wzy-dependent
polymerization and Wza-dependent export with Group 4 capsule, but has different
immunological properties (previously categorized under K-antigen groups), and unlike
Group 4 capsule, is conserved in Klebsellia and Erwinia species.

A bioinformatic search of the Synechocystis predicted proteome revealed two

putative homologs to proteins required for Group 1 capsular export in £ coli.
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Specifically, a BLASTP (113) search for Wza, Wzc, Wzx, and Wzy homologs in the
Synechocystis predicted proteome identified putative homologs to Wzc and Wza, which
act as a gating mechanism / polymerase and outer membrane porin of Group 1 capsule
synthesis and export in E. coli, respectively (114).

S111581 is a putative homolog to Wza (28% identity, 42% similarity using default
BLASTP search parameters) (this study and (115)). The predicted role for SI11581 is
consistent with its localization to the outer membrane of Synechocystis as determined
previously by mass spectroscopy (116). Deletion of wza homologs in various
heterotrophic bacteria results in loss of capsule (117) and also impaired biofilm formation
(118-120). si11581 was deleted in Synechocystis and the resulting mutants had EPS levels
about 25% of that for wild-type, but no change in released polysaccharide (RPS) level.
This mutant showed spontaneous auto-sedimentation as measured by a 3-week standing
flask assay of liquid cultures compared to wild-type cells; the biofilm phenotype of this
mutant was not tested (121). A second putative homolog S110923 has 21% identity and
39% similarity to E. coli Wzc. I determined that the Walker A and B boxes and the C-
terminal tyrosine-rich domain required for Wzc activity are conserved in this homolog
(not shown). In a previous study, this mutant did not sediment, having the same
sedimentation phenotype as wild-type (121). Interestingly, the wzc mutant had a less
severe EPS defect, maintaining about 50% of wild-type EPS levels, whereas it showed a
50% reduction in RPS, compared to the wza mutant that had WT levels of RPS. It is
unknown whether these mutants had altered EPS composition, in addition to EPS

quantity.
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Despite these two homologs, Synechocystis lacks putative homologs to Wzx or
Wzy, which characterize Group 1 (and Group 4) capsule export, a Wzy-dependent
process in E. coli (112). It may be that the functions of Wzx and Wzy in Synechocystis
are provided by ABC transporters or other enzymes, similar to Group 2 and Group 3
capsule export in E. coli. This hypothesis was previously raised in the literature using
bioinformatic comparison across many phototrophic phyla including diverse
cyanobacteria (115), in addition to Synechocystis. Additional support for this hypothesis
found that deleting genes originally identified in the Synechocystis genome as putative
homologs in LPS O-antigen (lipopolysaccharide, comprising the outer leaflet of the outer
membrane) transport had WT LPS but altered EPS quantity and quality, with different
monomer ratios compared to WT EPS (69). The mutated genes s/r0977 and s/r0982 had
homology to wzm and wzt in E. coli, whose products function together as an ABC-
transferases in O-antigen LPS export across the inner membrane. Since Wzm and Wzt are
exclusive to LPS O-antigen export in E. coli, whereas homologous ABC transporters
KpsT and KpsM function in EPS export (122) it is possible that these Synechocystis
putative ABC transporters are more accurately described as homologs to KpsM and
KpsT, rather than Wzm and Wzt.

Thus my current model for Wza/Wzc dependent EPS synthesis and export in
Synechocystis includes a hybrid of two canonical EPS export systems in E. coli: Group 2
(or 3) capsule biosynthesis by ABC-transporter activity of KpsMT homologs including
S1r0977 and SIr0982, and Group 1 (or 4) EPS export by outer membrane porin and
gating/polymerase enzyme homologs of Wza and Wzc, namely S111581 and S110923.
Colanic acid is synthesized and exported in a similar way as Group 1 capsule in E. coli,
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but it is under different genetic regulation and, because it lacks the Wzi anchor protein, is
released into the supernatant rather than remaining attached to the cell (112, 123). I did
not find a homolog to Wzi in Synechocystis, using BLASTP search default parameters
(124). Thus I cannot eliminate the possibility that Synechocystis produces RPS analogous
to colanic acid of E. coli, though if not, it may be that Synechocystis uses an alternate
anchoring mechanism than Wzi.

3.1.5 Role of EPS in biofilm formation: cellulose

Cellulose is a component of cell-surface associated EPS in some bacteria. In
heterotrophic bacteria, genes for cellulose biosynthesis have been best characterized in E.
coli and S. typhimurium (bcs genes) where they contribute to biofilm formation (125);
some homologs to bcs genes were found in cyanobacteria, but not others (115). However,
cellulose has been detected in the EPS of several cyanobacterial species (72, 126) with
homologs to CesA, the cellulose synthase conserved in eukaryotic plants (127). In two
other studies, cyanobacteria closely related to Synechocystis, namely Synechococcus
strain PCC 7002 (126) and Thermosynechococcus vulcanus RKN (72, 128) were shown
to have cellulose-dependent aggregation.

Cellulose synthase genes are not found in all cyanobacterial species (127).
Synechocystis contains one cellulose synthase motif DDD35QXXRW, in S111377, which
has homology to CesA of Thermosynechococcus vulcanus RKN (query coverage
showing regions of homology to 48% of the full S111377 protein length). However, in
another study of 12 diverse cyanobacterial species, cellulose was not detected in
Synechocystis or Synechococcus elongatus PCC 7942; these studies were presumably

conducted under nutrient replete growth conditions. This survey included both
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filamentous nitrogen-fixing species and coccoid-shaped non-nitrogen-fixing species
(such as Synechocystis and Synechococcus species) screened for the presence of cellulose
(in non-aggregated cultures) using four different methods, including nano-gold labeling,
and x-ray crystallography. This study confirms presence of cellulose in 6 species, and is
inconclusive for the remaining species.

A second line of evidence in the literature ties cellulose-dependent aggregation to
environmental signals via the highly conserved secondary messenger, c-di-GMP (cyclic
diguanosine monophosphate). This metabolite was first identified as required for
bacterial cellulose production by the cellulose synthase BesA in Gluconacetobacter
xylinus (129). S. enterica, E. coli and Pseudomonas fluorescens have all shown
aggregation via c-di-GMP dependent cellulose production. (129, 130). A series of studies
shows that the cyanobacterium 7. vulcanus aggregates at low temperatures in response to
blue light (72, 128). In their three-step model, supported with mutational analysis, in vitro
diguanylate cyclase activity and other data, SesA (T1r0924) was shown to have
diguanylate cyclase activity (formation of c-di-GMP) in response to blue light.
Subsequently, the c-di-GMP is predicted to bind to cellulose synthase CesA (Tvtl10007),
as has been shown with cellulose synthases in other bacteria. Finally, CesA activity
results in synthesis of cellulose, which causes 7. vulcanus cells to aggregate.

Not all cyanobacteria have protein sequence predicted for diguanylate cyclases
necessary for synthesis of ¢c-di-GMP (131). Therefore, it is likely that this c-di-GMP
mechanism of cellulose-mediated aggregation is not universal across all cyanobacterial
species. c-di-GMP levels have been correlated with aggregation in Synechocystis, which

has 27 putative diguanylate cyclases. Specifically, constitutive expression of transgenic
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diguanylate cyclase from E. coli that is known to be active in other species of bacteria
was sufficient to cause aggregation and biofilm formation by Synechocystis in white light
(132). In WT Synechocystis, levels of c-di-GMP from endogenous diguanylate cyclase
activity are naturally low under white light and high in blue light; increase in biofilm and
aggregation correlated with increase in c-di-GMP under blue light conditions, though this
study did not report cellulose status.

Interestingly, the authors concluded that additional factors besides c-di-GMP
levels may be governing these cell-binding phenotypes based on the observation that in
green light, c-di-GMP levels were higher but biofilm and aggregation levels were still
low. The same pattern was true for aggregation and c-di-GMP levels in green vs blue
light for 7. vulcanus. It may be that c-di-GMP levels must reach a certain unknown
threshold before cell binding occurs, and mid-level c-di-GMP levels in green light are
below this threshold. It is worth noting that growth rate correlates with c-di-GMP levels
as reported in this study: fastest growth and lowest c-di-GMP in white light; intermediate
growth and c-di-GMP in green light, and slowest growth/highest c-di-GMP in blue light.
This raises the possibility that light wavelengths are indirectly influencing c-di-GMP
levels via growth rate. This is consistent with a previous report suggesting that arithmetic
(linear, rather than exponential) growth rate in blue light is attributed to reduced
photosynthesis (133). If so, then growth in blue light corresponds to low cellular energy
level for Synechocystis. Nutrient limitation such as carbohydrate starvation is frequently
correlated with increased c-di-GMP levels in heterotrophs (134), but since heterotrophs
get both nutrients and energy from their carbon sources, these data do not preclude that c-
di-GMP is responding to energy limitation. This would be consistent with phototrophs
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upregulating c-di-GMP levels during energy limitation as well, such as during growth in
blue light, corresponding with reduced photosynthetic activity.

3.1.6 Summary of findings

In this Chapter, I report incidence of extensive mixed-species phototrophic
biofilm formation in a large outdoor photobioreactor used to grow WT Synechocystis.
Next, I adapted the crystal violet assay commonly used for biofilm study of heterotrophic
bacteria and identified growth conditions which induce axenic WT Synechocystis cultures
to form biofilms. I also developed a rapid aggregation assay to compare results of the
biofilm assay for environmental conditions inducing rapid cell-cell binding behavior. I
engineered targeted genetic mutations of genes s//1581 (wza), slr0923 (wzc), sll1951 (S-
layer) and slr0162-0163 (pilC) required for cell surface structures and screened these
mutants for biofilm formation and aggregation phenotypes. Finally, I present preliminary
experiments describing the cell surface biochemistry and motility of these mutants to
correlate biofilm, aggregation, and motility data with cellulase sensitivity of aggregated
cells, and protein measurements of outer membrane proteins. I summarize my findings of
cell-cell binding in Synechocystis for testing in future studies, and discuss the
implications of my model to biofuel production.

3.2 Materials and Methods

3.2.1 Culture growth conditions

Unless indicated otherwise, Synechocystis cultures were grown as follows: 100
mL starter cultures were grown in 500 mL Erlenmeyer flasks in BG11 medium with 50
pHg/mL kanamycin sulfate as needed (135) to mid-log (OD730~0.5 — 0.6) at 50 puMol

photons / m? / second continuous illumination and 120 rpm shaking with 0.8 mL/min air
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bubbled through a 0.22 micron air filter in a growth chamber maintained at constant 30%
humidity. Air was metered using a flow meter (Cole-Parmer). The air bubbled through
the culture was additionally pre-humidified by passing through a side-arm flask of sterile
dH20.

3.2.2 Assessing axenic status of bacterial strains

Axenic status of Synechocystis culture stocks was determined by T-RFLP to
detect bacterial contaminants as described previously (136). Liquid cultures were
prepared using sterile technique and cell pellets were collected via centrifugation for 5
minutes at 6,000xg. Decanted pellets were processed to extract genomic DNA using the
Blood and Tissue DNeasy kit (QIAGEN) with indicated modifications for Gram-positive
bacteria. The 16S rRNA gene was amplified from genomic DNA using Taq Master Mix
PCR kit (QIAGEN) and universal bacterial primers: HEX-labeled 8F (AGA GTT TGA
TCC TGG CTC AG) and unlabeled reverse primer 1392R (ACG GGC GGT GTG T)
(137). Resulting amplicons were purified with QIAQuick PCR Purification Kit
(QIAGEN) and digested with restriction endonuclease enzymes (138) Hael, Hhal, Msel,
and Mspl (New England Biolabs). Digested fragments were analyzed with a 3730
capillary sequencer (Applied BioSystems) and sized via ROX 1000 ladder
(ThermoFisher). Additionally, visual screening with light microscopy at 100x was used
to detect non-bacterial contaminants. To the extent that contamination is detectable by
these two methods, cultures were considered axenic if they did not have any non-
Synechocystis peaks in resulting fragment spectra, and no non-Synechocystis cells were

detected microscopically.
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3.2.3 Modified crystal violet assay

The crystal violet assay was adapted to Synechocystis from methods described
previously (‘plastic binding assay’) (91). Starter cultures were sub-cultured to 100 mL at
OD730~ 0.2 and grown again to log phase as follows: for control cultures (no nutrient
dilution), growth conditions were as described above; for experimental cultures, nutrient
dilution was introduced by removing the water flask that humidified the air bubbled
through the culture (described above), such that the culture flask would evaporate to ~84
mL volume over 24 hours, equivalent to a nutrient strength of approximately 1.20x
BG11. Returning this culture to 1x BG11 at time=0 of biofilm assay (below) therefore
introduces a shift from higher to lower nutrient condition.

Control and experimental cultures were pelleted by centrifugation at 6,000xg for 5
minutes, and resuspended in 1XxBG11 to an OD730 0of 0.05. Three mL of culture was
added to each well of a 12-well plate (Corning Costar, Fisher Scientific) that contained
thick (0.25-mm) glass coverslip as biofilm substratum (Fisher Scientific) that had been
trimmed to fit vertically into the well using a diamond scribe (Ted Pella, Inc.). Plates with
coverslips inserted, and with plate lids removed and inverted in cross-linker (Spectroline
Spectrolinker XL-1500), were sterilized by UV radiation (254 nm) for 400 seconds at
1,500 pW/cm? (600 mJoules/cm?). After inoculation, lids were sealed onto plates with
Parafilm M and cellophane tape to minimize evaporation. Plates were incubated for 72
hours on a platform shaker at 72 rpm under 32 pMol photons / m? / second in a chamber
humidified to 30%. Three wells per culture were normalized to % of WT positive control

for each experiment. BG11 medium without inoculum was used as a blank.
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Coverslips were removed and rinsed 10 seconds per side with a strong stream of
BGl11 from a squeeze bottle, and excess solution was wicked off by standing the
coverslip edgewise on absorbent paper for 2 seconds. Coverslips were then stained by
inserting in wells containing 4 mL of 0.01% aqueous crystal violet solution (w/vol) for 5
minutes in a separate tissue culture plate. Unbound stain was rinsed and wicked as above.
Coverslips were dried in small weigh boats in ambient air overnight in the dark and used
for qualitative assessment (imaging) or quantified by dissolving in I mL of DMSO with
platform shaking for 20 minutes in the dark or until coverslip stain was removed (up to
45 minutes). Crystal violet absorbance was measured at 600 nm; the amount of
absorbance is a proxy for quantifying the amount of cellular material bound to coverslips.
The final culture OD730 of each well was also measured to correlate culture growth with
biofilm growth.

3.2.4 Live-dead staining and imaging of biofilms

Biofilms were grown on glass coverslips as described in the crystal violet assay.
100 pL of BacLight live-dead stain (ThermoFisher) was prepared according to
manufacturer’s instructions was applied to biofilm and incubated for 15 minutes at room
temperature in the dark. BacLight solution was wicked off as above and then the biofilm
was placed on a chilled microscope slide on ice. 100 pPL of 1.6% low-melt agarose in
sterile isotonic solution (1%NaCl w/vol in dH,0) was applied to the chilled coverslip.
Coverslips with agarose overlay were attached to the interior of a small Petri dish with
dental wax and then immersed in isotonic solution. Biofilms were imaged using a Leica
TCS SP5 II with 10x or 63x DIC dipping lens. Sample fluorescence was excited by argon

laser and live and dead stain collected through FITC and Texas Red filters, respectively.
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Biofilm heights were calculated manually by measuring samples of interest using the pre-
calibrated Z-axis of the SP5 II. For dual-species biofilm, log-phase WT Synechocystis
cultures were prepared as usual, and then inoculated with stationary-phase Pseudomonas
putida culture grown in LB broth to a 100:1 ratio of Synechocystis:P. putida ODs.
Incubation of dual-species culture in flasks was continued as with Synechocystis growth
conditions for 24 hours as described above to induce biofilm formation, and then the
crystal violet assay was conducted as described previously.

3.2.5 Plasmid and Strain Construction

DNA manipulation was carried out using standard procedures (138). Suicide
plasmids for replacing Synechocystis genes with a KmRsacB cassette were constructed by
four-part ligation into commercial vector pGEM 3Z (Promega), a pUC18 derivative. The
KmRsacB cassette from pPSBA2KS (139) contains markers for kanamycin resistance and
sucrose sensitivity. PCR fragments of ~500 bp located upstream and downstream of each
gene targeted for removal were amplified from the Synechocystis genome using primers
from Table 3 to select locations of double homologous recombination flanking the gene
of interest for each suicide vector. Flanking regions, pPGEM 3Z, and the KmRsacB
cassette were stitched together by restriction digest and ligation. Briefly, Nhel and Eagl
digested restriction sites were generated between the two flanking sequences to
accommodate the digested KmRsacB fragment, and BamHI and Sphl (New England
Biolabs) sites allowed insertion of these three fragments into the pGEM 3Z multi-cloning
site. For example, I created the plasmid p¥541 (for replacing pilC with Km®sacB) by
ligating digested PCR products amplified from upstream and downstream regions of pilC
with digested Km®sacB and pGEM-3Z. (For replacing wzc, BamHI and Xbal were used
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to insert the Km®sacB cassette, and Sacl and Sphl were used to insert the fragments to
create p¥'546). Ligation reactions were transformed into competent E. coli (5-alpha, New
England Biolabs) and transformants were screened by antibiotic selection and DNA
sequencing.

Design of Km®sacB suicide plasmids incorporated genomic context of each gene
to avoid introducing polar effects of neighboring genes from altered putative promoter
regions, as follows. For s//1581, the last 100 bp of the predicted open reading frame (orf)
were left intact in order not to delete the region directly upstream of neighboring orf
sl11582. Similarly, the putative promoter regions of s//1581 and ssr2843 overlap;
therefore this region was not included in the replacement region in order to preserve
native expression of orf ss72843 in s//1581 mutants. For the remaining three mutant
strains, both gene and upstream region (predicted promoter) were targeted for Km®sacB
replacement. For the intergenic region mutant, the genome coordinates from 1,418,681
bp to 1,418,995 bp between divergent orfs s/r2060 and sll1956 were predicted to be a
neutral site, as it did not show presence of predicted orf nor transcription activity, such as
for non-coding RNA or small peptide encoding RNA not included in NCBI genome
annotation according to (140).

3.2.6 Transformation and complementation

Mutants of Synechocystis were generated as previously described (69). Briefly,
log-phase culture was centrifuged as above and cell pellet resuspended to 200 uL volume
equivalent of OD739 = 2.5. Four pg of suicide vector was added to Synechocystis and
incubated for 6 hours in BG11 without antibiotic, with intermittent shaking. The

transformation reaction was plated onto a Nuclepore Track-etch membrane (Whatman)
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on a BG11 agar plate. These were then incubated for 24 hrs at 30°C with 50 pmol
photons/m?/second. Following this incubation, membranes were transferred to a BG11
plate containing 50 pg/mL kanamycin and incubated for ~2 weeks until single colonies
appeared. To ensure complete segregation of the mutants, colonies were re-streaked for
isolation 3-5 times on BG11 with 50 pg/mL kanamycin. Kanamycin-resistant colonies
were screened via PCR with primers internal to genes targeted for deletion to determine
complete segregation.

Since natural competence in Synechocystis requires Type IV pili (101), I prepared
electro-competent cultures of apiliate pi/C mutants in order to transform them with
complementation plasmids, as described previously (141, 142). Briefly, I centrifuged and
resuspended cell pellets from 50 mL of log-phase Synechocystis culture in sterile 10%
glycerol solution, with a final 500 pL volume. 60 pL aliquots of cells were mixed with 10
uL purified plasmid in up to 30 pL volume (Hz20, or 10 pL if in 10 mM TE buffer), using
high concentrations of DNA (300 — 3000 ng/uL). Cells and DNA are added to 0.1 cm
electroporation cuvettes and then pulsed with 12 kV/cm, 25 pF, 400 ohms setting
(standard for electrocompetent E. coli). Cells were resuspended in 900 uL BG11, transfer
to test tubes with 2 mL additional BG11, and incubate as described previously until
OD730 doubled. To select for transformants, cells were centrifuged and pellet resuspended
in 500 pL supernatant for plating a range of volumes on selective medium (BG11
supplemented with 30 pg/mL streptomycin and spectinomycin). Complementation
plasmids were created by amplifying gene of interest from Synechocystis genome via
PCR, and cloning into expression vector p¥'568, a derivative of RSF1010 broad-host

plasmid, created via restriction endonuclease digestion with Abal and Aball.
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3.2.7 Isolation and analysis of outer membrane protein fractions

Cells were lysed and fractionated using standard methods (143). 15 mL volumes
of culture were pelleted by centrifugation at 6,000xg for 5 minutes; cell pellets were
stored at -80 °C. Pellets were resuspended in 1.2 mL of 50 mM ammonium bicarbonate
buffer solution with HALT protease inhibitor (ThermoFisher) on ice. 600 pL of sample
were added to 2 mL cryo-vials with 400 uL of 0.1 mm zirconium beads. Cells were lysed
by bead-beating for 7 cycles; one cycle was comprised of 30 seconds beating at
maximum speed, followed by 2 minute incubation on ice (Mini BeadBeater, BioSpec).

Whole cell lysates were fractionated using differential centrifugation. Lysates
were transferred to new tubes. Unlysed cells were pelleted at 1,600xg for 5 minutes.
Supernatants were transferred and total membrane fraction was pelleted at 16,000xg for 1
hour. Total membrane pellet was resuspended in 500 pL of 20 mM Tris pH 8 and 500 uL
0.8% Sarkosyl on ice, and incubated at 4°C with inversion for 90 minutes. Outer
membrane fraction was pelleted at 16,000xg for 8-12 hours at 4°C. Supernatant was
removed, and final pellet (enriched for outer membrane fraction) was resuspended in 50
pL of 20 mM Tris buffer pH 8. Samples were quantified via BCA assay (Sigma Aldrich).
Volumes equivalent to equal protein (20 pg per well) were added to SDS loading buffer,
heated at 100°C for 10 minutes, and loaded onto Mini-Protean TGX gradient acrylamide
gels (4-20%) (BioRad Laboratories, Inc.) for PAGE. Protein bands were imaged via
Coomassie stain.

