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Abstract

Cyanobacteria are photosynthetic microorganisms whose metabolism can manipulated to produce
industrially relevant molecules. This work applied a theoretical understanding of cyanobacterial photon
utilization and carbon dioxide fixation to guide the design of efficient and safe scaled-up cyanobacterial
bioprocesses. First, a theoretical framework and experimental conditions were developed for
understanding and comparing cyanobacterial growth and product secretion with light as the sole-limiting
substrate. The resulting framework is useful for scaling growth and product secretion in culture vessels of
differing geometry. Second, a theoretical model of the cyanobacterial CO; concentrating mechanism
(CCM) was developed to understand situations in which CO, can become a limiting substrate in wild type
cyanobacteria and mutants lacking the CCM. Finally, this understanding of CO,-limitation was used to
develop a CCM-disruption based genetic containment mechanism for cyanobacteria. The resulting
CCM-lacking cyanobacteria were unable to propagate in ambient air but grew and produced secreted
molecules at the same rate as CCM-containing cyanobacteria when grown in 5% CO,, an environment

which could be created in an industrial process using CO, waste streams.
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Chapter 1: Motivation and Goals

1.1. Mitigating Climate Change Under Land Use Constraints

The Intergovernmental Panel on Climate Change has stated that warming of the climate system is
clearly the result of human activities and recommends limiting warming to less than 2°C relative to pre-
industrial conditions by reducing greenhouse gas emissions to prevent severe, pervasive, and irreversible
impacts for people and ecosystems (IPCC 2014). Towards this goal, first-generation biofuels like corn
ethanol have been proposed as “carbon neutral” alternatives to petroleum fuel sources. However, large
scale production of biofuels from crops would actually increase greenhouse gas emissions relative to
petroleum sources due to land use changes as forest and grassland are converted to new
cropland (Searchinger et al. 2008). Political limits on atmospheric CO, concentration while including
emissions from land use change is predicted to increase afforestation and decrease the available cropland
resulting in increased food prices (Wise et al. 2009). Consequently, methods for increasing photosynthetic
production that fall outside these constraints of land use are essential to mitigating climate change while
feeding a growing population.

Like plants, cyanobacteria can be cultivated photoautotrophically such that they produce organic
carbon directly from CO, and sunlight. Like many crops, cyanobacteria store organic carbon by
accumulating starch (in the form of glycogen) which can easily be processed into soluble sugars for
heterotrophic bioprocesses like yeast ethanol fermentation (Aikawa et al. 2014; Méllers et al. 2014; Song
et al. 2016). In addition, their metabolism can be manipulated to produce fuel molecules (Liao et al. 2016)
and commodity chemicals (Angermayr, Gorchs Rovira, and Hellingwerf 2015) directly. While plants utilize
nutrients from the rich soil surrounding their roots, cyanobacteria consume nutrients from the
surrounding aqueous medium. This allows potential cultivation of cyanobacteria on traditionally non-

arable land using seawater supplemented with nutrients from waste sources (Korosh et al. 2017), thus



increasing photosynthetic productivity without the land use problems inherent in first-generation biofuel
processes.

This work investigates process factors affecting the implementation and scale-up of photoautotrophic
cyanobacterial cultivation processes. The two major costs affecting bioprocess economics are (1) the
product stream composition entering downstream processing and (2) capital costs associated with
microbial cultivation (Yenkie et al. 2016; Yenkie, Wu, and Maravelias 2017). To reduce these costs, a
cyanobacterial cultivation process should seek to maximize productivity and final concentration of
products of interest while minimizing the costs of cultivation equipment. Outdoor open ponds are the
least capital intensive cyanobacterial cultivation vessel and were therefore the target implementation
considered in this work.

The work described in this work addresses two important issues associated with outdoor open pond
cultivation of cyanobacteria. First, towards maximizing areal productivity and final concentration of
products of interest we developed and evaluated a theoretical framework for the analysis of
cyanobacterial growth and product secretion when light is the sole limiting substrate (Figure 1.1A).
Second, as open ponds risk introduction of industrial cyanobacterial strains to nearby natural ecosystems
we developed a containment mechanism for cyanobacteria by exploiting the CO,-concentrating

mechanism (CCM) to introduce a requirement for high CO, concentration (Figure 1.1B).