3.2.8 Aggregation assay

100 mL of mid-log culture (OD730 of 0.5 — 0.6) was pelleted as previously and
resuspended in either supernatant (negative control) or 0.8x BG11 (treatment condition)
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and decanted into 100 mL glass graduated cylinders. The starting OD730 is measured and
the standing cultures are incubated at 30 °C with illumination as described above. The
final OD73¢ after 3-6 hours is measured by sampling 1 mL of culture from the 50 mL
mark on the cylinder. Aggregation is reported as normalized percentage change in OD, as
follows: [(Final OD — Starting OD) / Starting OD] x 100. Negative % aggregation in
negative controls indicates that the culture density increased over time due to cell growth,
and minimal aggregation occurred.

3.2.9 Cellulase treatment of aggregated cultures

Three mLs of aggregated cultures were transferred to 15 mm glass test tubes, and
100x stock preparations were added to final concentrations of 0.60 U / mL Aspergillus
niger cellulase (Sigma-Aldrich), as described previously (72). An equal volume of water
was added to a negative control culture. Cultures were mixed and incubated without
shaking at 30°C in the light, as for cultivation conditions. After incubation, cultures were
gently resuspended, and 1 mL aliquots were transferred to semi-micro cuvettes and
allowed to settle for 1 hour.

3.2.10 Motility and phototaxis assay

Phototaxis assay was adapted from (104). Log-phase cultures were diluted to
OD730 of about 0.25 and 10 pL spotted on motility agar (BG11 medium prepared in 0.5%
Difco BactoAgar) in grid-lined square petri dishes such that inocula were oriented
directly over grid lines. Plates were sealed in Parafilm M and incubated at 30°C and 30%
ambient humidity under directional illumination (a dark box with a 30 pMol photons / m?
/second light source at one end). Strains were graded as motile using qualitative

assessment of colonies having blurred edges and having elongated away from grid line,
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as compared to pilC negative control strain colony known to be amotile (104), which
grows in a symmetrical disc centered on top of grid line and with crisp edges (Appendix
B, Figure B.1). Alternatively, plates were streaked on motility agar for isolated colonies
and placed in standard illumination; motile colonies were identified by larger size with
hazy edges, and amotile colonies smaller with clearly defined edges.

3.2.11 Statistical analysis

Data were analyzed using two-tailed paired Student’s t-test of at least three
biological replicates, with alpha level at 0.05 for the null hypothesis (no difference
between sample means). Differences between sample means were considered statistically
significant if the resulting test statistic had a p-value <0.05.

3.3 Results and Discussion

3.3.1 Biofilm formation in outdoor PBR correlated to water hardness

WT Synechocystis cultures (SD100) were grown in a 4000 liter outdoor PBR.
When cultures were inoculated into sterile growth medium prepared from hard (tap)
water, | observed consistent and florid growth of green biofilms in the PBR (n =3
biological replicates). Figure 3.1 presents representative images illustrating that the
visible biofilm accumulated in characteristic stages from isolated colonies to thick
confluent growth during one week of semi-batch PBR operation (Days 7-11). In
subsequent rooftop PBR cultures with medium prepared with softened tap water, biofilms
were no longer prevalent (n>3 biological replicates; data not shown). Under the
conditions tested, my data are consistent with the hypothesis that biofilms containing
Synechocystis form only when nutrients were reduced due to precipitation by hard water,

and not present in nutrient replete conditions with no precipitation in softened tap water.
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Figure 3.1. Macroscopic biofilm formation by Synechocystis cultures in outdoor PBR.

Representative images of macroscopic biofilms from one PBR culture are shown growing in 4000 liter
outdoor roof-top PBR inoculated with WT Synechocystis (n=3 biological replicates of PBR inoculation
and operation without water softening step). Area marked with red bracket received full diurnal sun
exposure. Area marked with blue bracket was continuously covered. Area with yellow bracket was only
covered for the times of day with most intense illumination (2:30 — 3:30 p.m. daily). Reactor was operated
in semi-batch mode, with lag phase corresponding to maintenance of culture density for the first week
after inoculation (Day 0 -7).

Day 7 — Day 11: Macroscopic biofilm formation was observed in red bracket area of maximum
illumination that conformed to typical stages of bacterial biofilm formation, starting with isolated colonies
on day 7 (corresponding to day 2 of exponential planktonic growth); more isolated colonies on day 8; a
confluent but thin lawn on day 9; and a thicker biofilm with some non-laminar shedding by day 11.
Biofilm formation only occurred on surfaces receiving full diurnal sun exposure (red bracket); areas with
no sunlight (blue bracket) or partial diurnal sunlight (yellow bracket) did not grow any macroscopic
biofilms. On day 12, biofilms turned grey, corresponding with loss of planktonic culture density, and the
experiment was terminated after 27 days operation.

3.3.2 Wild-type Synechocystis forms axenic biofilms when growth medium is diluted

The roof-top PBR construction enables biofilm sampling at the conclusion of

experiments but not during operation; additionally, it is operated under conditions that are
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not axenic. To assess axenic Synechocystis biofilm formation under controlled laboratory
conditions, I adapted the crystal violet assay (“plastic binding assay” as described in (91))
typically used to study heterotrophic biofilm formation to Synechocystis biofilms.
Specifically, I screened biofilm formation in a range of conditions including 0-120 rpm
shaking, 4-50 umol photons/m*/second, and a range of BG11 concentrations from 0.4x to
1.2x BG11, measured every 24 hours for 5 days (data not shown). Maximum biofilm
formation as measured by crystal violet staining was determined to be 32 uMol
photons/m?*/second at 30 °C, 72 rpm shaking, for 72 hours. It is noteworthy that unlike
heterotrophic bacteria growth in batch mode in this assay, Synechocystis does not form
biofilms unless shifted to diluted nutrient conditions via an evaporation and reconstitution
process (see Materials and Methods), as shown in Figure 3.2, below. In Figure 3.3A,
below, I verified that material stained with crystal violet was attached cells and extra-
cellular material. In Figure 3.3B, below, scanning laser confocal microscopy revealed
biofilms corresponding to these crystal violet data as isolated micro-colonies

approximately 300 microns wide and 1-2 cells tall (n = 12 biological replicates).
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Figure 3.2. Adapted Crystal Violet Assay shows axenic biofilms require change in nutrient status.

The crystal violet assay was adapted to include a growth medium dilution step (treatment) or no
dilution step (control). Wild-type Synechocystis does not form axenic biofilms on glass coverslips under
nutrient replete conditions (control) (p-value <0.05; N = 4 biological replicates per condition, 12
biofilm coupon samples per biological replicate).

3.3.3 Synechocystis requires cell surface structures to form biofilms

I genetically engineered knock-out mutations of genes required for Synechocystis
cell surface structures that are related to biofilm formation in other bacteria, as identified
by literature and bioinformatic search. Specifically, I used allelic exchange of the
KmRsacB marker to remove genes previously shown to be essential for pili (pilC,
slr0162-0163), EPS (wza, sll1581), and S-layer (s//1951). 1 inserted the same marker at a
neutral site in WT strain SD100 to create a kanamycin-resistant control strain SD525, in
order to control for effect of growth under selection by kanamycin on biofilm formation.
Three independent isolates of each fully segregated clone were confirmed by PCR and
sequencing. I verified that s///581 and sll1951 genes are not required for motility in
SD500, a motile sub-strain of WT Synechocystis (Supplementary Figure B.1). Therefore,
there are no motility-related changes upstream of the pi/C mutation in the SD100 non-
motile WT strain (104) that could potentially influence biofilm formation. The list of

strains (by SD number) and plasmids (by py number) that were used in this study are
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listed in Table 3.1; primers used are in Table 3.2. In Figure 3.4, below, both pili and S-
layer are shown to be required for biofilm formation by Synechocystis, as measured by
the modified crystal violet assay. The wza mutants appeared to have a growth defect
under conditions used in the modified crystal violet assay (compare green bars in Figure
3.4). As growth and/or energy is required for biofilm formation in other bacteria (91), it
could not be determined whether Wza-dependent EPS is required for biofilm formation

by Synechocystis.

3.3A 3.3B

extracellular material.

Figure 3.3A: Phase contrast (black-and-white) imaging with 100x objective lens was used to visualize
biofilms grown on glass coverslips and then stained with crystal violet in the treatment condition;
stained material corresponded to cells (~1.5 micron diameter) and extracellular matrix (ECM) (n=3
biological replicates). Control coverslips had no attached cells and no stained material (not shown).
Figure 3.3B: Scanning laser confocal microscopy was used to image auto-fluorescent cells in biofilms
grown under treatment condition (without crystal violet staining) (n=12 biological replicates). Bar =
300 microns. Green Z-axis cross-sections of biofilms are shown in margins.
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Table 3.1: List of strains and plasmids used in this study.

SD Number Parent Strain Mutation Source
N/A Pseudomonas putida wild-type Gift from Nielsen lab, ASU
SD100 WT Kazusa variant wild-type Gift from Vermaas lab, ASU
SD500 WT Paris variant wild-type Pasteur Cyangbacterlal
Collection
SD506 EPS-minus strain sir0977 Fisher et al, 2013
SD515 Paris wza::KmR sacB sl1581 This study
SD517 Kazusa wza::KmR sacB sll1581 This study
SD519 Kazusa pilC::KmR sacB slr0162-0163 This study
SD520 Paris pilC::KmR sacB sir0162-0163 This study
SD522 Paris s-layer: KmR sacB sl1951 This study
SD523 Kazusa s-layer:KmR sl1951 This study
sacB
Kazusa . . .
SD525 intergenic::KmRsacB intergenic This study
SD546 Kazusa wzc::KanSac 5110923 This study
Kazusa pilC::KmR sacB + .
SD577 pPSI 568 PilC slr0162-0163 This study
Kazusa pilC::KmR sacB + .
SD578 pPSI 568 Wza sl1581 This study
pv Number Vector Construct Source
540 pGEM 3Z wza up KanSac dn This study
541 pGEM 3Z pilC up KanSac dn This study
543 pGEM 3Z s-layer ‘g; KanSac This study
intergenic up .
545 pGEM 3Z KanSac dn This study
546 pGEM 3Z wzc up KanSac dn This study
550 pGEM 3Z wza complement This study
552 pPSI 568 pilC complement This study
553 pPSI 568 wza complement This study
568 RSF1010 expression vector Gift from Soo-Young Wanda
pPsbA2ks pPSBA2 source of KanSac Lagarde et al, 2000
marker
540 pGEM 3Z wza up KanSac dn This study
541 pGEM 3Z pilC up KanSac dn This study
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Table 3.2: List of primers used in this study.

Primer #

Primer name

Primer Sequence

Description

1

2

10

11

12

13

14

15

16

17
16

19

20

21

22

Up wza F Nhel (Eag)
Up wza R Sphl

Dn wza F BamHI

Dn wza R Nhel
(stop)

Up wzc F Sacl

Up wzc R BamHI

Dn wzc F BamHI
(Xbal)

Dn wzc R Sph R
Up s-layer F BamHI
Up s-layer R Nhe!

Dn s-layer F Nhel
(Eag)

Dn s-layer R Sphl

Up pilC F BamHI

Up pilC R Nhel

Dn pilC F Nhel (Eag)

Dn pilC R Sphl

pilC compl F Ndel
pilC compl R Sall

Up KanR F BamHI

Up KanR R Nhel

Dn KanR F Nhel
(Eag)

Dn KanR R Sphl

ggattggctagcattcatagcattcggecgatg
cctggatacgacgcatgecatcatctaag

gettgcagggceataatttttggatccacaagattce

ccaactttaagaaacaatgatgtagtcttage
tagcaccagtggttaaact

geactgtcectatgcgagctcaagecagta

gettgtaaggecaggggatccaccaact

cgcttgatcacggatccatatctagaaataaa
aaccagttcaga

ggttcatcactcaaaagcatgetggcatce

gggcagtaagecgacgggatccagetegtttaag

ggatttaatctctaaatctgetagctaaagttacgg

gcacttttcagacacttgctagecggeecggggaaaa

ggttggtcttactatagcatgcaggtggtaacgga

ccaatgctctgeggggatcecttacgggaagateeg

ggtcagatgattaggggoctagcaccgaaaaacttatg

gecgetagegttgtgaagagagtacggccgeac
gcggcattcccaagtaaageatgegctctttaa

ccccctaatcatatgaccecaaactattaage

gtcacaagcaatcagtcgacagcagagce

gectgecaagagaattttaataaccttggatce
gatcccaatcaa

ggtataagttgttcagtttatttataccggag
aaaccgctagcaataat

gcaggctagcaacaacggecgegaaggtttgaaag

gcaaaccaccttggeatgcgaaattaatcaacgggeagaa

40

5' primer for
upstream of wza
3' primer for
upstream of wza
5' primer for
downstream of wza
3' primer for
downstream of wza
5' primer for
upstream of wzc
3' primer for
upstream of wzc
5' primer for
downstream of wzc
3' primer for
downstream of wzc
5' primer for
upstream of s-layer
3' primer for
upstream of s-layer
5' primer for
downstream of s-
layer
3' primer for
downstream of s-
layer
5' primer for
upstream of pilC
3' primer for
upstream of pilC
5' primer for
downstream of pilC
3' primer for
downstream of pilC
5' primer for pilC
3" primer for pilC
5' primer for
upstream of
intergenic region
3' primer for
upstream of
intergenic region
5' primer for
intergenic region
3' primer for
intergenic region
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Figure 3.4. S-layer and pili are required for biofilm formation by Synechocystis.

Mutant and WT strains (see Table 3.1, above) were assessed using treatment condition as with Figure
3.2. Attached cells of mutant strains lacking S-layer (Slyr) or pili (PilC) were deficient compared to WT
(p-value < 0.05 for all mutants. N = 4 biological replicates using two independently isolated clones of
each mutant strain.) The wza mutant showed a growth defect under these conditions (green bars), so its
biofilm status could not be directly compared with WT.
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3.3.4 Synechocystis forms dual-species biofilms with P. putida.

One untested paradigm of mixed-species biofilm formation is that phototrophs are
deficient in or unable to initiating biofilm formation, and occur in mixotrophic biofilms
by joining communities that are established by heterotrophic microbes (23). However,
when viewed macroscopically, roof-top PBR biofilm formation only occurred in
illuminated areas (Fig 3.1); biofilm and planktonic community identity included diverse
heterotrophic bacteria (clone library data not shown). The absence of visible
heterotrophic biofilms in un-illuminated areas suggests that in mixed cultures that occur
in this outdoor PBR, Synechocystis determines total biofilm growth, as Synechocystis is

an obligate phototroph and does not grow in shaded areas.
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To investigate, I grew axenic WT Synechocystis and P. putida cultures separately,
and combined them to conduct dual-species biofilm analysis. I chose P. putida because it
can grow on a multitude of fixed carbon sources (144) such as those making up the
soluble microbial products (SMPs) of Synechocystis supernatants (136), and also is able
to form biofilms (145). Cultures were combined in a 100:1 ratio of Synechocystis:P.
putida cells/mL. This ratio was chosen to approximate environmental contamination of
outdoor PBR Synechocystis cultures with heterotrophic bacteria, as being more relevant
than a 1:1 ratio, for example.

In Figure 3.5, below, co-culture biofilms or attached single cells included
Synechocystis and P. putida, or Synechocystis alone, but rarely P. putida alone (white
arrow), as determined by auto-fluorescence and live-dead stain. Additionally I found the
similar punctate structure occurring between axenic Synechocystis and axenic co-culture
with P. putida. These preliminary data, while inconclusive, are consistent with the
hypothesis that Synechocystis determines total biofilm formation and structure in axenic
co-culture with P. putida, which could be occurring at the initiation, growth and/or
maturation stages of biofilm formation. Additionally, the observation that no biofilm
formation occurred in the roof-top PBR once the water softening step was implemented
into the cultivation system process is consistent with the conclusion that the results with
P. putida also apply to other heterotrophs, namely that in mixed cultures grown in
autotrophic medium such as BG11, Synechocystis is driving biofilm formation in PBRs,

not heterotrophs.
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Figure 3.5. Co-culture of axenic P. putida and Synechocystis forms dual-species biofilms.

Biofilms imaged with a 40x objective dipping lens were induced as with treatment condition (dilution
step), Figure 3.2. Shown is maximum projection of a Z-series stack of a dual species biofilm of
Synechocystis and P. putida co-culture labeled with live/dead stain.

Red (upper left): All dead cells and live Synechocystis auto-fluorescence.

Green (upper right): All live cells.

Grey (lower right): Bright field image.

Yellow (lower left): Overlay of red, green, and bright field.

Isolated live P. putida can be identified by presence of green fluorescence in the upper left panel that
does not correspond to red fluorescence in the upper right panel (white arrows).

43



3.3.5 Synechocystis aggregation requires cellular energy and is induced by change in

nutrient status

Crystal violet data show that pili and S-layer are necessary but not sufficient for
biofilm formation (Figure 3.4); presence of these structures do not cause WT cells to
form biofilms unless some additional unknown factor is induced by nutrient dilution. An
aggregation assay was developed to better understand both the environmental signals and
molecular mechanisms of cell-cell binding in Synechocystis. Aggregation is related to
biofilm formation in that it requires cell-cell binding and forms multi-cellular
communities as flocs relevant to many of the same environmental and biotechnology
applications (146, 147). Additionally, the amount of cellular material in biofilms grown
on coverslips by Synechocystis was insufficient for commonly used biochemical assays
for protein or RNA analysis. Therefore, I developed a rapid static aggregation assay to
further characterize molecular mechanisms of cell binding by Syrechocystis.

Wild-type Synechocystis cultures with a starting OD730 = 0.5 — 0.7 aggregate an
average of 56% +/- 6% total biomass within 6 hours when shifted to reduced strength
medium (0.8x BG11), compared to negative control cultures resuspended in supernatant
(Figure 3.6, below), consistent with formation of biofilms (Figure 3.2, above). The role of
cellular energy in aggregation was also investigated. Cultures induced for aggregation by
shift to 0.8x BG11 remained suspended when incubated in the dark, or when the
herbicide DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) was added to a 5 uM
concentration in nutrient-diluted cultures incubated in the light. Dark conditions and
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DCMU conditions both block electron transport for cellular energy generation (148, 149).
When dark-incubated nutrient-limited cultures are shifted to illuminated conditions, they
aggregate to the same degree as without dark incubation. Therefore, the aggregation
phenotype requires cellular energy; i.e. it is not a passive sedimentation process
facilitated by changes in electrostatic or hydrophilic cell-cell attraction due to change in

nutrient status, for example, but requires active cellular energy production.

100.0%
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Aggregation
20.0%
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Sup. DCMU Dark D->L 0.8x 1.2x  Sup. 1.2x
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Figure 3.6. Wild-type aggregation requires cellular energy; is induced by change in nutrient status.

All cultures were shifted to 0.8x BG11 to induce aggregation, unless otherwise indicated.

Sup. = supernatant; negative control (cells were resuspended in supernatant). A negative % aggregation
(‘Sup.’) indicated the culture increased in density and did not aggregate over the course of the
experiment (~6 hours). DCMU = a.k.a. Diuron, an herbicide that inhibits cellular electron transfer. Dark
= culture was incubated in the dark. D->L = ‘Dark’ culture shifted to light conditions. 1.0x and 1.2x =
shifted to 1.0x or 1.2x BG11, respectively. Sup. 1.2x = the cells were resuspended in supernatant, and
spiked with additional concentrated BG11 stock solutions for an approximate final concentration of
1.2x BG11 in supernatant.
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3.3.6 Soluble microbial products do not influence aggregation

During the aggregation assay, conditioned supernatant is exchanged for fresh
growth medium. In this step, the extracellular environment is modified in two ways: SMP
are removed, and the osmotic/ nutrient / salt condition of the culture is altered. One or
more of these signals could be influencing aggregation. For example, presence of SMP
could inhibit cell-cell binding in supernatant negative controls, as was shown with S.
elongatus (71), and/or removal of SMP could signal cells to induce aggregation through
unknown mechanisms in treatment conditions, and/or change in nutrient status could
induce aggregation in combination, either independently or in conjunction with SMP
removal. I tested altering nutrient strength without removing SMP, which was
accomplished by spiking 100 mL supernatant with microliter volumes of concentrated
BG11 stock solutions to an estimated 1.2x BG11 final concentration. Aggregation when
nutrient strength was increased by shift to fresh BG11 at 1.2x concentration served as a
negative control. I found that aggregation in supernatant +1.2xBG11 was the same as that
measured for aggregation with fresh 1.2xBG11. I conclude that removal of SMPs is not
required for aggregation signaling or for mediating cell-cell binding.

3.3.7 Cell surface molecules modulate aggregation

In Figure 3.7 below, I compared aggregation phenotypes between WT and mutant
strains under 0.8x BG11 conditions. The S-layer mutant had bi-modal aggregation
phenotype: either a high level of aggregation (42% +/- 2%; n=2) or no aggregation (3%
+/- 3%, n=2). This suggests that S-layer facilitates aggregation, but its absence can be
overcome under commonly occurring yet unknown conditions. As the S-layer mutant is

also deficient in biofilm formation, it is possible that S-layer is important for initial
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attachment, and this plays a bigger role for attachment to glass than it does for cell-cell
binding. Mutants lacking wzc had WT levels of aggregation, whereas mutants lacking
wza had enhanced levels of aggregation. This is consistent with previously reported
results showing that a wza mutant sediments more readily than a wzc mutant, which
correlates to less cell-bound EPS in the wza mutant compared with the wzc mutant (25%
vs 50%, respectively) (121). This suggests that capsular EPS production promotes
dispersal of cells, and absence of EPS creates a super-binding phenotype due to increased
facility of initiating cell-cell contact.

The pilC mutant strain was deficient in aggregation; complementation restored
WT aggregation, indicating that any unknown spontaneous secondary mutations in the
pilC mutant genome background did not contribute to the aggregation defect phenotype.
The role of pili in aggregation may be due to facilitating cell-cell contact via
glycoproteins and/or overcoming electrostatic or hydrophilic repulsion. PilC, as a
cytoplasmic chaperone in PilA subunit export, may also facilitate export of an aggregant,
either directly or through assembled hollow pili. In summary, my current model is that
aggregation is energy-dependent, induced by changes in nutrient / salt / osmotic strength,
but not removal of SMPs, in a process that requires pili, is facilitated by S-layer, and is
reduced but not prevented by wza-dependent cell-bound EPS.

3.3.8 Characterization of cell surface biochemistry to identify putative aggregation

molecules.

As with biofilm formation, pili and S-layer are necessary but not sufficient for
aggregation by wild-type Synechocystis: an additional factor induced by change in
growth medium status is required for aggregation to occur. I hypothesized that WT
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Synechocystis s producing novel unknown adhesive molecule(s) (aggregant(s)) on its

surface in response to changes in growth medium, causing aggregation. To detect these

100.0%
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Figure 3.7. Cell surface structures modulate Synechocystis aggregation.

All cultures were shifted to 0.8x BG11. WT = wild-type. Wza, Wzc, PilC, Slyr = mutant strains lacking
proteins indicated; Comp = complementation strain for mutant lacking PilC. For details on strain
construction, see Table 3.2. Columns with different letters above them have statistically different
amount of aggregation, p-value < 0.05.

putative aggregants, I isolated outer membrane protein fractions of WT and mutant
strains under treatment and control aggregation conditions (four biological replicates per
condition). Samples were split before loading on gels to include both boiled and unboiled
preparations of proteins, as some proteins are heat labile. As seen in Figure 3.8, below, I
did not identify any putative protein aggregants (adhesins) that were expressed at higher
levels in the treatment (aggregated) cultures vs negative control, as determined by
differential band patterns of Coomassie stained gels analyzed by SDS-PAGE. This result
may indicate that aggregation is not mediated by synthesis of outer membrane proteins,

although more definitive conclusion would require identification and quantitation of
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specific outer membrane proteins under each growth condition, as proteins of more than

one identity can co-migrate in a given band.
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Figure 3.8. SDS-PAGE of outer membrane proteins shows no difference between aggregated and un-
aggregated cultures.

Ind. = aggregation induced by shift to 0.8x BG11; Unind. = negative control cultures resuspended in
supernatant. Boil = sample was boiled before loading onto gel; Not Boil = sample not boiled before
loading onto gel.

3.3.9 Degree of cell aggregation is not affected by treatment with cellulase

Although previous reports did not detect cellulose in Synechocystis (127), c-di-
GMP-dependent aggregation has been reported in this species (132), which is often
correlated with cellulose-dependent aggregation, including for cyanobacteria (72, 128).
Aggregated cells of the cyanobacterium 7. vulcanus were visibly dispersed by treatment
with cellulase, consistent with the role of cellulose in causing aggregation in this species
(72). T used the cellulase assay described for 7. vulcanus to test for role of cellulose in

Synechocystis aggregation. As seen in Figure 3.7 below, I saw no dispersal of aggregated
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cells in cellulase-treated cultures compared to a negative control. This result suggests
that, unlike 7. vulcanus, cellulose is not required for aggregation in Synechocystis.
However, these data are preliminary and additional experiments testing the activity of the
cellulase enzyme and for the presence of cellulose in extracellular matrices of cells are
needed for definitive conclusions. It may be that additional aggregants such as proteins
also contribute to aggregation in Synechocystis, or less likely, that cellulose plays no role

in Synechocystis aggregation.

Figure 3.9. Cellulase treatment does not disperse aggregated Synechocystis cells.

Aggregated wild-type cells were treated with cellulase (left) or an equal volume of cellulase-free buffer
(right) and incubated overnight. 1 mL samples were transferred to cuvettes, and cell dispersal was
measured by absorbance of suspended cells, as described previously, to evaluate role of cellulose in
aggregation. No qualitative or quantitative effect of cellulase was detected (n = 4 biological replicates).

3.4. Conclusions

3.4.1 Synechocystis forms axenic biofilms using the modified crystal violet assay

These results show Synechocystis is able to form log-phase axenic biofilms (Fig.
3.2) and aggregates (Fig. 3.5). I conclude that Synechocystis is a suitable model organism
for phototrophic biofilm formation, which addresses a significant gap in the field of

microbiology. I also report the development of two rapid assays relevant to ecological
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and biotechnological studies of axenic cell-cell binding under controlled laboratory
conditions, namely a modified crystal violet assay and an aggregation assay, which
enable comparative biological studies with the canon of axenic heterotrophic biofilm
formation. I demonstrate the utility of these assays in performing mutational analysis of
cell surface structures required for cell-cell binding under these two conditions, namely
pili and S-layer, and show that dual-species biofilm microscopy is supported by these
methods. These findings include the report of a non-biofouling strain of Synechocystis,
the pilC mutant SD519, which would be advantageous for use as a feedstock strain in
planktonic PBR or open ponds. Additionally, I used these assays to determine that change
in nutrient status of WT Synechocystis cultures is one possible environmental signal for
rapid, economical biomass harvesting method convenient to bioenergy applications. It is
also worth noting that neither Wza nor S-layer are required for phototactic motility
(Supplemental Figure B.1), indicating that Synechocystis uses some other source of
extracellular material to facilitate movement across surfaces (106).

3.4.2 Mutational analysis supports novel role for Wza-dependent EPS in promoting

dispersal of cells in planktonic cultures

Overall, my evidence supports a model of cell-cell binding that is regulated by
two different mechanisms depending on growth status. During nutrient-replete planktonic
growth, the negatively-charged EPS keeps cells distributed by electrostatic and possibly
hydrophilic repulsion; this could benefit the cell by limiting self-shading that would
otherwise be caused by sedimentation (121) or transient contact in cell suspensions (150).
Under conditions of altered nutrient status, a second aggregation mechanism over-rides

this cell-cell repulsion through unknown means that likely involves export of a non-
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protein aggregant such as cellulose or other component in response to environmental
signals, based on results in this study and also assuming similar mechanisms to those
previously reported in other cyanobacteria. Overlaying of the capsular Wza-dependent
EPS with an additional layer of new material may compensate for the electrostatic
repulsion of Wza-dependent EPS by creating a physical bridge across intercellular
distances, while also promoting cell-cell binding through electrostatic and/or hydrophilic
attraction or adhesion by the new aggregant material. I note that, compared with
heterotrophic bacteria, which use Wza-dependent Group 1 capsular EPS to promote
biofilm formation, in Synechocystis and possibly other cyanobacteria such as F.
diplosiphon (132), this cell surface structure prevents aggregation under nutrient replete
conditions. If this trend holds true with study of additional cyanobacteria, it represents a
new paradigm in bacterial biofilm formation, and illustrates how development of this
understudied field of axenic phototrophic biofilm formation may yield interesting insights
into molecular mechanisms of the divergent evolution of biofilm formation between
phototrophs and heterotrophs, giving a new perspective on how pathogens like E. coli
adapted biofilm formation as part of the infection process. An additional definitive
comparison would be to assess the aggregation and sedimentation phenotypes of the E.
coli wza mutant under similar conditions as for Synechocystis in this study.
Environmental signals inducing aggregation include both increase and decrease in
nutrient strength (Figure 3.6), as well as in blue light (132). Whether these diverse
environmental signals are part of the same pathway related to energy limitation, or are
separate pathways to induce aggregation, is undetermined. Based on my results, I

describe here one possible parsimonious molecular model for cell-cell binding during
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Synechocystis aggregation. The cell regulates this phenotype in response to
environmental change. Two-component signal transduction systems have been
characterized as detecting and regulating response to diverse signals, including changes
in nutrients, salt, and osmotic pressure (151-154); I propose that the environmental
signals for aggregation are likely also detected by the cell through as-yet undetermined
two-component system(s), which then activates the c-di-GMP-dependent aggregation
pathway. Although the data reported here do not allow distinction between different
stages of biofilm formation or aggregation, my results are consistent with a model of
passive cell-cell contact facilitated by pili and S-layer, and inhibited by Wza-dependent
EPS (Figure 3.7).

Over the course of 2-3 hours, transcriptional changes initiated by the two-
component regulatory system induce energy-dependent synthesis and export of unknown
adhesive molecule(s). This process does not require Wza/Wzc proteins (Figure 3.7) so it
is not caused by increased export of polysaccharide analogs to E. coli Group 1 capsule or
colanic acid. My preliminary data also contradict cellulose as the aggregant, as my cells
were not dispersed upon treatment of cellulase, but additional control experiments are
needed for definitive conclusions. PilC, a cytoplasmic chaperone of PilA export, may be
directly required for exporting this putative aggregant, or indirectly enable aggregant
export through Type IV pili, which enable transport of molecules related to
cyanobacterial adhesion (71). As I did not detect differential expression of membrane
proteins in aggregated cultures, my data support that the unknown aggregant may be a

non-cellulose, non-colanic acid polysaccharide. Biochemical characterization of
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supernatants and ECMs via total carbohydrate measurements are underway to test this
theory.

3.4.3 Implications for naturally-occurring phototrophic biofilm formation

The extent to which other phototrophic microbes are able to initiate axenic
biofilm formation during the modified crystal violet assay or other means remains to be
tested. As photolithoautotrophs such as Synechocystis have one of the few metabolic
profiles able to grow in environments without biotic resources such as fixed carbon and
fixed nitrogen, it is possible that one of their ecological roles is colonizing surfaces that
are initially uninhabitable by heterotrophic microbes (155). If so, it may be that many
microbial phototrophs are able to initiate biofilm formation, though not necessarily under
the same growth conditions described in this study.

The lack of macroscopic biofilms in shaded areas of the roof-top PBR, and the
similarity of microscopic appearance of axenic Synechocystis biofilms on glass coverslips
with dual-species biofilms co-cultured with P. putida, are preliminary evidence that
phototrophs are driving the total biofilm formed in mixed cultures under those conditions.
Whether this represents a generalizable paradigm to other growth conditions or
phototrophs is undetermined; however, the assays and model organisms to study axenic
phototrophic and defined synthetic community biofilms such as those described in this

study are a useful tool to address these questions.
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CHAPTER 4
COMPARATIVE TRANSCRIPTOMICS SUGGEST THAT AGGREGATION BY
SYNECHOCYSTIS PCC 6803 IS CORRELATED WITH STRINGENT RESPONSE IN
THE LIGHT
4.1 Introduction
Stringent response (SR) is one of several known highly conserved stress

responses in bacteria that entails rapid coordinated shifts in multiple cellular pathways to
adapt to environmental signals, including nutrient limitation (reviewed in (156)).
Originally described in E. coli, the name SR refers to the stringency or restricted
condition of reduced RNA synthesis under nutrient limitation in WT, in contrast to the
so-called relaxed response in a rel4 mutant, which does produce RNA under nutrient
limitation (157, 158). A universal feature and criterion of SR is use of secondary
messenger (p)ppGpp or ppGpp, guanosine (penta or) tetra-phosphate. In heterotrophic
bacteria, this metabolite interacts directly or indirectly with sigma factors (which are
required for RNA polymerase activity) and other regulatory molecules to effect rapid
large-scale synchronized changes in transcription levels. Levels of this poly-
phosphorylated guanosine act as an alarmone, and are regulated in Gram-negative
bacteria by the relative activities of a synthase RelA and a hydrolase SpoT (which also
has limited (p)ppGpp synthase activity in response to other nutritional signals (159)). In
Firmicutes and other Gram-positive bacteria such as Bacillus subtilis, (p)ppGpp regulates
activity of RNA polymerases indirectly through controlling levels of purines, especially

GTP (160).
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Many bacteria, including Synechocystis (161) include both synthase and hydrolase
activities as separate domains of a single protein, termed a RelA-SpoT homolog, or RSH
(162). In E. coli, the activity of RelA is determined by conformational changes of the
enzyme when bound to ribosomes lacking sufficient charged tRNA (163). While the
Synechocystis RSH gene was able to complement (p)ppGpp synthase activity in an E. coli
null mutant, the mechanism for (p)ppGpp regulation of cyanobacteria has not been
characterized. Phylogenic analysis shows that essential motifs for mechanisms of action
of (p)ppGpp in heterotrophs, such as by binding to ribosomes or modulating GTP levels,
are not conserved in cyanobacteria (164, 165).

SR is an adaptive response to stress that confers survival advantage to the cell by
down-regulating pathways related to so-called “house-keeping” functions of normal cell
growth and proliferation, such as those regulated by sigma 70, while up-regulating
pathways to activate stress responses, regulated by alternative sigma factors such as
sigma S (RpoS), sigma 54 and sigma 32. The effect of SR in E. coli and other
heterotrophic bacteria has been correlated with transition to stationary phase (156, 157,
166), as well as increased virulence of log-phase cells (167), including formation of
multi-drug resistant persister cells (158) and induction of toxin-antitoxin bacteriophage
defense mechanism (168). In the absence of SR, such as with mutant strains of E. coli
lacking (p)ppGpp, cells will have the same proteomic profile in stationary phase as in
exponential phase, causing much reduced survival rates in stationary phase compared to
WT stationary-phase cells (169).

Genes and processes specifically affected by SR vary across different bacteria and

growth conditions (158), but frequently include up-regulation of trans-translation (a
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mechanism for rescuing stalled ribosomes due to amino acid shortage (170)) as well as
amino acid biosynthesis and uptake, proteolysis, universal stress protein A (166),
glycolysis and/or glycogen catabolism (171), and osmotic and other stress response
genes, as well as some phage promoters (172). Genes down-regulated during SR are
largely related to macromolecule biosynthesis, such as the afore-mentioned rRNA
synthesis and elongation factors, DNA replication genes (173), and cell growth (fatty
acids and peptidoglycans, for example) (174). In E. coli and also in Gram-positive
bacteria, (p)ppGpp has also shown to directly interact with certain groups of proteins,
including GTPases, thereby inhibiting their role in initiation or elongation of protein
synthesis (175).

Environmental signals that induce SR include nutrient limitation and other
stressors. Amino acid starvation is a nearly universal activator of SR across all bacteria
studied thus far, with the exception of Vibrio spp. (156). Acid or alkaline stress response
and heat shock have also been shown to induce SR in various bacteria (156). Whereas in
E. coli and other species, amino acid starvation is sufficient for SR activation, in the
oligotroph C. crescentus, SR required both amino acid starvation and also a second
limitation of nitrogen or overall carbon supply (176). R. sphaeroides, an alpha-
proteobacterium capable of anaerobic photosynthesis, induces SR upon shift from light to
dark (177); S. elongatus, a cyanobacterium, also shows SR upon shift to dark (178). An
auxotrophic mutant of R. sphaeroides had a SR when deprived of the amino acid leucine
(177).

SR has been correlated with cell-cell binding as biofilm formation in many
heterotrophic pathogens. This is consistent with the essential role of (p)ppGpp in
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regulating a large portfolio of pathogenic phenotypes related to invasion, survival and
persistence during infection of hosts by these bacteria, which may or may not include
biofilm formation (179). In E. coli, biofilm formation is (p)ppGpp-dependent, but only
under specific growth conditions (slow growth rate and also serine limitation) (180).
Enterohaemorrhagic E. coli deficient in (p)ppGpp production loses adherence required
for attaching to host cells, in addition to losing expression of pathogenicity islands
required for invasion and destruction of host cells (181). Similarly, Listeria
monocytogenes relA mutants were also deficient in both surface attachment and also
virulence (182).

Similar to biofilm formation by pathogens, the generally non-pathogenic
oligotrophic bacterium C. crescentus, which has a motile cell and an attached cell over
the course of its life cycle, increases (p)ppGpp during transition to attachment as part of a
larger regime change in physiology, including becoming competent for cell growth and
division. Unlike other bacteria, higher (p)ppGpp levels during nutrient limitation
correspond to the motile cells in this species, rather than the attached cells (183).
Mpyxococcus xanthus, which feeds on other bacteria for its primary food source, has a
feedback mechanism that allows it to continue to form (p)ppGpp-dependent fruiting
bodies (multicellular aggregates) even when amino acids are not limiting (184).

Generalizing from these results in heterotrophs, the mechanisms and conditions of
(p)ppGpp-dependent cell-cell binding to vary by species and are part of a larger
physiological adaptation to the specific lifestyles of the bacteria. Therefore, it is plausible
that aggregation or other forms of cell-cell binding is not a requirement of SR under all

conditions. Consistent with this view, a study of the cyanobacterium S. elongatus
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showed that SR occurs when shifted to dark conditions (178); aggregation was not a
phenotype reported as part of this study, or other studies of SR in Anabaena PCC 7120
and R. sphaeroides (185) (164, 165). Cyanobacteria include a circadian rhythm to
coordinate global gene expression in anticipation of predictable 24-hour cycles of light
and dark (186, 187); these studies also do not report aggregation upon shift to dark
conditions, which also support that aggregation is not a requirement of SR in
cyanobacteria.

While circadian rhythm induces transcriptional changes in advance of nightfall,
SR is induced after shift to darkness in S. elongatus, and the degree of SR did not
correlate with the timing of the internal clock mechanism of entrained cultures (178),
suggesting that SR and circadian rhythm are regulated separately in S. elongatus. This
would be beneficial in that it would allow S. elongatus to activate SR during
unpredictable shifts to dark caused by changes in daytime weather conditions, for
example. Growth in dark conditions is similar to stationary phase for phototrophs, which
use light as a primary energy source: dense cultures create light-limiting conditions due
to self-shading of cells (150, 188, 189), resulting in reduced translation and switch to
maintenance-level heterotrophy from rations of limited glycogen stores (190). Since
aggregation results in self-shading, it may be that one of the consequences of aggregation
is dark-induced SR, which would reverse the cause-and-effect paradigm such that the
stringent stress response is an effect of aggregation, rather than the cause. Alternatively,
since SR occurs in the dark in phototrophs, whereas aggregation occurs in the light, it

may be that aggregation in does not engender a SR at all in these phototrophs.
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As described previously, several species of cyanobacteria have been reported to
have c-di-GMP dependent aggregation and biofilm formation in response to a variety of
environmental factors including wavelengths of light, temperature, and salinity (128,
132); these studies did not report on whether SR was activated in aggregated cultures. I
serendipitously identified a condition of sterile-filtered, autoclaved, room-temperature
supernatant as inducing rapid floating floc formation (3 hours); the rapidity and degree of
aggregation suggested a strong regulatory response that could be profiled more
effectively than the slower 6 hour aggregation reported in Chapter 3.

Here I report preliminary transcriptomic evidence supporting the conclusion that
aggregation is correlated with SR in the light in Synechocystis. 1 compared my RNA seq
results of genes differentially expressed between aggregated and control Synechocystis
cultures to 50 conserved genes identified as related to SR in S. elongatus due to being
differentially expressed across at least two of three different comparisons of wild-type
and mutant (re/l4 mutant, (p)ppGpp-constitutive mutant) cultures under dark and light
conditions. Additionally, I grouped the list of differentially expressed Synechocystis
genes according to predicted function, and report anticipated outcomes for SR as
indicated by genes that are differentially expressed across diverse bacteria during SR
(such as down-regulation of ribosomal RNA genes and up-regulation of certain stress
response genes) for both aggregated and control conditions. I discuss the implications of
my findings for improved understanding of cyanobacterial physiology under natural

conditions and for biofuel applications.
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4.2 Materials and Methods

4.2.1 Aggregation of cultures

Synechocystis wild-type cultures were grown as described previously.
Exponentially growing cultures (OD730 ~ 0.8) were harvested by centrifugation at
6000xg for 20 minutes. Control cultures were resuspended in sterile-filtered supernatant.
For aggregated cultures, the supernatant was sterile-filtered, autoclaved for 15 minutes,
returned to 30 °C by shaking in ice bath, and then returned to cultures. Cell suspensions
were then transferred to 100 mL glass cylinders and incubated statically with illumination
until aggregation occurred (3 hours).

4.2.2 Isolation, sequencing and analysis of RNA transcriptomes

Aggregated and unaggregated cultures (15 mL per sample) were transferred
directly to RNA Protect Bacteria reagent according to manufacturer’s instruction
(QIAGEN). RNA Protect treated cells were then pelleted by centrifugation at 6,000xg for
5 minutes, decanted, and stored at -80 °C. Cells were lysed by enzymatic digestion
method and RNA was isolated using the RNeasy purification kit (QIAGEN) according to
manufacturer’s instructions. RNA elutions were treated with DNase I (Rapid-Out,
Thermo-Fisher) and assessed with an Agilent 2100 BioAnalyzer; all RNA had an RNA
integrity number (RIN) score of at least 7 except for Control Sample 1, which had a RIN
score of 5.8.

RNA was fragmented to 200 bp using a Covaris 220 shearing instrument before
automated reverse transcription and cDNA library amplification on an Apollo 324 robotic
liquid handling platform (IntegenX) using a Single Primer Isothermal Amplification kit
(NuGEN). Illumina-compatible adapters and barcodes were ligated to the cDNA using
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the KAPA DNA Library Preparation Kit (KAPA Biosystems). cDNA libraries were
amplified using Hifi Library Amplification kit (Kapa Biosystems), and quantified via
BioAnalyzer and qPCR. Libraries are multiplexed and denatured according to Illumina
instructions. The NextSeq System platform (Illumina) was used to perform high output
sequencing (1x75 base pairs, 400 million reads) for a predicted sequencing depth
(clustered with other libraries) of approximately 2080x coverage of the Synechocystis
genome (~3.6 MB).