A

Maximize Productivity and Titer | Containment of Genetically
(Photon Utilization Efficiency) Modified Cyanobacteria

Figure 1-1. Project Overview. This work focused on two areas of study related to open pond cultivation of
cyanobacteria. (A) Cyanobacterial growth and chemical production were studied in the presence of excess soluble
nutrients to maximize photon utilization efficiency. (B) A containment mechanism was developed for
cyanobacteria in which a high CO2 concentration requirement was introduced to prevent propagation outside of
a high CO: industrial environment.

1.2. Project Overview

Chapter 2 provides a critical review of the literature beginning with a comparison of heterotrophic
and photoautotrophic cultivation processes to highlight key differences that motivate the focus of this
research. The theory of bacterial growth and bioenergetics is reviewed to give context for investigation of
light-limited or CO,-limited growth. Background is provided into experiments performed on light-limited
growth of photoautotrophic organisms in continuous culture. An overview of CO, utilization in
cyanobacteria is provided including the CO;-concentrating mechanism.

Chapter 3 investigates light-limited growth and chemical production of cyanobacteria in batch culture.
We first identify experimental conditions in which light is the sole limiting substrate. We then discuss a

theoretical framework capturing the phenomena that drive the phases of light-limited growth in batch



culture. We then present demonstrative experiments to understand the key factors affecting photon
utilization efficiency.

Chapter 4 provides a model for CO,-limited growth in cyanobacteria with an emphasis on the function
of the CCM. We investigate the dependence of CO,-fixation potential on the concentration of inorganic
carbon in the media for wild type cyanobacteria as well as a mutant lacking the CCM to understand the
required CO; concentrations for industrial cyanobacteria cultivation.

Chapter 5 investigates a containment mechanism based on the results of the modeling work
described in Chapter 4. The proposed mechanism creates a requirement for high CO, concentration by
eliminating essential CCM genes. The resulting mutants thrive in a high CO, environment, but are unable
to propagate in ambient CO; conditions.

Chapter 6 provides a summary of the results, reflecting on the work described in the previous chapters
and providing ideas of future directions.

Appendix A describes the development of photobioreactor systems used in some experiments
described in this work.

Appendix B describes my work involved with random barcode transposon insertion sequencing (RB-
TnSeq) in Pseudomonas putida. This work is unrelated to the main goal of this work, but this chapter
proposes ways in which this method could be applied to problems relevant to cyanobacterial chemical
production processes.
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Chapter 2: Critical Review of the Literature

Part of this chapter is adapted from Biotechnology Advances, Vol. 34, No. 8, Yenkie, Kirti M; Wu, WenZhao;
Clark, Ryan L; Pfleger, Brian F; Root, Thatcher W; Maravelias, Christos T; A roadmap for the synthesis of separation
networks for the recovery of bio-based chemicals: Matching biological and process feasibility, p. 1362-1383,
Copyright 2016, with permission from Elsevier.

2.1. Overview

From a sustainability point of view, the goal of any bioprocess is to reduce the net increase in
atmospheric CO; by converting it to useful products using energy from the sun. Traditional heterotrophic
bioprocesses utilize plants to capture solar energy and store it in the organic carbon molecules that make
up plant biomass. This plant biomass is then processed into soluble sugars that can be metabolized by
heterotrophic microorganisms engineered for production of a molecule of interest, be it a pharmaceutical
product (i. e. artemisinin) or a commaodity product (i. e. ethanol) (Figure 2-1, Red Arrows). Cyanobacterial
or other photoautotrophic bioprocesses follow an alternative route in which CO; from industrial processes
or from the atmosphere is fed to acres of cyanobacterial culture that has been engineered to synthesize
products of interest using energy from sunlight (Figure 2-1, Blue Arrows). Integration of these two
processes is a further possibility wherein cyanobacterial biomass can be utilized by heterotrophic
microorganisms for product synthesis at higher titer (Figure 2-1, Purple Arrow). While there are other
alternative strategies for converting atmospheric CO; to desired chemicals (Liao et al. 2016), this chapter
will focus on the aforementioned strategies, namely:

(i) Indirect CO, utilization by heterotrophs — atmospheric carbon dioxide is captured in

terrestrial plant biomass, which is subsequently harvested, deconstructed into sugar-rich
feedstocks, and converted to central metabolites by heterotrophic microorganisms

(ii) Direct CO, utilization by photoautotrophs - carbon dioxide from industrial process waste is

captured and fixed to central metabolites by photoautotrophic microorganisms.
The first part of this analysis will focus on feedstock processing and microbial cultivation, in which CO,

is captured and converted into central metabolites inside of the microbes. The second part of this analysis



will discuss the current state of metabolic engineering to upgrade these central metabolites into desired
products with a focus on the differences between heterotrophic and photoautotrophic microorganisms.
This section will include case studies for the development of (1) heterotrophs engineered to produce
artemisinic acid and (2) cyanobacteria engineered to produce ethanol to compare the different challenges

for heterotrophic and photoautotrophic metabolic engineering.
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Figure 2-1. Bioprocessing Overview. Atmospheric CO: can be converted into useful products through several
processes including direct utilization by photoautotrophs (Blue Arrows) or indirect utilization by heterotrophic

conversion of crops (Red Arrows) or cyanobacterial biomass (Purple Arrow). The boxes list key factors affecting
process economics.

2.2. Atmospheric CO; to Central Metabolites

Indirect CO; Utilization by Heterotrophs

Accessible storage carbohydrates, such as corn starch or sugar cane juice, are historically the most

commonly used sources of sugar for microbial fermentation due to their ease of saccharification (Bothast

and Schlicher 2005; Canilha et al. 2012). Lignin and structural carbohydrates including cellulose and

hemicellulose are more recalcitrant, but are abundant in woody biomass waste products from forest



management and agricultural byproducts, such as corn stover or sugarcane bagasse. These substrates are
converted into soluble sugars using a number of strategies both biological (Liao et al. 2016; Lynd et al.
2002) and physicochemical (Huber, Iborra, and Corma 2006).

Technoeconomic and life-cycle analyses have been performed for the conversion of plant-based
carbohydrates into fermentable sugars, primarily for the production of ethanol (Gnansounou and Dauriat
2010; Hamelinck, Hooijdonk, and Faaij 2005; Humbird et al. 2011). Depending on the composition of the
initial biomass as well as the processing conditions, the stream entering the microbial cultivation will
contain some combination of soluble sugars (primarily hexoses and pentoses) and potential fermentation
inhibitors (phenolic compounds, terpenoids, organic acids, and reduced sugar products) whose
concentration will affect the yield and productivity in the following microbial cultivation (Hahn-Hagerdal
et al. 2001).

Microbial fermentation of glucose derived from corn starch, primarily for the production of ethanol,
is a mature technology (Bothast and Schlicher 2005; Jullesson et al. 2015). Through heterologous
expression of transporters and enzymes, industrial microorganisms can be engineered to consume other
sugars, including the hemicellulose derived xylose, with similar yields of central metabolites (Hahn-
Hagerdal et al. 2001). By overcoming catabolite repression mechanisms that lead to preferential
utilization of glucose, co-utilization of mixed sugar substrates could provide higher productivity (Kim et al.
2012). Once the soluble sugars are converted to central metabolites, reducing power, and energy carriers,
molecules of interest can be produced through metabolically engineered pathways as discussed later.

Direct CO; Utilization by Photoautotrophs

Photoautotrophic microorganisms, including cyanobacteria and microalgae, use photosynthetic
pigments to capture photons from sunlight. The captured light energy is used to split water, reduce
electron carriers, and produce a proton gradient (Lea-Smith et al. 2015). The process ultimately leads to

the generation of NADPH and ATP that is used to assimilate CO, in the form of 3-phosphoglycerate and



10

subsequently G3P through the Calvin-Benson-Bassham Cycle (Nelson and Cox 2008). These metabolites
can then be upgraded to products of interest through metabolic pathways analogous to those found in
heterotrophic organisms.