RNA-seq reads for each sample were quality checked using FastQC v0.10.1.
FASTA and .gtf files of Synechocystis PCC 6803 substrain GT for genome sequence and
annotation references were accessed from Ensembl (191), release 29, bacterial collection
10 (192). A series of sequence quality control metrics were generated on the .BAM files
by RNA-SeQC v1.1.8 (193). Reads were aligned to the reference genome using TopHat
v. 2.1.1 (194) and Cufflinks v2.2.1 was used to report FPKM values (fragments per
kilobase of transcript per million mapped reads) and read counts (195). FPKM for
differential expression was used in edgeR package from Bioconductor v3.2 in R 3.2.3
(196). A multi-dimensional scaling (MSD) plot was drawn by plotMDS, in which
distances correspond to leading log-fold-changes between samples. False discovery rates
were corrected for statistical significance from multiple comparisons using Benjamini—
Hochberg adjustment. Pathway enrichment with DAVID v 6.7 (197, 198) was used to
identify affected pathways in expression data from the Gene Ontology database (GO
Terms) (199).

Differentially expressed genes with p-values < 0.05 were selected; each of these

entries have at least a 4-fold change in expression level between control and treatment
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samples. This list of candidate differentially expressed entries was further manually
curated by BLASTP search of entries using default parameters to assign predicted
functions. Additionally, entries that did not show consistent expression trend between
condition and treatment replicates (i.e. inconsistent / overlapping FPKM ranges between
treatment and control conditions) were excluded from the set of potentially biologically
significant differentially expressed transcripts. The final lists of genes were grouped
according to biological function (Table A.1).

4.3 Results and Discussion

4.3.1 Genes predicted to be up-regulated during stringent response

In Figure 4.1, I anticipate that if aggregated cultures are undergoing stringent
response, then I should see a larger number of gene entries in the Aggregated section of
Figure 4.1A, and in the Control section of Figure 4.1B. I discuss each of those predictions
separately. First, in Figure 4.1A (below), I found strong evidence supporting the
conclusion that aggregated Synechocystis cultures have undergone SR, based on up-
regulation of several genes central to SR phenotype in bacteria; namely /pf, uspA, and
also trnY. Up-regulation of ribosome hibernation promotion factor 4pf'in aggregated
Synechocystis cultures (Table A.1, p-value = 0.03) was also reported in S. elongatus
cultures under all three comparisons correlating with elevated (p)ppGpp. This factor
causes (p)ppGpp-dependent dimerization and inactivation of ribosomes by promoting
dimerization during SR in a variety of Gram-positive and Gram-negative bacteria (200,
201). In S. elongatus, up-regulation of Apf correlated with direct measurement of
increased (inactivated) ribosome dimers and a 2-fold decrease in protein synthesis; Ahpf

mutants did not form ribosome dimers.
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Up-regulation of uspA, coding for universal stress protein (Table A.1, p-value =
0.0007), was also detected in aggregated cultures. usp4 is found in all domains of life and
is upregulated in response to a number of stressors, including activation by (p)ppGpp
during SR (202). In E. coli, high levels of (p)ppGpp cause de-repression of uspA by the
repressor FadR under conditions of severe starvation (166). usp4 was not reported for SR
in S. elongatus, which may be due to the fact that SR was induced by shift to dark, rather
than nutrient-specific condition. Additionally, UspA has been implicated in response to
UV stress and DNA damage conditions (203), which may be negatively regulated in
phototrophs in dark conditions (but not aggregation conditions in the light), although this
has not been addressed in the literature. Up-regulation of #rnY, for biosynthesis of tRNA
(Table A.1, p-value = 4E-4) was also found in aggregated Synechocystis cultures. Amino
acid biosynthesis and import is one of the hallmarks of SR, as activation of SR is tied to a
molecular mechanism of amino acid starvation in characterized bacterial systems, and up-

regulation of amino acid synthesis is a logical adaptive response to amino acid limitation.
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Figure 4.1: Incidence of Synechocystis genes predicted to be differentially expressed during stringent
response, grouped by experimental condition.

Figure 4.1 summarizes the results of Table A.1, which is a list of Synechocystis gene expression results
for 50 homologs identified as differentially expressed during stringent response in other bacteria. These
homologs were curated from RNA seq data of S. elongatus genes differentially regulated under at least
2 of 3 comparisons in WT and two mutant strains under dark and light conditions. Additionally, genes
reported in the literature as widely conserved parts of stringent response were also included. In Figure
4.1A, RNA seq results are reported for all homologs in Table A.1 predicted to be up-regulated during
stringent response, and are grouped according to whether they are up-regulated in aggregated cultures
(left), control cultures (right) or unaffected by growth condition (middle, intersection). Similarly, Figure
4.1B reports results for homologs predicted to be down-regulated. Entries of specific interest in each
category are listed in text under the total number of entries in that category.

Additional supporting evidence that is consistent with SR while not directly tied
to (p)ppGpp-dependent mechanisms included up-regulation of homologs for iron citrate
uptake (fecB, p-value 0.03) and also for thioredoxin (#7xA4, p-value 0.04) which is used to
regulate redox levels such as during transition from photosynthesis to respiration (204,
205). Furthermore, most of the genes grouped under biomolecule export, cell wall

biogenesis, secondary metabolite production, and DNA replication (Table A.1, categories
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5, 13, 15, and 16) were down-regulated in aggregated cultures (19 genes) vs control (6
genes), consistent with predictions for SR. As most genes in Synechocystis contribute to
multiple categories of function, the role assignments in Table A.1 are somewhat arbitrary,
so these findings are inconclusive without additional information determining their
specific role, if any, in SR.

Overall, only 3 of the 7 genes in S. elongatus reported to be up-regulated by
(p)ppGpp across all three comparisons tested are conserved in the Synechocystis genome;
of these 3 genes, only one was also up-regulated in aggregated Synechocystis cultures,
namely /pf. Not coincidentally, the other 4 S. elongatus genes were annotated as
hypothetical and did not exist as homologs in Synechocystis; likewise, many hypothetical
genes up-regulated in aggregated Synechocystis cultures (Table A.2) did not exist as
homologs in S. elongatus, suggesting that hypotheticals not conserved between these two
closely related cyanobacterial species may represent variation in how they customize
their SR mechanism. Other genes up-regulated in S. elongatus in all SR conditions tested
include transcription of glutamate synthase inactivator gif4. In contrast, this study
showed gif4 genes were not differentially regulated between aggregated and control
cultures of Synechocystis (p-value = 0.1, Table A.1). The function of GifA is a repressor
of glutamine synthase (206) under certain conditions, including increased role of
ammonium as a nitrogen source (207). In this study, the gif4 result suggests that
aggregated cultures of Synechocystis are experiencing lowered /decreased ammonium
status, which is consistent with up-regulation of an ammonium permease (uptake) gene in

aggregated cultures (Table A.2, Category 3, amtl, p-value = 0.046).
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Some of these results contradicted the conclusion that aggregated cultures
undergo SR. Specifically, two genes related to translation went against trends consistent
with SR: smpB (p-value = 0.045), which relates to trans-translation (ribosome recovery
mechanism during SR (208)) was higher in control cultures (Figure 4.1A). Similarly, the
gene for the large ribosomal protein, rpmC (p-value = 0.0075) was higher in aggregated
cultures of Synechocystis (Figure 4.1B), whereas SR would predict reduced ribosomal
protein synthesis under this condition. In the results with S. elongatus, genes for trans-
trans mechanisms or ribosomal proteins were not reported as differentially expressed.
The authors indicated that SR of heterotrophic bacteria includes translation-regulating
mechanisms on a variety of time-scales, from rapid action of (p)ppGpp directly on
ribosome translation activity (209, 210), to slower effects of reducing transcription of
ribosomal proteins via modulating activity of sigma factors. The molecular mechanisms
of cyanobacterial (p)ppGpp on activating SR is unknown, but given the results of S.
elongatus SR transcriptomes, it’s possible that the higher transcription of 50S ribosomal
protein in aggregated Synechocystis cultures and trans-translation in control cultures was
due to slower response of these regulatory mechanisms during SR. Additionally, the
control cultures up-regulate larger numbers of stress response genes (19 in control vs 6 in
aggregated condition, Table A.2, category 4 and category 11) that may also have
mechanisms for conserving translation resources.

4.3.2 Genes predicted to be down-regulated during stringent response

In Figure 4.1B, the difference in my predicted results of down-regulated genes
from those in S. elongatus could be attributed to use of nutrient status instead of dark

conditions for inducing SR. Specifically, S. elongatus shows down-regulation of sbhtA4
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expression in the dark vs the light in wild-type, and also down-regulated in a (p)ppGpp"
constitutive mutant in the light vs control WT in the light, but up-regulated in the dark
(WT) vs a rel4 mutant in the dark. If sbt4 expression levels were only affected by
(p)ppGpp as part of SR, then it should have down-regulated in all three comparisons. The
fact that it is not down-regulated in WT in the dark compared to the re/4 mutant in the
dark suggests that sbt4 expression is responding to illumination status, in addition to SR.
SbtA is a bicarbonate transporter whose expression is light-dependent (211), consistent
with this analysis. In Synechocystis, sbtA was not differentially regulated between
aggregated and control cultures (Figure 4.1B). Similarly, AspA correlated with increased
(p)ppGpp with 2 of 3 comparisons in S. elongatus but not in the (p)ppGpp-constitutive
mutant in the light; this gene is known to be strongly down-regulated in the dark in S.
elongatus (212) and likely requires additional dark-induced factors for its regulation.
hspA was upregulated in my control culture (Table A.1, p-value = 0.005).

4.3.3 Genes related to the illumination status of aggregated cultures

I sought to better characterize the illumination status of aggregated vs control
cultures, to determine whether self-shading of aggregated cells was causing dark
conditions sufficient to induce SR. In a previous study, cmpB (s/r0041, bicarbonate
transport permease) is down-regulated nearly 12-fold in Synechocystis within 1 hour in
the dark (213); while this gene was down-regulated in aggregated cultures in my study, it
was not to a statistically significant degree (p-value = 0.15, data not shown), suggesting
that either that the degree of aggregation was insufficient to create darkness through self-
shading in most of the cells, or that the cells were harvested before maximum reduction
of this transcript level due to darkness. Additionally, psbA2 has been previously shown to
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be up-regulated 6-fold Synechocystis within 15 minutes of shift from dark to light (214,
215); my results do not support significant difference in psbA42 levels between treatment
and controls (p-value = 0.65; data not shown). I conclude that my aggregated cultures
were not self-shaded to a degree sufficient to create dark conditions, relative to control
cultures. I note that aggregated cultures may however experience lower light than
controls, based on up-regulation of 6 genes coding for light-harvesting pigments (216,
217) (Table A.1, category 12: phototrophy).

4.4 Conclusions

4.4.1 Synechocystis undergoes SR during ageregation in the light

The biological purpose of SR is to provide survival adaptation during stress. In S.
elongatus, it has been characterized as induced to maintain viability in the dark when
energy and nutrients are rationed. These findings provide preliminary evidence that
Synechocystis also undergoes SR during change in nutrient status in the light, most likely
nutrient limitation, as indicated by up-regulation of ribosome hibernation promotion
factor Apf, universal stress response transcript uspA, and other genes consistent with SR
phenotype. Since aggregation is light-dependent, and dark-condition genes such as ispA
and cmpB were not up-regulated in aggregated cultures, I conclude that the SR was not
due to light limitation caused by self-shading of cells in aggregated cultures. While many
of these results did not correlate with the patterns of gene expression in S. elongatus SR,
especially in genes predicted to be down-regulated (Figure 4.1), I find that most of these
inconsistencies can be attributed to the use of dark conditions rather than nutrient status
to induce S. elongatus SR. This is the first evidence of a WT cyanobacterium undergoing

SR in the light upon change in nutrient status, which is consistent with SR due to nutrient
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limitation in heterotrophic bacteria, and consistent with the cause and effect paradigm of
aggregation occurring as a result of stress.

4.4.2 The role SR and aggregation in natural environments

In Enterococcus faecalis, a Firmicutes, loss of (p)ppGpp regulation affects
secondary carbon metabolism; evidence supports use of basal fluctuations in (p)ppGpp
levels to respond to minor changes in external and internal carbon fluxes for cellular
fitness, not just survival (218). In Beta- and Gamma-proteobacteria (including E. coli),
levels of (p)ppGpp are not biphasic in activating physiological responses, but rather occur
along a gradiation (158), with SR only occurring at higher levels of (p)ppGpp when other
homeostasis mechanisms for restoring amino acid levels, such as the leucine-responsive
protein pathway, have failed (158). I have shown previously in Chapter 3 that
Synechocystis, upon shift to reduced nutrient strength, undergoes sedimenting
aggregation in about 6 hours, whereas autoclaved nutrients (this study) induce rapid,
floating flocs of aggregation in just 3 hours. If so, then the degree of aggregation can
serve as an indicator of not just the presence or absence of SR, but also the severity of the
response. It is assumed that the difference in floating versus sedimenting aggregated cells
comprises a difference in rate and quantity of aggregation, but not type of aggregation.

Migration of cyanobacteria through the water column is a normal part of their
seasonal adaption, forming blooms on lake surfaces in spring and benthic layers in the
winter (219, 220). Aggregation into buoyant flocks during transition to spring season is
part of this process of migration. One of the predicted benefits of aggregation under
nutrient limitation in cyanobacteria is that both sedimentation or floating flocculation

promote migration of cells through the water column to new locations with improved
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nutrient status; presumably the degree of aggregation is tuned to the degree of nutrient
limitation, such that severe nutrient stress promotes increased travel distance.

4.4.3 Suggested future work

It is noteworthy that in cyanobacteria, dark conditions (and SR) do not entail
aggregation, whereas SR under nutrient limitation in the light is accompanied by
aggregation. These results suggest that aggregation is regulated separately from SR,
which is different than the cause-and-effect paradigm that aggregation is the result of
stress response such as SR. If a (p)ppGpp-null mutant of Synechocystis is unable to
aggregate under nutrient limitation despite having the full complement of c-di-GMP-
dependent genes known to be needed for cellulose-dependent aggregation, that would
suggest that the SR regulatory circuits include an optional on-off switch for aggregation;
identification of this switch in bacteria would be beneficial for both basic and applied
science in synthetic biology of biofuels and medicine. Alternatively, if this mutant were
able to aggregate, this would contradict interpretation of aggregation as part of a
conserved stress response like SR. Additional studies with such a (p)ppGpp-null mutant
would help to refine understanding of how stress from nutrient limitation is distinct from
regulatory pathways of stresses that engender SR. Additional elements to include in
these proposed experiments would be using differential RNA sequencing (separate sense
and anti-sense transcriptomes), as a previous study identified 314 non-coding RNAs, 866
genes potentially regulated with anti-sense RNA, in addition to the identification of
small-peptide RNAs, all of which have had their transcriptional start sites mapped, but

whose roles in biological function are understudied (140). Finally, mutational analysis of
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hypothetical genes or other genes found to be differentially regulated in this study would
be valuable.

In addition to increasing understanding of the basic science of cyanobacterial
physiology, aggregation is also useful as an indicator of culture health for biofuel
feedstock cultivation systems. SR could likewise be engineered to activate a reporter
molecule such as green fluorescent protein to sk transcription, enabling PBR engineers
to more easily monitor stress response in cultures or in engineering strain metabolism,
even when aggregation does not occur. These findings suggest that one strategy to begin
this work would be comparing transcriptomes of dark condition vs cultures with altered
nutrient status in Synechocystis to help clarify the minimum core of genes conserved in
SR between these two conditions. In general, identifying which environmental
conditions result in SR with and without aggregation will help cultivation system
engineers and strain engineers to capitalize on the whole range of metabolic capabilities

and growth conditions biocompatible with this versatile, highly adaptive organism.
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CHAPTER 5
SYNTHETIC ECOLOGY FOR QUANTITATIVE PREDICTION OF ANTI-
CONTAMINATION STRATEGIES IN BIOFUEL-PRODUCING CULTURES OF
SYNECHOCYSTIS PCC 6803

5.1 Introduction

To fulfill the promise of microalgal biofuels as a carbon-neutral, renewable
alternative to fossil fuels, cultures must be grown at unprecedented scale, while
maintaining low cost; for recent reviews, see (221-223). Current approaches to
maintaining healthy and productive biofuel feedstock cultures at large scale draw from
modern industrial agriculture techniques, including use of selective growth conditions,
antibiotics, and co-culture techniques. For example, in open ponds of microalgae, fish are
introduced in order to reduce predation by zooplankton (224). Co-culture of ‘refuge’
species also protects more vulnerable macro-algae feedstock cultures from predation
(225). Deliberate co-culture of multiple microalgal feedstocks in open ponds in order to
increase biomass production and reduce grazing by zootrophs (Daphnia pulex) have also
been used (226).

Synthetic ecology is an emerging specialty in microbiology (reviewed in (227-
229)). Capabilities and interest have accelerated in recent years due to advances in next-
generation sequencing, bioinformatics, and synthetic biology. Methods for synthetic
ecology include rational design of defined minimal or representative microbial consortia
to simulate naturally occurring populations. Recent ecosystems to be studied include

natural systems such as the human gut (230), and engineered systems such as bioreactors
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(226, 229, 231). A literature search did not identify any studies to dae that attempt to
model naturally occurring PBR contamination using an artificial microbial consortium.

Synechocystis has been engineered previously to secrete elevated levels of long-
chain fatty acids such as laurate (20). These strains were cultivated in a 4000-liter rooftop
photobioreactor (PBR) as a test-bed for industrial-scale production of this J8 jet-fuel
precursor (232). Decrease in laurate yield corresponded with increase in growth of
heterotrophic bacteria in the PBR (hereafter referred to as heterotrophs) (233). These
heterotrophs were able to grow using soluble microbial products (SMP) of Synechocystis
for fixed carbon and nitrogen, as well as consuming laurate (136).

The objective of this pilot study was to test the proof-of-concept of whether it is
possible to accurately and reproducibly model the bacterial PBR contaminome under
controlled laboratory conditions in order to predict optimal PBR operation. The approach
I used was to build a statistical model using an artificial Defined Consortium of
heterotrophic bacteria, and see if the model predictions were still accurate when other
contaminant species were used. Specifically, I built a regression model using a Defined
Consortium comprised of a set of 40 axenic isolates of heterotrophic bacteria, and tested
model predictions using novel Consortia. In this test case, I chose to optimize levels of
three chemical additives that I hypothesized would be effective in mitigating the
accumulation of heterotrophic bacteria while allowing Synechocystis to flourish, namely
alkalinity, sodium chloride, and the antibiotic kanamycin.

In addition to building and testing these models, I performed a set of experiments
to better inform the interpretation of the model results. First, I conducted a laurate time-

course assay to test whether levels of salt, kanamycin, and/or pH predicted to be optimal
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by the model were sufficient to protect the presence of laurate in deliberately
contaminated Synechocystis cultures. 1 also screened a panel of mutant Synechocystis
strains previously shown to lack cell surface structures (99, 101, 102, 104, 121) to
investigate the effectiveness of genetic means of reducing contaminant food sources in
the PBR supernatant. Finally, I used Illumina-generated 16S rRNA gene sequence data
and PICRUSt metagenomic prediction (234) to assess Consortia community structure and
function for improved understanding of PBR contaminome ecology, thereby informing
improved contaminant mitigation strategies suggested by my results.

5.2 Materials And Methods

5.2.1 Defined consortia:

All isolation and propagation of bacterial cultures was conducted axenically at 30
°C and 24-hour illumination, with shaking or aeration of liquid cultures, unless otherwise
indicated. Axenic status of Synechocystis culture stocks was determined via microscopy,
and also T-RFLP, as follows: liquid cultures were prepared using sterile technique and
cell pellets were collected via centrifugation for 5 minutes at 6,000xg. Decanted cell
pellets were processed to extract genomic DNA using the Blood and Tissue DNeasy kit
(QIAGEN) with indicated modifications for Gram-positive bacteria. The 16S rRNA gene
sequence was amplified from genomic DNA using Taq Master Mix PCR kit (QIAGEN)
and universal bacterial primers: HEX-labeled 8F (AGA GTT TGA TCC TGG CTC AG)
and unlabeled reverse primer 1392R (ACG GGC GGT GTG T) (137). Resulting
amplicons were purified with QIAQuick PCR Purification Kit (QIAGEN) and digested
with restriction endonuclease enzymes (138) Hael, Hhal, Msel, and Mspl (New England
Biolabs). Digested fragments were analyzed with a 3730 capillary sequencer (Applied
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BioSystems) and sized via ROX 1000 ladder (ThermoFisher). To the degree that these
methods are able to detect contamination, cultures were considered axenic if they did not
have any non-Synechocystis peaks in resulting fragment spectra.

Heterotrophic bacteria for Defined Consortia were assembled from diverse
sources, including non-axenic cultures grown in shake flasks or PBRs (150) cultivating
WT Synechocystis parent strain (136) or fatty-acid secreting mutant SD304, a kanamycin-
resistant version of SD277 (20). Ten of the strains of Consortium 1 were isolated by
growth on BG11 agar plates (135) supplemented with sodium laurate as sole organic
carbon source. Colonies with varying appearances were preferentially selected to increase
likelihood of sampling diverse phyla. Isolated colonies were re-streaked repeatedly as
needed to generate axenic stocks, which were then propagated on LB agar plates (138).
Single colonies were used to inoculate LB liquid growth medium and incubated overnight
at 30 °C with shaking. Samples of liquid culture were frozen at -80 °C with sterile 10%
glycerol.

Additional sources of heterotrophs for Defined Consortium 1 included Tempe
Canal, an open-air fresh water body fed by Arizona watershed surface and ground water
(235), including the Verde and Salt River watersheds (sample site latitude 33.4217;
longitude -111.927). Bacteria from water and soil samples from Tempe Canal were
harvested via centrifugation at 6,000xg for 15 minutes, resuspended in 100 mL of log-
phase Synechocystis culture, and incubated for 7 days to ensure heterotrophs chosen for
Consortia were viable under experimental conditions. The culture was then centrifuged as
above and the cell pellets were used to inoculate LB agar plates. Colonies with diverse

phenotypes were propagated on new LB agar plates until axenic.
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For Defined Consortium 2, all 40 isolates were sampled from non-axenic Synechocystis
cultures grown in PBRs or flasks, and isolated on LB agar plates as above.

5.2.2 16S rRNA gene sequencing and BLAST identification of Defined Consortia

Isolates:

Axenic cultures of each of the 80 isolates for the two Defined Consortia were
grown overnight in LB liquid medium. 1 mL samples were harvested as described above.
To identify species, 16S rRNA was prepared and purified as described above using
unlabeled primers. Sequencing reactions were prepared and purified using standard
procedures (138). 16S rRNA sequences were determined via Applied Biosystems 3730
capillary sequencer. Species identities of nearest related OTU were assigned by BLASTN
search of NCBI Microbe database using default parameters (236). All BLAST identity
scores were at least 99% (data not shown).

Community analysis of Consortium growth in Synechocystis supernatants was
performed as described previously (136), in accordance with Earth Microbiome Project
guidelines (237). Genomic DNA was isolated from cell pellets as described above. The
V4 regions of 16S rRNA gene libraries were amplified using bar-coded 806f and 515r
primers (238). The resulting 16S rRNA gene libraries were analyzed via Illumina MiSeq
2000 platform. Sequence data were analyzed using QIIME software package version
1.8.0 using default parameters, unless noted otherwise. Sequences were clustered in
OTUs having 97% similarity with uclust (239). Representative sequences for each OTU
were classified using the RDP classifier version 2.2 (240) and retrained on the
Greengenes (241) database v. 13.8 pre-clustered at 97% identity. Representative
sequences were aligned with PyNAST v. 1.2.2 (242) and a phylogenetic tree was
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constructed with FastTree (243) for use in phylogenetic diversity calculations. Singletons
and chimeras (244) were removed, and sample sets were normalized via rarefaction. I
modified taxonomy plot data at genus level for each sample by aggregating all genera at
less than 6% relative abundance for that sample into an ‘Other’ category.

5.2.3 Selection of mitigation factors and levels

Factors (salinity, antibiotic, and alkalinity) were chosen for applicability to large-
scale microbial biofuel cultures. High factor levels were empirically determined using
viability and growth-rate screens, such that the final statistical model would encompass
the complete range of additive concentrations biocompatible with laurate-producing
Synechocystis strains (the biocompatible sample space).

Kanamycin (kan) was chosen as a representative antibiotic because its activity is
not affected by salinity or alkalinity, nor is it photo-degraded. All 80 heterotroph isolates
of the two Defined Consortia were screened on LB agar plates supplemented with 50
pg/mL of kanamycin; both Consortia contained 10 kan-resistant isolates and 30 kan-
sensitive isolates (data not shown). To establish the range of kan concentrations to be
tested in the statistical model, kan-resistant Synechocystis biofuel strains were grown in a
serial dilution from 0-400 pg/mL kanamycin in 100 mL of BG11 liquid media; 200
pHg/mL was selected as the high level of kan concentration as it showed no growth rate
defect compared to the negative control (data not shown).

Similarly, Synechocystis is naturally salt-tolerant (2), able to grow in liquid BG11
cultures with up to 0.8 M added NaCl (data not shown); sea water on average is ~0.6 M

salinity. I selected 0.6 M as the high level of added NaCl concentration with robust
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growth rate by laurate-secreting strain SD304, and because of its relevance to seawater
cultivation.

Synechocystis is also naturally alkaliphilic, with optimal growth in BG11 between
pH 7 and 8.5, and reasonably robust growth up to pH 11 (150, 245). I screened
biocompatibility of Synechocystis strains in BG11 liquid buffered with a variety of
common cell culture buffers. I observed Synechocystis growth in BG11 media at pH 7.5
buffered with TES (pKa of 7.4); Tricine buffered to pH 8.5 (pKa of 8.1); and CHES
buffered to 9.5 (pKa of 9.3) (data not shown) as similarly rapid to growth in unbuffered
BG11. All buffers were at 10 mM concentration.

5.2.4 Factorial Analysis, Regression and Model Testing in Rich Media.

I prepared 15 bottles of sterile liquid LB media (100 mL each) with levels of the
three additives in different combinations of concentrations according to the conditions
indicated for Tubes 1-17 in Table 5.1 (uncoded levels). Three mL samples of each type
of medium were transferred to 17 sterile test tubes. Data for a total of three biological
replicates were generated using Defined Consortium 1; each replicate was performed
using consortium isolates that were freshly inoculated from freezer stocks to LB agar

plates.
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Table 5.1: Central composite design of a 2 full factorial augmented with center points and axial points.

Coded Levels Uncoded Levels
H (10 Added Kan. pH (10
A Kan. p
Category Tube # Ndadgld sulifl:te mM NaCl, sulfate, mM
buffer) Molar ug/mL buffer)

1 1 1 1 0.51 170.67 9.20

2 1 1 -1 0.51 170.67 7.80

3 1 -1 -1 0.51 29.30 9.20

4 1 -1 -1 0.51 29.30 7.80

Full
Factorial

5 -1 1 1 0.09 170.67 9.20

6 -1 1 -1 0.09 170.67 7.80

7 -1 -1 1 0.09 29.30 9.20

8 -1 -1 -1 0.09 29.30 7.80

9 0 0 0 0.30 100.00 8.50

Center 10 0 0 0 0.30 100.00 8.50

points

11 0 0 0 0.30 100.00 8.50

12 -1.414 0 0 0.00 100.00 8.50

13 1.414 0 0 0.60 100.00 8.50

14 0 -1.414 0 0.30 0.00 8.50

Axial points

15 0 1.414 0 0.30 200.00 8.50

16 0 0 -1.414 0.30 100.00 7.50

17 0 0 1.414 0.30 100.00 9.50
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Each of the 40 isolates of Defined Consortium 1 freezer stocks were streaked on
LB agar plates and incubated for 2 days at 30 °C. Samples of an isolated colony from
each stock were propagated overnight in 40 separate 3-mL cultures of LB liquid medium
without additives. The growth of each of the 40 liquid cultures was estimated by
measuring absorbance units at ODsoo. To prepare the Consortium, different volumes of
each of the 40 axenic cultures were combined in a single new test tube such that each
strain contributed to approximately 1/40 the total ODsoo in the new tube. The final mixed
population of heterotrophs in the new tube comprised Defined Consortium 1. The same
process was applied to isolates 41-80 to create Defined Consortium 2 when needed.

The Defined Consortium was mixed to a 1 mL volume at an ODggo of 1.0, and
used as an inoculum for Tubes #1-17 at a starting ODgoo of 0.001 (representing the
combined contribution of all 40 isolates). The 17 tubes were incubated for 24 hours as
previously and the ODgoo of each tube was recorded. These data were direct inputs for
statistical analysis (they were not normalized or transformed before analysis).

5.2.5 ANOVA, Regression Analysis, and Testing of Model in LB broths.

The response variable was combined growth of the heterotroph contaminants in
Defined Consortium 1, as measured by absorbance at ODgoo at 24 hours. ANOVA and
regression using least squares fitting were performed on coded units using Minitab 16
statistical software (246). Trials were blocked by replicate, and linear and second-order
factors and interactions were analyzed. ANOVA output (not shown) was used to
generate a response regression model with factor levels measured in coded units

(Equation 1, below).
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Model adequacy checking by normal probability plot of residuals, and plots of
residuals vs run order and fit values corresponded with acceptable levels (247) (not
shown). In Figure 5.3, a surface response plot corresponding to Equation 1 is shown were
generated using the surface plot function in JMP Pro 12 (248). In Table 5.2, below,
model predictions of the total ODeoo after 24 hours were generated for 4 different growth
conditions using the Minitab OptiPlot function to solve the regression (Equation 5.1,
Results and Discussion).

Table 5.2: Optiplot heterotroph growth response predictions from regression.

Y predicted Y lower Y upper

Y = ODsoo 95% 95%
(heterotroph Kanamycin (heterotroph confidence confidence
P Added Salt, eI SH@10mM  growth . .
growth sulfate, interval, interval,
Molar buffer) absorbance
absorbance ug/mL . absorbance absorbance
. units at . .
units) ODsw) units at units at
600, ODs00) ODs0o)
Max 0 56.6 7.5 5.92 5.07 6.8
Min 0.6 200 8.73 -1.14 -2.00 0.04
Y=3.0 0.3 150 9.5 3.0 2.62 3.71
Y=0.01 0.58 200 7.5 0.01 -0.77 0.33

To test model predictions, I prepared media and Defined Consortium 1 as
described above, for two replicates, as well as Defined Consortium 2 for two replicates.
To test the model using an Undefined Consortium, 1.5 liters of Tempe Canal Water
(TCW) was collected and pelleted via centrifugation at 6,000xg for 20 minutes at room
temperature. The supernatant was decanted and the cell pellets resuspended in 100 mL of
LB plain liquid. A 2 mL aliquot was pelleted and frozen for subsequent community

analysis (‘TCW’ Figs. 5.1 and 5.5). The culture was grown for 24 hours and another 2
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mL aliquot was removed (‘UC1’ Figs. 5.1 and 5.5.). This LB inoculum served as one
replicate of an Undefined Consortium, and was used to inoculate the model test media to
a starting ODgoo of 0.001, as with Defined Consortia. The two replicates for the
Undefined Consortia were sampled from the same location on different dates (January
30" and August 20" 2015, respectively).

5.2.6 Factorial analysis of heterotroph mitigation in Synechocystis cultures and

supernatants.

Synechocystis cultures were grown as described above in BG11 media prepared
with levels of additives corresponding to 17 conditions in Table 5.1 in the same manner
as for LB media described above. Synechocystis supernatants were prepared using axenic
100 mL cultures of SD305, a kanamycin-resistant Synechocystis strain previously
engineered to secrete fatty acids (20). These cultures were grown to log-phase (OD730 of
~0.5) in BG11 liquid without additives. Log-phase cultures were sterile-filtered through
0.22 micron SteriCup filtration units (MilliPore), and salt, kanamycin and buffer
solutions were added axenically to create test conditions described as listed in Table 5.1,
Tubes 1-17. These tubes were then inoculated with Defined Consortium 1, prepared as
described above, to a starting heterotroph OD of 0.001, and incubated for 6 days. Every
24 hours, cfu dilutions were propagated on LB agar plates in order to measure cfu/mL.

5.2.7 Growth of consortia in supernatants of mutant Synechocystis cultures.

Synechocystis strains (Table 3.2) lacking pili (pi/C, SD519), EPS (s{r0977,
SD506) and S-layer (s//1951, SD523) (69, 99, 104) were prepared as described in
Chapter 3. Supernatants of these strains were prepared and inoculated with Defined

Consortium 1, with no additives present, and incubated as described above for 6 days.
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Heterotroph cfu/mL were measured from Day 6 by propagating supernatant samples on
LB agar plates and counting subsequent colony formation after incubation at 30 °C for 2
days. The logio of cfus/mL for each strain was calculated and growth of Defined
Consortium 1 in supernatants from mutant strains was reported by normalizing to the
same measurement in wild-type strains (Figure 5.5, below)

5.2.9 Laurate time course assay

Supernatants of Synechocystis strain SD305 were inoculated with Defined
Consortium 1, or with an Undefined Consortium. Additive levels for the treatment flasks
were the same as those levels predicted by Eq. 5.1 to minimize heterotroph growth in LB
over 24 hrs (‘Min’), namely 0.6 M added NaCl, 200 ug/mL kan, and pH 8.73 (10 mM
Tricine, pKa of 8.1; Table 5.2). The negative control had 0 M added NaCl, 0 pg/mL kan,
and pH 7.5 (10 mM TES, pKa of 7.4). A positive control for laurate stability had the
same levels of additives as negative controls, but with no Consortium added, in order to
test whether Synechocystis supernatant alone was able to degrade laurate under these
conditions, for example due to presence of beta-oxidation enzymes released from cells.

All flasks contained 100 mL culture volume and were spiked with a laurate stock
solution to a starting concentration of 100 mg/L (100 ppm) at the start of the time course
(Day 0 data). Every 24 hrs, 10 mL of culture from each flask was removed and laurate
was collected via hexane extraction as described previously (20). Briefly, 10 mL culture
was combined with 10 mL hexane in Oak Ridge tubes, with 0.2 g NaCl and 200 YL of 1
M H2POs. Tubes were shaken at 200 rpm for 30 minutes at 37 °C. Extracted laurate was
then collected by centrifugation at 20,000xg for 20 minutes, with supernatant transferred

to gas chromatograph sample vials stored at -80 °C until measured. Laurate was
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quantified via FID-GC on a Shimadzu GC 2010. Laurate peak areas were calibrated via
measurement of dilution series of sodium laurate standards of known concentrations.
Heterotroph cfu/mL were measured at each time point by plating on LB agar plates as
described above (Defined Consortium 1), or by flow cytometry (Undefined Consortium
1). For flow cytometry, 1 mL of culture was centrifuges at 6,000xg for 5 minutes,
decanted, and cell pellet resuspended in isotonic neutral buffered formalin 10% (1xPBS,
pH 7.7), and fixed for 24 hours at 4 °C. After fixation, cells were again collected by
centrifugation as above, and then resuspended in sterile isotonic saline and stored at 4 °C.
To count cells, samples were labeled with 5 UM SytoX green nucleic acid stain
(Invitrogen). Green labeled counts/mL were compared with a dilution series of samples
of known labeled cell concentration as determined by fluorescence microscopy
hemocytometer. Flow cytometer model BD Accuri C6 Plus Flow Cytometer from BD
Biosciences was used with native software. Flow cytometry data and laurate data are
biological replicates (n=2 flasks per condition). Cfu data are reported as technical
replicates (3 measurements of one flask per condition).

5.2.10 KEGG ortholog trait markers and their taxonomic distribution.

Candidate gene markers for tolerance to additives were initially identified from
literature search (Table 5.3). Taxonomic distributions of putative orthologs were
identified using STRING 10 database (1,678 bacteria) (249). As an example of how
STRING data are reported: the NhaA protein functions as Na":H" anti-porter in E. coli to
provide tolerance to excess NaCl; other genes in the nha operon such as nhaR code for
regulatory/accessory proteins. To perform the search, ‘NhaA’ search term from the

organism E. coli (no sub-species specified) was used to query the STRING 10 database
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with default parameters. The top relevant search result was selected. Under ‘Occurrence’
view, taxonomic distribution of the ortholog was displayed for 29 different bacterial
clades on the vertical axis, with the number of taxa per clade ranging from 1
(Gemmatimonas aurantiaca; others) to 411 (Firmicutes), as shown in the Appendix,
Figure B.2. The number of clades containing at least one species with a putative NhaA
ortholog sequence alignment score of 80 bits or higher were counted up, and then divided
by number of total clades (29 clades) to generate %S scores reported in Table 5.3. Scores
below 60 bits are considered possibly weak or spurious orthology as a rule of thumb
according to the STRING website. Functional partners reported with NhaA were not
considered for calculating %S. The %S STRING scores for all trait marker orthologs in
Table 5.3 were assessed using the same tree of 29 clades.

Taxonomic distributions of a given marker were estimated using the Occurrence
view from the STRING database (Appendix B Figure B.2). Taxonomic distribution of
kanamycin phosphatase markers were not available in STRING, as kanamycin
phosphatase activity does not require protein-protein interactions required for curation in
the STRING database. I therefore used KEGG taxonomy view to ascertain the
distribution of K19300, which was found in multiple taxa across many phyla
(Enterobacteraceae, Alpha-, Beta, and Gamma-Proteobacteraceae, Firmicutes and
Actinobacteria; data not shown). I conclude this marker also has wide taxonomic
distribution.

5.2.11 Predictive Metagenomic analysis using PICRUSH.

QIIME 16S rRNA gene sequence data was used as input for PICRUSt software in
order to curate a master file (not shown) of all unique KEGG (250) orthologs (6908
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orthologs total) predicted to occur in the total pool of all sequenced Consortia samples.
Twenty KEGG orthologs for trait markers of interest were identified. Identification was
initiated by searching the master file for the KEGG ortholog numbers corresponding to
orthologs identified by literature search. Additional markers coding for the same trait
mechanism were found by using the KEGG definition search terms such as those listed in
Table 5.3 (‘Adaptive mechanism”).

The final comprehensive list of 20 KEGG markers was used as input for
searching predicted metagenomes of abundant OTUs per sample (at least 10% total
abundance per sample) as PICRUSt (234) output. Table 5.3 was redacted to exclude most
markers that were not found in abundant OTU metagenomes (Fig. 5.6); all trait
mechanisms from the original 20 markers are still represented in the redacted list of 15
markers.

The most recent version of PICRUSt available uses GreenGenes v. 13.5; therefore
QIIME analysis was repeated using closed reference OTU picking using GreenGenes
v13.5 in order to correlate exact OTU numbers (one number per unique 16S rRNA gene
sequence) with their corresponding metagenomic prediction outputs from PICRUSt.
Because QIIME groups OTU abundance by genus, potentially including contributions
from more than one unique sequence per genus abundance, I sorted PICRUSt outputs by
most abundant OTU number per sample. For all abundant genera of interest, there was
one unique OTU number (unique 16S nucleotide sequence from Illumina dataset)
contributing to >90% of the total genus abundance. Metagenomic prediction data for each

OTU in Fig. 5.6 are for these unique abundant OTU numbers for each genus.
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Five of the KEGG markers of interest were not found in the PICRUSt
precalculated metagenomics file for GreenGenes v13.5 (IMG v4), “KEGG Orthologs™:
K18095 (mexY), K18145 (adeA), K18324 (acrD), K19299 (nptlIl) and K19300 (nptll).
These KEGG orthologs were likely not part of the IMG v 4 database at the time the file
was created (M. Langille, personal communication, PICRUSt users online forum). I
therefore used BLASTN (239) of the Microbe database for each of the 11 most abundant
OTU 16S sequences to identify the most closely related species with a fully sequenced
genome in the KEGG Organisms database. For all species except two, the % identity
between the 16S sequence data and KEGG organism was at least 98% for the full
sequence length (not shown). For Acinetobacter it was 96%; for Cloacibacterium, it was
93%. Presence of these five KEGG orthologs was then assessed for these 11 abundant
OTUs by searching the resulting KEGG organisms databases for each of the 5 KEGG
markers.

5.3 Results And Discussion

5.3.1 Illumina sequence data show identity but not abundance of contaminant phyla is

relatively conserved across Consortia

In Figure 5.1, I used the freshwater lake sequence database (FWLSD) (1) as a
reference for approximating the global bacterial meta-community of freshwater
microalgae cultivation system contaminomes, due to niche similarities (mesophilic, fresh
water, illuminated, aerobic, and relatively oligotrophic). Compared to the FWLSD, the
LB outgrowth (UC1) of Tempe Canal Water (TCW) was enriched for Gamma-

proteobacteria phylotypes, with reduced levels of Bacteroidetes phylotypes. Defined
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Consortium 1 appears to most closely resemble FWLSD in terms of identities, with 6 of 7

phylotypes at the phylum level occurring in both populations.

100%

90%
80% —
70% Other
Actinobacteria
60% -
Percent B Gamma-proteobacteria
Relative 50% .
Abundance B Beta-proteobacteria
40% B Alpha-proteobacteria
30% B Bacteroidetes
B Firmicutes
20% -
10% -
0% +— —— —— — —— —
FWLSD TCW uc1 DC1 DC2

Figure 5.1. Model Consortia capture most phyla identities but not relative abundances of related
populations. FWLSD = Fresh Water Lake Sequence Database (1). TCW = Tempe Canal Water.
UC1 = Undefined Consortium 1, created by propagating TCW in LB broth for 24 hours to use as a
contaminant inoculum. DC1 and DC2 = Defined Consortia 1 and 2, comprised of 40 isolates each of
heterotrophic bacteria.

Relative abundances are less conserved, with major differences such as higher
Firmicutes and lower Beta-proteobacteria in DC1 than TCW. The higher incidence of
Firmicutes in UCI1 can be attributed to the source TCW being higher in Firmicutes as
well, whereas lack of Bacteroidetes could be due to competitive growth disadvantage
during LB propagation (compare TCW and UCI1 for Bacteroidetes, for example). The
absence of Bacteroides from both Defined Consortia could be due to slower growth rate
in rich medium compared to other isolates. For example, it is present at 5.5% abundance

in TCW, has only trace occurrence in the subsequent LB outgrowth culture UCI1 that
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supports rapid growth by certain phyla, but then subsequently regains higher abundance
(21.9% +/- 12.0%) when inoculated into Synechocystis supernatants which engender
slower growth rates (NC1 and NC2). Thus Bacteroidetes is competitive in relatively
oligotrophic environments (Tempe Canal Water; supernatants) compared to rich medium
(LB broth). Studies show this phylum specializes in lake conditions associated with high
dissolved organic carbon and a role in degrading organic biopolymers, such as in periods
following cyanobacterial blooms (1, 251).

5.3.2 Model predicts amount of heterotroph erowth in LB broths independent of which

contaminant species are present.

I curated axenic heterotroph isolates to create artificial Defined Consortia. The
amount of phylogenic diversity sufficient to generate a statistically significant regression
(Equation 5.1, below) in LB media as calculated by ANOVA was determined
empirically; 10 isolates per Defined Consortium were insufficient (data not shown),
likely due to absence of kan-resistant isolates. Additional factors not included in the
experimental design may be influencing the growth response, and also contribute to lack
of fit of the regression. For example, growth rate under the conditions measured would
likely influence the ODsoo growth response. The Defined Consortium 1 isolates have a
slower average growth rate in LB plain broth than Defined Consortium 2 (not shown).
The faster growth rate of Consortium 2 would be especially relevant during the most
rapid part of the growth curve, which is log phase. In the model testing (Figure 5.2), the
‘Max’ test condition is in linear phase, and the ‘Min’ and ‘0.01’ conditions are in lag
phase, whereas the ‘3.0” condition is closest to logarithmic phase. This may explain why

the ‘3.0’ condition of relatively faster-growing Defined Consortium 2 exceeded model
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ODsoo predictions, as the model was generated using the slower-growing Defined

Consortium 1.

“ Model Predictions

bl
I & Defined Consortium 1

i

1 " | Defined Consortium 2
-1 i . “ Undefined Consortia 1+2
Max. + Min. 3.0 0.01

N W A U1 OO NN

Flask Condition

Figure 5.2. Regression model predicts heterotroph growth of diverse Consortia in LB media.
Regression (Equation 5.1) was solved to calculate predictions of contaminant growth for 4 conditions
shown in Table 5.2: ‘Max’, ‘Min’, ‘3.0’, and ‘0.01".

Model predictions (blue bars) were generated using Defined Consortium 1 (three biological replicates);
error bars represent calculated 95% confidence intervals of each prediction. Model predictions were
then tested using 2 biological replicates each of Defined Consortium 1 and 2 (red and green bars), and
one replicate each of two different Undefined Consortia (purple bars)

Growth rate is likely an additional factor contributing to amount of growth, As a
result, I would predict that only Consortia that fall within a certain range of growth rates
would fit my model predictions when tested. In fact, I tested several additional Undefined
Consortia (3 and 4) that did not meet model predictions; one of them had a very slow
growth rate for undetermined reasons; the other was too small a sample size and lacked
any kanamycin-resistant strains (data not shown).

5.3.3 Quantitative modeling vields non-intuitive results for contaminant mitigation

I generated a statistically significant regression, shown in Equation 5.1, below. Linear
terms for salt (NaCl) and Kan were significant, as well as second-order terms kan? and

pH? (p-value < 0.01). The salt*kan interaction was also significant (p-value < 0.05). The
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linear term for pH was not statistically significant (-0.16*pH; p-value = 0.072). The R?
predicted value for this regression is 82.9%. The term Y refers to total Consortium
growth as measured by absorbance units at ODgpo.
Eq.5.1: Y = 3.28 — 1.36 (salt) — 0.75(kan) — 0.44(kan?) + 0.31(pH?) — 0.22(salt*kan).
When examining the regression model as a whole, I identified some non-intuitive
results that illustrate the benefit of this quantitative approach for studying combinations
of additives. Specifically, I anticipated that the condition for minimum amount of
heterotroph growth would correspond to the maximum level of all three additives. While
this holds true for levels of kan (200 pg/mL) and salt (0.6 M) predicted by the model
(Table 5.2, ‘Min’), it is not the case for pH (8.73, instead of the maximum 9.5), since the
pH? term has a positive coefficient in the regression. I tested at n=3 with Undefined
Consortia that growth in 0.6 M NaCl, 200 ug/mL kan and pH 9.5 did result in higher OD
than that for the ‘Min’ condition, as the model predicted (data not shown). This is an
especially surprising result considering that the pH of the source environments for
isolates and Undefined Consortia is pretty close to pH 8.73: bench-top PBRs average
approximately pH 8.5-9.5 under non-carbon-limited operating conditions, and the pH of
Tempe Canal Water was measured as 8.2 +/- 0.5 at ~25 °C (n=2 daytime measurements
in August and April). In general, Consortia growth should be more robust under
conditions similar to those from which they were isolated; my results contradict this.
Furthermore, as noted previously, NaCl anti-porter activities (which provide
tolerance to both alkalinity and sodium; see Table 5.3) are pH-sensitive; NhaA in E. coli
has a maximum anti-port activity at pH 8.5 (252) and declined at higher pH levels. This

means that the combination of 0.6 M NaCl and pH 9.5 should be even more effective at
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suppressing heterotroph growth compared to pH 8.73, as the Na" : H' antiporters required
for such growth would be deactivated, but this is not the case, as correctly predicted by
the model.

One possible explanation for the observation that more alkalinity (pH 9.5 vs. pH
8.73) results in unexpectedly higher heterotroph growth could be due to the fact that
batch growth in LB liquid medium results in very dense cultures (~10"9 cells/mL), which
tends to cause anaerobic fermentation due to oxygen limitation, driving acidification of
the growth medium that greatly exceeds the buffering capacity (253). This acidification
then arrests growth, which would mean that starting at a higher pH of 9.5 would enable
more growth before becoming limited by acidification of the medium. This loss of
buffering capacity in dense cultures may also explain why there is no statistically
significant interaction term between salt and pH in the regression (i.e. no salt*pH term in
Eq. 5.1), despite overlapping adaption mechanisms for these two additives.

Another interesting attribute of the model is the synergistic interaction between
NaCl and kanamycin, even though PICRUSt data show that none of the mechanisms for
trait markers in abundant OTUs are present against both salt and kanamycin (Table 5.3,
below). Instead, this synergy may be due to the cell’s requirement to import H" for both
ATP synthesis and Na* export. Markers found in abundant treatment OTUs, namely
kanamycin phosphatase (K19300), use ATP as a co-factor; various Na":H" anti-porters
also confer tolerance by importing H". The biological consequence would then be that
kanamycin is more effective in the presence of NaCl because the Na™ export competes for

importable H' resources with ATP synthase needed for kanamycin deactivation. As a
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result, NaCl and kan combined have a synergistic effect (and interacting regression term)
in suppressing heterotroph growth.

5.3.4 Surface response model identifies opportunities for cultivation system engineers to

make strategic decisions for customizing operation parameters

Although this model is for growth in LB media rather than Synechocystis cultures, the
interaction between salt and kanamycin illustrates the general utility of statistical
modeling for optimizing cultivation conditions. For example, to achieve a predicted
ODeoo of 0 absorbance units (at 24 hours’ growth), engineers could either use 0.6 M NaCl
with 31.5 pg/mL kan, or 0.13 M NaCl and 200 pg/mL kan. Kanamycin is much more
expensive to purchase than NaCl, so the first option could reduce cost without sacrificing
total contaminant mitigation under the conditions tested. Alternatively, if cultivation
system materials are not chemically compatible with high salt concentrations, the second
option would be preferred as kanamycin is more chemically benign. Green contour lines
in Figure 5.3 (below) help to identify additional opportunities for strategic decision-
making across a given heterotroph growth outcome.

Unlike with growth in LB broth, factorial analysis of heterotroph growth data in
Synechocystis supernatants did not result in a statistically significant regression (data not
shown). However, growth differences among certain growth conditions (Flask 1 and
Flask 8) were significantly different (not shown). I therefore proceeded with studies of
these two flask conditions to evaluate performance of additives with regard to net biofuel

yield and metagenomic analysis of Consortia.
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5.3.5 Additives protect laurate in deliberately contaminated Synechocystis supernatants

In Figure 5.4, below, I observed that in the absence of additives, heterotroph
growth and laurate decay occurred within 24 hrs in Synechocystis supernatants. In
presence of additives, heterotrophs did not increase above starting concentration until
Day 3, when laurate levels also began to drop. Control flasks with no heterotrophs (or
additives) retained initial laurate concentration for 6 days (not shown), demonstrating that

the protective effect of additives was due to the inhibition of heterotroph growth.

Figure 5.3. Surface response plot of interaction between NaCl and Kanamycin.

Heterotroph growth response Y on the z-axis is in absorbance units at 600 nm, ODsgo.

kan = coded levels of Kanamycin added; salt = coded levels of added NaCl. Data points (black) are
response surface plus residuals. Green contour lines of orthogonal projection are cross sections of the
response surface through points of constant ODgg value (values indicated with green numbers) across
varying combinations of NaCl and kanamycin levels. The pH for this plot was set to coded level = 0,
corresponding to uncoded level of pH = 8.5
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Figure 5.4. Laurate time-course assay using Defined Consortium 1 in Synechocystis supernatants.
Treatment condition in 5.4A corresponds to levels of additives predicted to correspond to Minimum
heterotroph growth in LB media according to regression model (Eq. 5.1, Table 5.2). Cfu/mL = colony
forming units per mL of culture as measured on LB plain agar plates; shown in blue dotted lines on the
right vertical axes. Laurate mg/L = laurate concentration as measured by gas chromatography, shown in
red dashed lines on the left vertical axes.
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5.3.6 Amount of Consortia growth is the same in WT and mutant Synechocystis

supernatants

In Figure 5.5, below, I compared the relative amount of contaminant growth in
supernatants of mutant Synechocystis strains with that of WT strains by comparing ratios
of the logio of cfus/mL for each condition. If cell surface structures of WT strains such as
pili, EPS, or S-layer contributed to growth of Consortia, such as by contributing to SMPs
(136), then I would predict that these normalized ratios would be less than the 100%
negative control ratio between supernatants of WT cultures. My preliminary data (n=2
biological replicates, Defined Consortium 1) indicate that these mutant strains phenocopy
WT in terms of total contaminant growth, suggesting that these surface structures do not

substantially contribute to total supernatant SMP.
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Figure 5.5. Amount of Consortia growth is the same in WT and mutant Synechocystis supernatants.
Supernatants of Synechocystis strains (Table 3.2) lacking pili (‘PilC’, slr0162-0163, SD519), EPS
(sir0977, SD506) and S-layer (‘Slyr’, s//1951, SD523) were prepared as for WT (SD525) and used to
propagate Defined Consortium 1 (two biological replicates). These mutants lack the cell surface
structures indicated, which may contribute to total SMPs in the supernatants that comprise the
contaminant food supply. Logio ratios of contaminant growth in mutant vs WT supernatants were
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5.3.7 Study of community structure and function for ecological insight into regression

model

I wanted to better understand my result in Figure 5.2; specifically, how it was
possible to quantitatively predict the amount of contaminant growth in LB liquid media
across different bacterial species. I formulated two possible hypotheses to explain this
result. Hypothesis 1, the ‘superbug’ hypothesis, predicts that the reason I measure the
same ODsoo for a given condition across multiple Consortia is because of the presence of
ubiquitous isolate(s) with a competitive growth advantage under all the conditions tested.
As aresult, I would measure the same ODgoo across different Consortia because I was
repeatedly measuring the growth of the same ‘super-bug(s)’ for all Consortia and
conditions.

Hypothesis 2, which I termed the ‘ubiquitous function’ hypothesis, is based on the
premise that bacteria have encountered salt stress, pH stress and antibiotics across all
different environmental niches throughout the course of evolution, such that genes
conferring salt tolerance, for example, are widely conserved across diverse phyla, and are
somewhat modular, able to function relatively independently of the genomic context of a
particular species. This hypothesis is an application of the Unified Neutral Theory of
Hubbell, which states that traits not selected for in a given environment are ecologically
equivalent, or neutral (254, 255).

Hypothesis 1 predictions can be tested by analyzing the community structure, and
Hypothesis 2 can be tested by examining community function. Accordingly, I used 16S
[llumina sequencing of the 16S rRNA genes and also PICRUSt metagenomic prediction
to analyze community structure and function. For these analyses, I used Consortium
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samples generated during the laurate time course assay at Day 0 and Day 6 (start and end
points).

5.3.8 16S Illumina sequence data show that contaminant identities are not predicted by

erowth condition

In Figure 5.6, below, I show the relative abundances of OTUs for each growth
condition. Hypothesis 1 predicts the presence of a single ‘superbug’ OTU as
predominantly abundant across diverse Consortia. I can see many unique OTUs in the
treatment condition replicates TR1 and TR2, which are very diverse and different
between the two different Consortia, and the same is true for negative control replicates

NCI1 and NC2 across Consortia. I therefore reject the ‘super-bug’ hypothesis.
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Figure 5.6. Community structure of Consortia from laurate time-course assay.
16S rRNA gene sequencing of samples from Day 0 and Day 6 time points of laurate time course assay
from Defined Consortium 1 (Figure 5.6A, above) and Undefined Consortium 1 (Figure 5.6B, below)
were analyzed using QIIME. Each different colored segment shows the abundance contributed by a
unique 16S rRNA gene sequence, but is identified at the Piylum level for familiarity. The relative
abundance is listed as percentage of total abundance per sample, normalized to 100%. For 5.6A and
5.6B, NC1 and NC2 = negative control replicates sampled at end of time course (Day 6); TR1 and TR2
are corresponding treatment replicates.
5.6A: DCla and DC1b are replicates of Defined Consortium 1 inoculum used at time point 0 days.
5.6B: TCW = Tempe Canal Water sample before LB outgrowth. UC1 = Undefined Consortium 1,
comprised of TCW after LB outgrowth, used as inoculum at time point 0 days.
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5.3.9 PICRUSt metagenomic predictions indicate that growth in presence of additives

predicts type and quantity of trait markers

In order to test Hypothesis 2, I performed three steps. First, [ used literature
search and PICRUSt software to curate a list of trait markers that are relevant to rapid,
physiological adaptations to the presence of these additives on timescales relevant to the
duration of my experiments. I identified 15 markers, shown in Table 5.3, below. Second,
I used the STRING database to describe the phylogenic distribution of these markers, to
test the prediction of Hypothesis 2 that they would be widely distributed across the
bacterial domain. I show in Table 5.3, below, that this prediction is consistent with
STRING phylogeny data, with an average %S score of 76.7%. In step 3,  used PICRUSt
to predict occurrence of these markers in abundant contaminant OTUs identified from my
[llumina sequence data.

Metagenomic prediction shows growth in additives is predicted by a ‘minimum core’ of 7

trait markers across unrelated phylotypes.

I used PICRUSt to assess the presence of trait markers for OTUs that were most
abundant (>10% relative OTU abundance per sample) in both treatment and negative
controls. I assessed both the total number of markers between conditions, and also the
types of markers present for each growth condition. As seen in Figure 5.6, I found that
abundant OTUs in all samples for treatment conditions had at least 7 markers, whereas
those in negative controls had no more than 6. When the number of markers was
weighted by the total relative abundance of OTUs for all samples within a growth
condition, I found that 60% of all abundant treatment OTUs had 7 markers, whereas

OTUs in negative controls were about 1/3 each of 4, 5, or 6 markers (Figure B.3).
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Table 5.3: KEGG ortholog trait markers and their phylogenic distribution.

Additive mtfl?£;i:;s Organism Ortholog 1\1; ]i:n(l;)fr (.,0//: SdSac((i)ise)
Coﬁg:&gﬁess?;ute Synechocystis (2) stpA K05978 69%
Comgzﬁl:}i:tolute Synechocystis (2) ggtA K10112 100%
Na':H" anti-porter Synechocystis (3) nhaA K03313 53.3%

mOnOgt‘i’;fn?grion:H+ Ecolithy o KO3453,  100%
' K05565)

I;E(l)c}}’ 112?: }}ll(‘)*r:rel?s;aos: Synechocystis (2) ktr, kdpA KO01546 62.1%
H transporting Efuecalis (5)  aiph (@pB)  eodioe 759%
hopronamtmares SO © UL Gy VA
multidrug / efflux E. coli (3) mdfd, cmr KO8160  41.4%

transport protein
/ﬁlﬁll?il-?liygcce);fil(fx E. coli (7) acrD KI8324  93.1%
oty g PR ey kisoes 931%
Aminoglycoside / A. baumannii (7) adeA K18145 79.3%

multi-drug efflux

Additives are color-coded, with different molecular mechanisms for a given additive indicated by
different shades within each color. Markers conferring tolerance to NaCl are in shades of orange;
markers related to import of H* (as hydronium) are colored in shades of brown; and markers related to
Kanamycin (Kan) resistance are shown in shades of blue. %S score refers to prevalence of ortholog in
bacterial domain, calculated using STRING database.
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Figure 5.7. PICRUSt data of community function of Consortia from laurate time-course assay.

PICRUSt data correspond to the abundant unique 16S rRNA sequences and identities in Figure 5.6.
Abundances are given as replicate averages of the samples indicated. Figure 5.7A corresponds to identities
from negative control conditions (above), and Figure 5.7B corresponds to identities from treatment
conditions (below).KEGG ortholog markers are described in Table 5.3, with the same color-coding.
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While it’s not surprising that selective growth conditions in the treatment samples
would enrich for strains carrying kanamycin resistance genes, for example, it is
noteworthy that such markers would be largely absent from abundant OTUs in negative
control strains, because these markers are widely distributed across diverse taxa. This is
not fully explained by relative growth advantage of strains with fewer markers under
permissive growth conditions, as strains abundant in negative control samples still carry
an average of 5 markers. Thus while trait markers are important for determining
community structure under different growth conditions, other factors are also important
in predicting Consortia ecology.

As shown in Figure 5.7, marker type was also predicted by growth condition. In
treatment conditions, all abundant OTUs had a minimum core of 1 kan-resistance marker
(blue), 3 H' importers (brown), and 3 Na" ion adaption markers (orange). No abundant
OTUs in the negative control samples had this minimum core of markers; four of six
abundant OTUs in negative controls were missing a kan-resistance marker, and most had
fewer H" import and Na* export markers. As a positive control for my analysis pipeline,
all strains showed the presence of F-type ATPase genes (K02113 and K02108; atpBH),
which code for highly conserved bi-directional protein complex subunits of cellular
respiration that can either import H' or alternatively synthesize ATP using a proton
gradient.

Because the regression coefficients of the quantitative model are based on coded
units (see Table 5.1), the magnitude between different terms and factors can be directly
compared to facilitate interpretation of model predictions at different levels of additives

within the sample space tested. Accordingly, the model predicts that the single most
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significant factor in mitigating heterotroph growth is the added NaCl, because it has the
largest negative coefficient. This is consistent with the PICRUSt data (Fig. 5.6), which
shows that the difference in number of KEGG markers between treatment and control
abundant OTUs is largely due to differences in markers related to Na* ion (shades of
orange and light brown).

These results are consistent with the reported ubiquitous and modular function of
these markers. Ion homeostasis and salt and nutrient stress responses that are relevant to
the time scales and mechanisms in this study include physiological changes in water-
borne pathogenic bacteria such as in E. coli and Vibrio cholera that must survive immune
response during host infection, but also persist in external environments such as
waterways during transmission between hosts (3). For example, the Na":H" anti-porter
NhaS3 from Synechocystis was able to restore salt tolerance in an E. coli mutant lacking
its native sodium anti-porter activity (256). In another study, bacterial biofilms colonizing
the surface of sea lettuce macroalgae (U. australis) (257) showed that only 15% of
bacterial species were conserved across sea lettuce biofilm samples, but nearly 70% of
samples had the same set of core functional genes. Importantly, bacteria with the same
core of functional genes may be taxonomically distant, forming a smaller ‘guild’ of
unrelated phyla that are competent for biofilm formation that occur within the larger
bacterial microbiome exposed to sea lettuce surfaces.

The Ubiquitous Function hypothesis does not preclude a role for microbial
interactions influencing Consortia ecology. Previous studies have shown that stochastic
elements (such as random immigration of species from a larger meta-community into a

smaller niche microcosm) and deterministic elements (such as heterogeneous niche
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micro-environments), are not mutually exclusive (254, 255). For example, studies of
root-associated soil fungi (254) and termite gut bacteria (255) found that deterministic
elements (soil pH; termite foregut and hind-gut microenvironments, respectively) were
important predictors of microbial communities.

Especially in Synechocystis supernatants, it may be that the growth differences
shown in Figure 5.4 could either be due to differences in growth rate in oligotrophic
medium, and/or microbial interactions that may not occur in LB broth. An interaction
specifically involving cyanobacteria has also been identified: Prochlorococcus, which is
abundant in open oceans, relies on other ocean-dwelling microbes to detoxify hydrogen
peroxide generated by solar energy absorbed by organic compounds (258). Bacteroidetes,
which was detected in TCW (Figure 5.1) and which are reported to be most abundant in
fresh-water lakes after cyanobacterial blooms because of their ability to biodegrade
complex polysaccharides and other biopolymers, may enable other heterotrophs to thrive
(1).

However, although many synthetic ecology studies focus on microbial
interactions, a systematic test of cultures of aqueous samples were shown to be
dominated by competition for nutrients rather than cooperative interactions such as
syntrophies in oligotrophic medium (beech leaf media) (259). Additionally, if microbial
interactions such as syntrophies are important predictors of contaminant growth in
Synechocystis cultures, then I would not see a single OTU dominating the total
heterotroph abundance in a given sample, which is what I observed in the Treatment
Condition of Defined Consortium 1 (Figure 5.6A), where 95% of total abundance is

occupied by a single genus of Achromobacter.
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5.4 Conclusion

These results show that levels of additives were largely able to predict the amount
of Consortia growth in LB broth, independent of which species were present (Figure 5.2).
Augmenting experimental design to control for the effect of growth rate and pH levels,
such as with automated logging and/or utilizing chemostatic/turbidostatic experimental
conditions, would enhance model accuracy, especially in relatively oligotrophic growth
medium of Synechocystis cultures. I also demonstrated that NaCl, kanamycin, and
alkalinity protect laurate for 3-4 days in deliberately contaminated Synechocystis
supernatants by suppressing the growth of contaminants. Synechocystis mutants with
altered cell surface structures did not impact the amount of Consortia growth.
Engineering feedstock strains to produce fewer SMPs, such as by deletion of wzc, which
has been shown to result in 50% reduction of released exopolysaccharides compared to
wild-type Synechocystis (121), may enable an additional genetic means of contamination
management.

Preliminary metagenomic and community abundance data support the conclusion
that traits rather than species are the key determination of community structure for
selective growth condition in the presence of NaCl, kanamycin and alkalinity, which
supports my hypothesis that function and not structure is what predicts the bacterial PBR
contaminome under these conditions. This model should be tested using direct gene
expression measurements with additional diverse Consortia.

I conclude that these data are consistent with a ‘minimum core’ of markers
occurring in a guild of unrelated contaminant species predicts growth in the presence of

additives, which is based on the premise that unrelated species with similar traits are
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ecologically equivalent during competitive growth (257). I did not see much overlap
between abundant species identities in treatment flasks between Consortia drawn from a
single ‘meta-community’ of heterotrophs (both Defined and Undefined Consortia
included species from Tempe Canal Water). I did find that growth condition was a good
predictor of a core set of functional genes, namely of 7 KEGG markers present in all
abundant treatment OTUs (Figure 5.7). Bacterial phyla vary widely in their genetics and
physiology; it is challenging to meaningfully capture this diversity using only a small,
defined consortium. However, my study indicates that the traits necessary to grow as
contaminants in the presence of one or more of these commonly used additives are
widely represented, such that much of the increase in phylogenic diversity between these
Defined and Undefined Consortia is functionally redundant to the response variables of
interest in this study (contaminant growth and laurate consumption in the presence of
different combinations of these additives).

5.4.1 Results suggest knowledge of genetic regulation and molecular mechanisms of

additive tolerance to inform strategic combinations of additives.

Figure 5.4 showed that additives protect laurate consumption by inhibiting growth
of heterotrophic bacteria. Na* toxicity is due to competitive binding with K*-dependent
enzymes (2). This is tied to mechanisms of resistance: ion homeostasis regulation, such
as increasing cytoplasmic concentration of K relative to Na', will improve resistance to
added NaCl present in the growth medium. As described previously, this is coupled with
H' transport, such that several trait markers provide ‘two for the price of one’ benefit to
the contaminants that harbor them: NhaA confers tolerance to NaCl and alkalinity, and
MdfA confers tolerance to NaCl and kanamycin (Table 5.3). Knowledge of such
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overlapping adaptive mechanisms would inform more strategic selection of combinations
of additives that each require a separate adaption mechanism. I predict that selection of
additives requiring mutually exclusive adaptations would be the most effective in
suppressing contaminant growth, especially in oligotrophic media, where energy or
nutrient sources needed for synthesizing adaptive molecules may be in shorter supply.

5.4.2 Ecological models suggest ‘probiotic’ approach for long-term management of PBR

ecology.

In the field of ecology, a long-standing objective has been to develop model that
is able to explain, much less predict, both the identities and abundances of species in a
given niche. Theories including /K strategies (260, 261), the Unified Neutral Theory
(262), and niche theory (255, 263) have undertaken quantitative predictions to explain
biodiversity across taxonomic domains, geographies, and scales, with preliminary data
able to test and support some but not all of the predictions of these various models (264),
due in part to difficulty of modeling these parameters experimentally.

One elaboration of neutral theory, termed the lottery hypothesis, predicts that the
structure of a community for a given niche is largely determined by whichever species
within an ecologically equivalent group has immigrated there first (265). This hypothesis
was supported by a study of two closely related coral reef goby fish (G. histrio and G.
erythrospilus): once one goby species inhabited a coral niche, it could not be displaced by
the other goby species (266).

Although the experimental design used was not intended to test such ecological
models, my findings were consistent with the theory of ecological equivalence. The
Lottery Hypothesis is also supported by the theory of ecological equivalence. It is
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possible, therefore, that the PBR contaminome also conforms to the predictions of the
Lottery Hypothesis. If so, it would have implications for longer-term community
structure, namely that, like goby fish, contaminants that become abundant during initial
PBR start-up will likely be most abundant for longer experiments, such as repeated
‘runs’ or cultures within a single PBR. This raises the exciting possibility of proactively
“immunizing” a cultivation system with a beneficial or benign Consortia to establish a
healthy and productive niche microcosm, thereby reducing the ability of additional
detrimental heterotrophs from the environment to colonize feedstock cultures.

These results have shown that quantitative predictions yielding non-intuitive
insights can be generated using an artificial Consortia to simulate the bacterial PBR
contaminome under controlled lab conditions. To my knowledge, this is the first study
showing the effectiveness of artificial Consortia to study PBR contamination, and the
first study quantifying contribution of multiple interacting factors in suppressing PBR
contaminants. The value of quantitative prediction of contamination is highly valuable for
both ecological insight, and also for economic modeling of cost-to-benefit for synergistic
application of more costly antibiotic used with less expensive salt and alkalinity, and how
these variables influence biofuel yield.

I conclude that this study has been successful proof-of-concept showing the utility
of combining DNA sequence analysis, artificial consortia and statistical modeling in
generating quantitative and ecological insights into studying the PBR contaminome under
controlled lab conditions, which meets my goal for this project. This platform is modular
and versatile; it is readily compatible with experiments at larger scales and longer

durations, and applied to other contaminant Consortia such as cyanophage or eukaryotes.
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Finally, I note that the ease of monitoring laurate production as a response variable, and
the natural tolerance to commonly-used additives for suppressing contaminants at
industrial scales, makes a laurate secreting strain like this Synechocystis mutant an ideal
candidate as a model organism for the study of the synthetic ecology of PBR

contamination under controlled conditions.
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CHAPTER 6
SUMMARY, PERSPECTIVE, AND OUTLOOK

6.1 Research trajectory and decision checkpoints

This study was initiated on the strength of addressing two separate but related
knowledge gaps in the field of microbiology: one, an apparent dearth of studies in the
literature characterizing axenic phototroph biofilms, and two, the relevance of these
biofilms to the larger ongoing research initiative in producing biofuels from phototrophs.
Regarding the state of the literature, I originally (and naively) thought that the under-
developed state of axenic phototroph biofilm research relative to its scientific importance
was likely due to the “silo-ing” of medical microbiology and environmental microbiology
/ engineering into two different disciplines, each with a distinct set of methodologies. As
phototrophs belonged in the latter category, I reasoned, axenic biofilm studies, a
technique largely restricted to the former category, were not historically a priority. Thus,
I presumed (incorrectly) that applying familiar previously established methods from my
studies of heterotrophic bacteria to a model phototroph, Synechocystis, would enable a
substantive contribution to advancing the field of phototroph microbiology. This
presumption was initially bolstered by preliminary data collected within the first few
months of research showing axenic biofilm formation using the crystal violet assay.

However, | had great difficulty reproducing those preliminary results reliably in
subsequent years. Important clues (and key motivation not to abandon this project) came
from very thick and repeatedly occurring green biofilms growing in the roof-top
photobioreactor that replaced themselves with each reactor run and caused great

difficulty among PBR engineers for their continued removal and prevention (Figure 3.1).
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Discovery that using softened water in the preparation of the growth medium abated
biofilm formation in the roof-top PBR provided an important avenue of investigation into
nutrient signals being required for Synechocystis to form biofilms. I recapitulated this
finding at lab scale when a humidification flask was inadvertently omitted from a crystal
violet assay experiment, causing starter culture evaporation that increased nutrient
strength, which was then decreased when cultures were resuspended in 1.0x BG11.
Thus, with additional screening of additional growth parameters such as illumination
levels, temperature, shaking, evaporation rate, and others for optimization of this
modified crystal violet assay, I was able to demonstrate with statistical significance that
exponentially growing Synechocystis forms axenic biofilms in response to changes in
nutrient status.

At this point there was some suggestive evidence that a new paradigm in biofilm
research had potentially been uncovered, since studies previously characterizing
heterotrophs describe their ability to form biofilms in nutrient replete media using this
assay, whereas Synechocystis cannot. If this Synechocystis phenotype also holds true for
other phototrophs, it could certainly be a major contributing factor to why so few studies
of axenic phototroph biofilms have been published: previous researchers, including
myself, had only assessed phototroph biofilms in nutrient replete media, leading to
negative (and unpublished) results. However, the crystal violet assay grows cultures in
batch mode, during which time, increase of heterotroph (and phototroph) culture densities
certainly drive nutrient limitation, along with many other stress signals typical of
stationary phase. One could argue that the difference may be in terms of degree: whereas

growing in batch mode would create condition of nutrient limitation gradually over the
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course of the growth curve, rapid dilution of growth medium such as used in the adapted
crystal violet assay for Synechocystis may engender some sort of stress response driving
biofilm formation. Alternatively, perhaps the differences in metabolism between
phototrophs and heterotrophs resulted in different thresholds of sensitivity to nutrient
limitation during batch growth. Clearly, more information was needed.

Taking the advantage of Synechocystis cultivation in a defined growth medium
BGl11, I then proceeded to screen individual nutrients (phosphate, divalent cation metals,
nitrogen, carbon) at various dilutions, which did seem to increase biofilm formation
compared to nutrient-replete condition, but not reproducibly enough to demonstrate
statistical significance (data not shown). Furthermore, confocal microscopy revealed that
Synechocystis biofilms were rarely more than a monolayer (similar to a few other model
organisms for heterotroph biofilm studies); the scarcity of cellular material generated by
the modified crystal violet assay limited the ability to biochemically characterize these
biofilms. Therefore, I developed an aggregation assay using nutrient limitation, and was
able to determine that aggregation, which, like biofilm formation, requires cell-cell
binding, could be induced by change in nutrient status, and was dependent on bioenergy.
However, I was still unable to identify the signals driving aggregation, whether nutrient
limitation, or salt or osmotic stress that accompanies changes in nutrient strength, or other
signal(s).

More information was needed to uncover the environmental conditions and
genetic regulation of these phenotypes; for example, how they related to conserved stress
responses that occur during nutrient limitation, such as stringent response. Additionally,

although my library of mutants with altered cell surface structures demonstrated that the
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requirement for pili and S-layer for biofilm formation was conserved across heterotrophic
and phototrophic species, I was unable to detect the presence of a hypothesized aggregant
that enabled cell-cell binding through preliminary measurements of outer membrane
proteins and treatment with cellulase. I elected to perform an RNA seq transcriptome
experiment in order to be able to correlate internal regulatory changes with the incidence
of aggregation, to better understand how Synechocystis was interpreting and responding
to its environment.

The results of this RNA seq experiment provided strong preliminary evidence
that aggregation was occurring in the context of stringent response (SR), based primarily
on comparison of stringent response RNA seq data from a related cyanobacterium,
Synechococcus elongatus. Interestingly, S. elongatus undergoes SR upon shift to
darkness (without aggregation), whereas Synechocystis aggregation is dependent on light.
While these RNA seq data would need to be confirmed with additional lines of evidence
such as measurements of (p)ppGpp levels and assessment of deletion mutant SR and
aggregation phenotypes, the results are consistent with SR being linked to nutrient
limitation and aggregation in heterotrophic bacteria, and suggests than in bacteria with a
phototrophic metabolism such as S. elongatus and Synechocystis, light limitation is
analogous to nutrient limitation in heterotrophs. This is logical because in heterotrophs,
certain nutrients such as carbohydrates are also the cell’s energy supply; thus SR
response across all metabolic profiles could be under the umbrella of energy limitation.
Indeed, one of the hallmarks of SR is down-regulation of translation, because synthesis of

ribosomes is a very energy-intensive process, comprising 30-50% of cellular energy.
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In addition to providing an important clue linking aggregation, SR and
nutrient/light limitation, this study was also very useful for suggesting that in
cyanobacteria, while aggregation occurs with SR (in the light), SR does not necessarily
engender aggregation (in the dark), demonstrating that aggregation is regulated separately
from SR. While I did not identify the specific environmental signal responsible for either
aggregation or SR due to change in nutrient status, results suggest that I did make
progress by determining that there are two distinctly regulated (though obviously related)
signals and pathways between aggregation and SR, which helped to guide proposed
experiments to elucidate these pathways in the Conclusion of Chapter 4.

The final area of investigation returned to the starting point of Chapter 3, namely
the Synechocystis cell surface and how it related to the productivity of the roof-top PBR.
I investigated whether my library of mutants with missing cell surface structures, in
addition to having benefits related to a non-biofouling phenotype, might also lend a
genetic means of enhancing laurate yield by contributing less fixed carbon and nitrogen
for consumption by contaminants in the supernatant, compared to parent strains that shed
these cell surface structures into the growth medium. I additionally screened for the
effectiveness of salt, antibiotic and alkalinity in suppressing the growth of laurate-
consuming heterotrophic bacteria. While these mutants did not provide any detected
benefit regarding growth of contaminants, this study did demonstrate the effectiveness of
combining statistical modeling and artificial contaminant consortia to model the PBR
contaminome in the lab, and generate quantitative and qualitative predictions. These

findings suggested improving strategies for mitigating contamination in the roof-top PBR
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by choosing combinations of additives or conditions informed by molecular mechanisms
of tolerance of tolerance and/or growth by contaminants (discussed in more detail below).
6.2 Interpretation of findings in the context of current paradigms of heterotrophic
bacterial biofilm formation

At the conclusion of this research topic, I revisited my original speculation about
the dearth of studies of axenic phototrophic biofilms. Was this truly a “low-hanging fruit”
on the tree of microbiology research, that is easy to study but had simply been neglected
previously, or is the paucity of publications an indication that phototrophs engender a
new paradigm in bacterial biofilm formation, and thus a more challenging topic to
“harvest”? One of the more interesting findings in my studies of axenic Synechocystis
aggregation was that the mutant wza, which makes only 25% of the cell-bound EPS of
WT cells under nutrient replete conditions (121), has a super-binding phenotype when
shifted to reduced nutrient strength. Furthermore, unlike WT, wza mutants settle out of
solution in standing nutrient-replete cultures.

In the Chapter 3 Conclusion, I described a model of cell-cell binding in
Synechocystis that is regulated by two different mechanisms depending on whether
nutrient status was replete or not, and that the role of Wza-dependent EPS in
Synechocystis under nutrient-replete conditions seemed to be related to keeping the cells
in suspension (cell-cell repulsion). This represented a new (and opposite) role for Wza-
dependent EPS, which previously had only been described as contributing to increased
cell binding in heterotrophs. Additionally, this new feature would explain why, unlike the
heterotrophs I and others had previously studied with the crystal violet assay,

Synechocystis required a shift to nutrient deplete conditions, which might have led many
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researchers to conclude from preliminary data in nutrient replete conditions that
phototrophs cannot form biofilms by themselves. The fact that diverse species of
cyanobacteria have EPS that share the common feature of being negatively charged due
to presence of uronic acids and sulfate groups uncommon in other bacteria (110, 111,
115) suggest that the role of EPS in keeping cyanobacteria dispersed under nutrient
replete conditions may be widely conserved, and indeed represent a new paradigm that
distinguishes phototrophs from heterotrophs in how they use EPS, and thus the
requirement of nutrient limitation to shift to a cell-binding phenotype. Furthermore, it
may explain why Synechocystis only forms a monolayer or so during biofilm formation,
similar to C. crescentus, which cannot bind to itself due to special surface properties, and
only forms a monolayer (though a very strong one), on glass coverslips. If this reasoning
is correct, it would suggest that the different role of S-layer in biofilm formation
(essential) vs aggregation (not essential but does contribute) may be due to different
mechanisms of adhesion between these two phenotypes. Using the modified crystal violet
assay to screen additional phototrophic bacteria is necessary to address these questions.
6.3 Follow-up studies to extend the most significant findings of this research

How do I put these phenotypic differences in the context of the divergent
lifestyles and metabolisms of these bacteria, and what do these differences tell us about
the evolution of biofilm formation and its role in bacterial pathogenesis? An exciting
recent discovery that could be used to study these questions was the identification of a
non-photosynthetic group of bacteria, termed Melainabacteria, assigned to the
Cyanobacteria phylum based on genome sequence (41). This discovery is in line with all

other phyla known to contain phototrophs also containing non-phototrophic members;
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related studies in this area recommend cyanobacteria be assigned a new class termed
Oxyphotobacteria. Although this bacterium cannot yet be cultured axenically in the lab, it
could provide an important missing link in comparative biology studies of the function
and evolution of biofilm formation between cyanobacteria and heterotrophs. For
example, if a feature was found that was conserved between Melainabacteria and
Synechocystis biofilm formation but not found in the much more recently evolved E. coli,
it may enable identification of novel molecular targets for therapeutic treatment of
infections that would not be identified when comparing biofilm mechanisms between
closely related bacterial pathogens such as S. enterica and E. coli. Additionally,
Melainabacteria is a heterotrophic fermenter, and fermentation metabolism predates the
evolution of photosynthesis. This could provide the tools needed to study how the
evolution of metabolism and the evolution of biofilm formation interacted, a potentially
rich and under-studied area related to basic science and applied bioremediation.

Another area for future development relates to the crystal violet assay. Perhaps
because of its cell-cell repulsion phenotype, Synechocystis did not form very thick or
extensive biofilms using the adapted crystal violet assay, which is different from the
results of this assay with heterotrophs. Thus, it may be necessary to develop additional
formats for harvesting larger amounts of biofilm for biochemical and transcriptome
analysis, instead of relying on the related aggregation assay. The glass tube format of the
roof-top PBR worked very well for growing thick green biofilms, which could be due to
the much larger culture volume, and/or the semi-chemostatic mode of operation. A
bench-top-scale version of similar glass-tube format compatible with microscopy may be

beneficial for studying biofilm structure over time. The company Biosurface Technology
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Corporation has previously made customized, autoclavable reactors for the study of
epilithic mixed species phototrophic biofilms, and would be a good resource for
developing a customized reactor for planktonic format axenic phototrophic biofilms
(267). This would be beneficial both for biofilm PBR applications, and developing the
basic biology of phototrophic biofilms. Because heterotrophic bacteria get their energy
from nutrients (inside the reactor), whereas phototrophs get their energy from light
(outside the reactor), the available designs for off-the-shelf biofilm reactors are not ideal
for phototrophs. Based on the information presented in this dissertation, some form of
customized biofilm reactor will likely be essential for the development of Synechocystis
or similar bacterium as a model organism for axenic phototrophic biofilm formation to
reach its full potential, in line with heterotrophic biofilm research. These methods should
be developed in parallel with study of biofilm formation by other phototrophs, such as
nitrogen-fixing cyanobacteria.

Finally, I return to the topic of synthetic ecology of the PBR contaminome. The
challenge of managing PBR ecology is perhaps the most daunting and significant
challenge in large-scale production of microbial biofuels, and likely requires a
multivariate approach combining anti-contamination strategies wih more “probiotic”
approaches of engineered polycultures for a total ecology management system (268).
Engineering the niche of the PBR for healthy and productive feedstock cultures means
developing multiple mutually compatible approaches fundamentally different than
industrial microbiology historically using sterilization and antibiotics to maintain pure
cultures, but provides opportunities to substitute environmentally sound approaches to

replace intensive use of antibiotics. These studies highlighted the importance of
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developing contaminant-management strategies that are informed by understanding the
molecular mechanisms and genetic regulation of heterotroph physiology.

A promising idea attempted in my lab previously is the use of nutritional
immunity to selectively enrich Synechocystis growth at the expense of contaminants.
Nutritional immunity comes from the field of medical microbiology and describes the
strategy of the host to sequester essential nutrients (often metals) to limit the growth of
pathogens; pathogens have also been shown to use the same strategy to out-compete
other microbes in the host microbiome (reviewed in (269-271). The utility of this
approach in managing contamination of microbial biofuel cultures has been recently
reported in several strains (272), such as engineering E. coli to use melamine as a sole
nitrogen source, or yeast to use phosphite as a source of phosphorous, both of which are
metabolic capabilities not widely found in nature. This has the added advantage of
providing a method of biocontainment of engineered feedstocks, as sources of melamine
and phosphite are rare in the environment.

Future studies should be conducted to combine the techniques of nutritional
immunity, along with engineered probiotic consortia and strategic combinations of
additives. This project would require several stages, including development of a
nutritional immunity system for Synechocystis based on an essential nutrient that is not
released in appreciable quantities into the supernatants of growing cultures, or whose
uptake by contaminants can be repressed in some controlled way. Next, a group of
genetically tractable heterotrophs that are beneficial or at least benign when grown in co-
culture with Synechocystis would need to be identified. Such a probiotic consortia may

benefit culture health in a number of ways, including increased stability of the PBR

121



ecosystem against environmental perturbations, potentially including the ability to resist
colonization by additional heterotrophs, as well as providing Synechocystis with CO»
from heterotroph respiration. These probiotic strains could then be engineered to have
reduced SMPs, such as with a wzc mutation that was shown in Synechocystis to have
reduced production of RPS. Finally, these probiotic candidates would be engineered to
have a similar nutritional immunity and additive tolerance profile as Synechocystis, but
without competing with Synechocystis for other limiting nutrients.

With this example, I have returned to the opening theme of nature-inspired
design, and the overlap in human endeavors of microbiology between topics of medicine
and of sustainability, derived from the remarkable capacity of bacteria to encompass a
huge diversity of metabolisms while reusing the structural format of a single cell; and so

conclude this dissertation.
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 1: Hypotheticals

1 sr0272  5.0142  0.0002 conserved unknown
hypothetical

2 ssr2843 4.9496 0.0147 COHS@W?d Tryptophan-rich conserved hypothetical
hypothetical

3 slr0443 4.6126 0.0004 i unknown
hypothetical

4 s110944 4.2472 0.0052 COHSCW?d conserved domain of unknown function
hypothetical

5 s110376 3.7784 0.0023 conserved unknown
hypothetical

6 s110442 3.5440 0.0051 conserved unknown
hypothetical

7 s111338 2.6673 0.0201 conserved unknown
hypothetical

8 sl10676 2.5492 0.0377 COHS@I’V?d GxWxG domain conserved hypothetical
hypothetical

9 slr0587 2.4653 0.0306 COHSCW?d possible hydrolase conserved domain
hypothetical

10 5110481 2.4377 0.0451 conserved unknown

hypothetical



4!

Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 1: Hypotheticals

1 ssr1528  5.0142  0.0543 conserved conserved hypothetical
hypothetical

12 s1r0668 4.9496 0.0467 conserved conserved hypothetical
hypothetical

13 sIf0971  4.6126  0.0465 conserved conserved hypothetical
hypothetical

14 s110181 42472 0.0360 conserved conserved hypothetical
hypothetical

15 s111698 3.7784 0.0321 conserved conserved hypothetical
hypothetical

16 5111240 3.5440 0.0302 conserved conserved hypothetical
hypothetical

17 s111606 2.6673 0.0190 conserved conserved hypothetical
hypothetical

18 sIr1907  2.5492 0.0179 conserved conserved hypothetical
hypothetical

19 sIf0921  2.4653 0.0162 conserved conserved hypothetical
hypothetical

20 5512009 2.4377 0.0340 conserved conserved hypothetical

hypothetical



051

Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 1: Hypotheticals
21 sIr0325  -3.6984  0.0031 conserved MEKHLA domain.
hypothetical
oY) s110364 -4.0065 0.0090 conserved conserved domain of unknown function
' ' hypothetical
23 ss13829 -4.5098 0.0032 conserved conserved domain of unknown function
' ' hypothetical
24 sI1236  -4.9288  0.0001 conserved unknown
hypothetical
25 sl11853 -4.9809 0.0004 conserved conserved domain of unknown function
) ’ hypothetical
26 ss13446 _5.4443 0.0004 conserved conserved domain of unknown function
) ’ hypothetical
27 ss12551 -6.7090 0.0004 conserved conserved domain of unknown function
' ’ hypothetical
Category 2: Transposases (transposon motility)
28 ss12227  5.7731 0.0000 5512227 putative transposase
putative transposase [ISY802a: 852462 -
29 sl11791 3.6889 0.0158 ISY802a

853369]



Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
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Category 2: Transposases (transposon motility)

putative transposase [ISY523o(partial copy):

30 ssr2227 5.7731 0.0000 ssr2227 2225804 - 2226597]
putative transposase [ISY 120f(partial copy):
31 sl11791 3.6889 0.0158 ISY802a 664387 - 664775]
i putative transposase [ISY352a(partial copy):
32 sl11861 2.4027 0.0413 ISY5230 572672 - 572905]
33 <110986 37133 0.0025 1SY120f putative transposase [ISY120b: 1385747 -
' ' 1386548]
34 $s13452 37356 0.0028 1SY352a putative transposase [ISY523c: 1513158 -
' ' 1514023]
Category 3: Nutrient Transport / Uptake
35 cysT 3.2375 0.0160 cysT sulfate transport system permease protein
manganese transport system ATP-binding
36 mntA 2.9193 0.0138 mntA protein MntA
37 cemL 27908 0.0221 cemL carbon dioxide concentrating mechanism

protein Ccm

38 mgtC 2.6197 0.0244 mgtC Mg2+ transport ATPase



4!

Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 3: Nutrient Transport / Uptake
39 s1r1492 26099 0.0307 fecB iron(I1T) dlCltI‘at? trgnsport system substrate-
binding protein
40 s110409 2.4756 0.0354 menC similar to O-succinylbenzoate-CoA synthase
41 slr1261 23976 0.0356 Rhodgngse-related sulfurtransferage
[Inorganic ion transport and metabolism]
42 glcP 2.3647 0.0393 glcP, gtr, tgr glucose transport protein
43 amtl 2.2570 0.0458 amtl, amt ammonium/methylammonium permease.
Integral membrane protein of the ABC-type
44 natD -2.2678 0.0469 natD Nat permease for uptake of neutral amino
acids NatD
45 slr1978 -2.8267 0.0155 Cobalt transport protein
i cupA, chpY, protein involved in low CO2-inducible, high
46 sl11734 2.9221 0.0117 sl11734 affinity CO2 uptake
47 CysA -3.5954 0.0028 CysA sulfate transport system ATP-binding protein
48 sl10732 -2.7804 0.0213 Carbonic anydrase converts CO2 to

bicarbonate.
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function

Category 4: Salt / osmotic / pH / redox stress response; nutrient limitation tolerance and/or adaptation

signal transduction: regulatory subunit of

49 s110594 3.9714 0.0018 cAMP-dependent protein kinase.
50 s1r0623 24172 0.0347 A th10re;dox1n regulates rgdox status durmg
transition to or from acive phoosynhesis.
51 cysH -2.3242 0.0409 cysH phosphoadenosine phosphosulfate reductase
UPF0016 superfamily conserved
32 ssr1558 23643 0.0424 hypothetical. Putative Ca2+/H+ antiporter.
53 hisB 22,6099 0.0307 hisB two-component responsp regulator OmpR
subfamily
54 s112010 9301 0.0145 mrpE Na+/H+ sodium exporter in alkalophilic
Bacillus
55 s1r0530 _4.1689 0.0033 0gtC glucosylglycerol transpgrt system permease
protein
Thiol-disulfide isomerase or thioredoxin
>6 s110685 -6.1098 0.0013 [Posttranslational modification, s]
57 SII318  -7.5408  0.0001 Putative CaZ+/H+ antiporter,

TMEM165/GDT1 family

58 smtB -5.5004 0.0003 ziaR Represses zinc sequestration.
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC 2 PValue Homology Function
Category 5: Biomolecule export

59 slr1046 2.4887 0.0313 pilA3 putative TatA protein

60 pilA4 3662 0.0425 aspG Group 4 pilin-like protein, or general secretion
pathway protein G

61 slr1819 -3.5321 0.0031 rftM Uncharacterized protein Yjbl

62 slr0516 -4.7106 0.0168 rfrD Secreted effector protein PipB2

Category 6: Glycosyltransferase and methyltransferase and N-acetyltransferase

63 sl11173 2.3455 0.0543 methyltransferase, FkbM family

64 slr1537 2.1863 0.0527 Glycosyltransferase family A.

65 sll1664 -2.2384 0.0479 Glycosyltransferase, GT2 family.

66 s1r1039 25300 0.0310 S-adenosylmethionine-dependent
methyltransferases.

67 crtE -2.5575 0.0254 crtE solanesyl diphosphate synthase
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 6: Glycosyltransferase and methyltransferase and N-acetyltransferase
68 icsA -2.6996 0.0272 icsA probable glycosyltransferase
Uncharacterized conserved protein YtfP,
69 slr0491 -5 1802 0.0007 gamma-glutamylcyclotransferase
i putative N-acetyltransferase, MSMEG 0567
70 s110786 74170 0.0001 N-terminal domain family (GNAT family)
Category 7: ABC Transporters
71 ycfl6 -2.3710 0.0364 sufC ABC transporter ATP-binding protein
7 s1r0610 5 4308 0.0379 eviC ABC-type uncharacterized transport system,
' ' permease component
73 sl11623 -3.0594 0.0117 ndhM ABC transporter ATP-binding protein
Category 8: Sigma factors and signal transduction and transcription regulators
signal transduction: cAMP-binding domain
74 sl11169 3.5048 0.0120 of CRP
75 <110241 27168 0.0200 Periplasmic ligand-binding sensor domain

[Signal transduction mechanisms).
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function

Category 9: Energy / transport (ATP, NAD(P)H, cytochromes, ferrodoxin, chlororespiration

light-independent protochlorophyllide

76 chil 34196 0.0039 chiL. reductase iron protein subunit ChlL
77 gdhA 3.1509 0.0080 gdhA glutamate dehydrogenase (NADP+)
light-independent protochlorophyllide

78 chIN 3.1434 0.0073 chIN reductase subunit ChIN
79 sl10572 3.1169 0.0083

phosphoribosylaminoimidazole carboxylase
80 purK 3.0109 0.0100 purK ATPase subunit
81 petF 2.7699 0.0163 petF ferredoxin, petF-like protein

short-chain dehydrogenase/reductase with

82 sl11308 2.6806 0.0346 NADP binding site
83 petL 2.5553 0.0271 petL cytochrome b6f.
84 sl11504 -2.2519 0.0475 HAS domain

85 glcF -2.3702 0.0381 glcF glycolate oxidase subunit, (Fe-S)protein
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 9: Energy / transport (ATP, NAD(P)H, cytochromes, ferrodoxin, chlororespiration
86 mrpC -2.5675 0.0252 mrpC hypothetical protein
g7 s110088 9 6089 0.0229 sufR .hypothe‘u'cal prote'm.'lron-sulfur cluster
biosynthesis transcriptional regulator SufR
88 petM -2.7065 0.0456 petM cytochrome b6-f complex subunit PetM
89 slr0091 -2.9776 0.0108 NAD(P) binding site
90 nadD -3.1327 0.0089 nadD hypothetical protein
91 s110509 4333 0.0006 ATP adenylyltransferase [Nucleotlde
transport and metabolism]|
92 ssl3451 -5.7963 0.0024 sipA chlororespiratory reduction
Category 10: Transcription and translation machinery
93 trnY 6.6955 0.0004 amino-acyl tRNA biosynthesis for tyrosine
94 pl29 3.1827 0.0075 rpmC 50S ribosomal protein L29
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function

Category 10: Transcription and translation machinery

95 s1r0033 3.9511 0.0013 s1r0033 glutamyl-tRNA(GIn) amidotransferase

subunit C
96 ssl2781 3.6345 0.0058
97 purN 29396 0.0123 purN phosphoribosylglycinamide
' ’ formyltransferase
98 pyrH 2.8953 0.0130 pyrH uridine monophosphate kinase
99 el 27011 0.0210 el phosphoribosyl formylglycinamidine
P ) ’ P synthase
100 <110546 26015 0.0240 putative rRNA binding site [nucleotide
) ’ binding]; translation initiation factor
101 IrtA 2.5755 0.0308 hpf light repressed protein A homolog
102 thrC -2.2346 0.0485 thrC threonine synthase
103 {rpF 9871 0.0504 (rpF N-(5-phosphoribosyl)anthranilate isomerase.

Anthraniline is an amino acid.

104 nifS -2.3512 0.0381 sufS cysteine desulfurase
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 10: Transcription and translation machinery
105 tyrS -5.5486 0.0039 tyrS similar to tyrosyl tRNA synthetase
106 trnL -6.4674 0.0006 amino-acyl tRNA synthesis, leucine
homolog of an alternative nucleoside tRNA
107 exsB 27403 0.0284 exsB that promostes translation continuity.
Category 11: Phage stress response, toxin-antitoxin defense, other stress response
108 slr0725 5.4645 0.0004 toxin from toxin-antitoxin system
109 slr0244 43097 0.0007 UspA putative USP-like, Usp: Universal stress protein
) ’ family.
110 comB 3.4894 0.0041 2-phosphosulfolactate phosphatase.
11 slr1912 21914 0.0520 anti-sigmaF factor. SigmakF is group 3 stress
' ' response.
112 smoB 9706 0.0453 smpB SsrA-binding protein. Trans-translation for
P ' ' p stalled ribosome recovery mechanism.
13 S110162 73605 0.0387 phage shock protein A (IM30), suppresses

sigmaS4-dependent transcription



Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function

091

Category 10: Transcription and translation machinery

Predicted nuclease of the RNAse H fold,

H4 5510336 25542 0.0261 HicB family [Defense mechanisms]
115 s110687 58049 0.0227 sigl. Group 3 sigma factor related to stress
response
116 s112100 3078 0.0162 1e20 two-component response regulator of UV-B
sress response
117 hspl7 39950 0.0052 hspA heat shock protein }(nown to be highly
expressed in the dark.
118 ssr2067 -3.3355 0.0058 Predicted RNAse H [Defense mechanisms]
119 s111400 37070 0.0032 Predlf:ted m'lcleas'e, cgntams PIN domain,
potential toxin-antitoxin system component
120 vapB -3.9668 0.0051 vapB virulence-associated protein
High expression levels under heat stress and
121 vapC -7.1379 0.0001 vapC. in the absence of light
122 cbiC 8.0565 0.0000 cobH cobalt-dependent transcriptional regulator.

Shown to confer tolerance to ethanol.
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 12: Phototrophy

123 psaD 3.0203 0.0094 psaD photosystem I subunit II

124 apcB 2.9054 0.0121 apcB allophycocyanin beta subunit

125 slr0146 2.8666 0.0132

126 psal 2.4379 0.0319 psal photosystem I subunit XI

127 apcE 73336 0.0392 apcE phycobilisome core-membrane linker
polypeptide

128 apcA 2.3205 0.0403 allophycocyanin.

Uncharacterized conserved protein,
129 slr1870 -2.6937 0.0219 LabA/DUFSS8 family
Category 13: Cell wall modification; appendage biogenesis

130 s110501 59736 0.0443 Bactoprenol Glugosyl trapsferase. Cell wall
biogenesis.

131 <0769 95971 0.0235 Lipoprotein-anchoring transpeptidase ErfK

[Cell wall/membrane/envelope biogenesis]
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function

Category 13: Cell wall modification; appendage biogenesis

132 sl11834 -2.6540 0.0244 flagellar basal body-associated protein FliL
Haemolytic domain. membrane protein

133 ss10331 -2.8704 0.0164 insertion efficiency factor YidD

134 s110886 -3.8177 0.0017 Uncharacterized membrane protein YozV

135 s1r0061 38938 0.0020 protein-protein interaction motif

tetratricopeptide repeat

Category 14: central carbon metabolism

136 sucC 2.8476 0.0139 sucC succinyl-CoA synthetase beta chain

137 sl10445 2.4920 0.0286 PPsA, pps phosphoenolpyruvate synthase

Dephospho-CoA kinase [Coenzyme transport

138 slr0553 -2.2098 0.0523 and metabolism]

the first ATP-generating step of the

139 pgk -4.0513 0.0009 pgk glycolytic pathway
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 15: Secondary metabolism: vitamin B, terpenes, others.
140 moaE 3.4136 0.0249 moaE molybdopterin (MPT)' converting factor,
subunit 2
141 pdxH 2.6007 0.0263 pdxH pyridoxamine 5-phosphate oxidase
orotidine 5 monophosphate decarboxylase,
142 pyrE 2.3354 0.0298 pyrF nucleoside intermediate
creatinine amidohydrolase involved in
143 slr0396 2:4296 0.0343 riboflavin and F420 biosynthesis
144 entC 99936 0.0460 menF salicylate biosynthesis isochorismate
synthase
145 degT -2.5339 0.0279 degT pleiotropic regulatory protein homolog
146 sl10787 -2.9869 0.0110 AIR synthase-related protein, sl10787.
147 s110403 _4.8204 0.0005 Catalytic NodB homology domain Qf the
carbohydrate esterase 4 superfamily.
148 cbiM -6.6336 0.0000 cbiM cobalamin biosynthesis protein M
149 slr0953 -2.5231 0.0294 spsB sucrose-phosphate phosphatase
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 15: Secondary metabolism: vitamin B, terpenes, others.
150 ipk 27161 0.0200 ipk isopentenyl monophosphate klnase?, biosynthesis of
terpenes and terpenoids.
Category 16: DNA replication, recombination, repair
151 ss12789 5.3312 0.0001 similar to resolvase
152 sl10544 -2.5270 0.0278
153 phr -2.7315 0.0200 phrA DNA photolyase. Light-dependent DNA repair
154 ruvB -7.5349 0.0001 ruvB Holliday junction DNA helicase RuvB
Category 17: Cell division / cell cycle control
155 slr1478 2 4736 0.0367 SpolIM Uncharacterized membrane protein [Cell cycle

control, cell division, chromosome partitioning]
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Table A.1: Differentially expressed genes grouped by categories of gene function.

Entry Gene logFC ? PValue Homology Function
Category 18: Proteases, hydrolases, nucleases
156 slr0287 2.6075 0.0257 Predicted RNA-binding protein YlqC
157 s1r0709 23286 0.0472 reactive 1ntermed1ate/1m1ne deaminase.
Endoribonuclease.
158 Slr0241 29467 0.0484 Zn-dependent protegse with chaperone
function
159 sl10914 -2.4124 0.0354 GDSL-like Lipase/Acylhydrolase
160 slr1636 -2.6501 0.0391 Predicted metal-dependent hydrolase
nanoRNase/pAp phosphatase, hydrolyzes c-
161 s110639 -2.8266 0.0146 di-AMP and oligoRNASs.
162 slr1827 -2.9925 0.0128 hydrolase, alpha/beta fold family protein
163 xthA -4.8263 0.0016 xthA exodeoxyribonuclease 111
164 nth -6.5196 0.0005 nth endonuclease III
165 mutT -7.2019 0.0001 mutT mutator MutT protein

a LogFC is the log)o fold change of the fragments per kilobase of exon per million fragments mapped (FPKM).



Table A.2: All Synechocystis genes predicted to be up-regulated during stringent response.
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Entry Gene logFC ? PValue Homology Function
1 6.6955 0.0004 trnY amino-acyl tRNA biosynthesis for tyrosine
2 slr0244 4.3097 0.0007 UspA putative USP-like, Usp: Universal stress protein.
3 slr1492 2.6099 0.0307 fecB iron(11I) dlcltrat§ trgnsport system substrate-
binding protein
4 LtA 55755 0.0308 hpf light reprgssed protein A hqmolog; ribosome
hibernation promotion factor
5 sl10445 2.4920 0.0286 PPsA, pps phosphoenolpyruvate synthase
6 slr0623 24172 0.0347 trxA protein disulfide oxidoreductase activity
7 <1r0009 1.5936 0.1495 hel ribulose bisphosphate f:arboxylase large
subunit
8 slr1106 1.1892 0.2780 phb prohibitin
9 sl11898 1.1383 0.2970 ggtA salt tolerance

10 ctaB 1.0907 0.3177 sl11899 cytochrome c oxidase folding protein
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Table A.2: All Synechocystis genes predicted to be up-regulated during stringent response.

Entry Gene logFC ? PValue Homology Function
11 gidB 0.3061 0.7796 glucose inhibited division protein B
12 slr1428 0.0891 0.9342
13 katG 0.0465 0.9659 catalase peroxidase
14 clpB -0.1261 0.9071 ClpB protein
15 s110247 -0.1422 0.8953 1siA iron-stress chlorophyll-binding protein
16 slr1452 ~0.1845 0.8646 spbA sulfate transport spyrs;::er?nsubstrate-binding
16 slr1139 -0.2244 0.8657 trx thioredoxin
18 slr1516 -0.6238 0.5733 sodB superoxide dismutase
19 slr0955 -0.7311 0.5019
20 slr1390 -0.7589 0.4840 ftsH cell division protein FtsH
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Table A.2: All Synechocystis genes predicted to be up-regulated during stringent response.

Entry Gene logFC ? PValue Homology Function
21 slr0955 -0.9185 0.3997 probable tRNA/rRNA methyltransferase
22 slr1739 -0.9711 0.3725 psbW photosystem II 13 kDa protein homolog
23 ss11633 -1.5338 0.1664 hliC high light-inducible polypeptide HIiC
24 sl11911 -1.8061 0.1040 elongation factor EF-G
25 slr1184 -1.9940 0.0746 atpG ATP synthase subunit b
26 slr1639 -2.0594 0.0662 smpB
27 pilA4 -2.1053 0.0769
28 petM -2.2706 0.0453
29 ssl1911 -2.5905 0.1040 gifA glutamine synthetase inactivating factor IF7
30 sll1514 232950 0.0052 hspA 16.6 kDa small heat shock protein, molecular

chaperone
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Table A.3: All Synechocystis genes predicted to be down-regulated during stringent response.

Entry Gene logFC ? PValue Homology Function
Category 2: Genes predicted to be down-regulated during stringent response
1 ssl13436 3.1827 0.0075 pl29 508 ribosomal protein L29
2 slr1986 2.9054 0.0121 apcB allophycocyanin beta subunit
3 slr0146 2.8666 0.0132 phycobillisome
4 sl11198 2.4669 0.0312 trmD tRNA (guanine-N1)-methyltransferase
5 s111452 13017 0.2370 artC nitrate/nitrite transport system ATP-binding
protein
6 s110070 0.6038 0.5776 purU phosphoribosylglycinamide
formyltransferase
7 slr1348 0.1380 0.8986 cysE serine acetyltransferase
8 slr1512 0.1042 0.9239 sbtA sodium-dependent bicarbonate transporter
9 sli1112 0.0518 0.9618 aroQ 3-dehydroquinate dehydratase
10 -0.0609 0.9563 1ibG putative riboflavin-specific deaminase
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Table A.3: All Synechocystis genes predicted to be down-regulated during stringent response.

Entry Gene logFC ? PValue Homology Function
11 slr1842 -0.0975 0.9282 cysK cysteine synthase
12 slr1512 -0.1028 0.9241 slr1512 sodium-dependent bicarbonate transporter
13 slr1653 -0.4094 0.7059 ama N-acyl-L-amino acid amidohydrolase
14 -0.8506 0.4439 trmB tRNA methyltransferase
15 sl11509 -1.3493 0.2223 ycf20 hypothetical protein YCF20
16 S1r0041 _1.5888 0.1514 cmpB bicarbonate tran;f;retirslystem permease
17 slr1197 -2.0134 0.0759 slr1197 SMF protein
18 slr2007 -2.0398 0.0710 ndhD5 NADH dehydrogenase subunit 4

a LogFC is the logo fold change of the fragments per kilobase of exon per million fragments mapped (FPKM).
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WT s-layer pilC wza

Figure B.1. Genes for S-layer, Wza are not required for phototactic motility.
The pilC mutant is a negative control, known to be impaired for pili-dependent twitching motility of
phototaxis.
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In which orgenisms is my protein conserved ?
Functional partners often have similar occurrence patterns.
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Figure B.2. STRING Occurrence View output for NhaA.

Output for NhaA is described by heat map indicating % homology. Cut squares signify that
NhaA occurs in some but not all taxa within a clade along the left vertical axis. Uncut squares
indicate NhaA is conserved across all the taxa in the clade. Functional partners to NhaA are
listed to the right along the x-axis.
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Figure B.3. Weighted average number of KEGG markers per growth condition.

Contribution of total number of markers was weighted by relative abundance of its phylotype in all
samples. These weighed numbers were then binned into either the treatment or control condition to
calculate the average number of markers per condition, weighted by relative abundance of marker-
bearing phylotypes in that condition.
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