As the two major substrates for phototrophic process are CO; and light, the considerations are very
different from heterotrophic conversion of sugar. While phototrophic microorganisms can grow in
ambient air, high-concentration CO; streams can help deliver CO; to the bioreactors at a rate necessary
for large scale cultivations (Clark et al. 2014). These high-concentration streams can be generated by
capturing CO; from industrial emissions through emerging technologies (reviewed by (Herron et al. 2015))
and transported to the photoautotrophic cultivation.

Efficient light delivery is equally essential for enhanced productivity and CO,-fixation by phototrophs
and will ultimately limit the final biomass titers of photoautotrophic cultures to values much lower than
heterotrophic cultures. Many photobioreactor designs have been considered for their ability to deliver
light to photoautotrophic cultures, including open ponds, flat plate, tubular and column types (Brennan
and Owende 2010). The most important characteristic of a photobioreactor for determining productivity
and titer is the ratio of the illuminated surface area to the volume (Lee et al. 2014). An open pond
cultivation scheme could alleviate the cost-prohibitive capital investment associated with complex
photobioreactors (Jones and Banholzer 2014). An expansion on recent work on the containment of
genetically modified microorganisms could assuage fears of environmental contamination associated with
open pond cultivation (Clark et al. 2014; Mandell et al. 2015).

2.3. Upgrading Central Metabolites to Desired Products

Once atmospheric carbon has been captured and converted to central metabolites within industrial
organisms through the previously described processes, a vast number of metabolic pathways can be used
to upgrade these molecules into chemicals of interest. A lot of work has been done on enhancement of

yield and productivity of target molecules in microbial cultivations through metabolic engineering of these
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pathways (Angermayr, Gorchs Rovira, and Hellingwerf 2015; Knoop and Steuer 2015) and these can vary
greatly based on the host organism (Angermayr et al. 2015; Jullesson et al. 2015; Knoop and Steuer 2015;
Liao et al. 2016; Xue and He 2015).

When a molecule of interest is produced by the cell, it is then localized to one of four phases through
a combination of active and passive processes: (1) intracellular soluble (i. e. soluble metabolites), (2)
intracellular insoluble (i. e. aggregates in an inclusion body or insoluble storage granules), (3) extracellular
soluble in the aqueous medium (i. e. secreted metabolites), or (4) extracellular and partitioned into an
organic phase. Most products of interest are initially produced intracellularly in the cytoplasm of the cell
and elevated concentrations of these molecules can provide negative feedback on producing pathways
and/or negatively impact cell physiology (Jones, Hernandez Lozada, and Pfleger 2015). Some high
molecular weight products, such as polyhydroxyalkanoates (PHAs) or glycogen, aggregate inside the
cell (Agnew et al. 2012; Aikawa et al. 2014). Some products are localized extracellularly to the aqueous
medium through passive diffusion or through active transport by protein transporters (Jones et al. 2015).
Depending on the chemical equilibrium, products with low water-solubility will partition into an organic
phase; this process can be facilitated through co-culturing with a metabolically inert organic phase (Kato
et al. 2017; Newman et al. 2006; Youngquist et al. 2013).

The characteristics of the process stream entering separations, including product location and titer,
will largely determine the necessary separation process (Figure 2-1) (Yenkie et al. 2016; Yenkie, Wu, and
Maravelias 2017). The composition of impurities will also have significant impact on downstream
processing. Product streams will contain co-product molecules (Tables 2-1 and 2-2) as well as components
of biomass, including lipids, proteins, and other organism specific biomolecules (Wang et al. 2013). The
concentrations of these impurities can be minimized by metabolic engineering and bioreactor engineering

to maximize the yield of desired product on the substrate of choice (Youngquist et al. 2012).
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Table 2-1 gives examples of products produced in heterotrophic organisms that are typically localized
into each of the four phases. Table 2-2 gives examples of similar products produced in photoautotrophic
processes for comparison. The first major difference to note is that biomass titers and productivities for
photoautotrophic processes are an order of magnitude lower than for heterotrophic bioprocesses. As will
be discussed in Chapter 3, biomass titer in photoautotrophic bioprocesses is limited by the volumetric
photon delivery rate, because at sufficient density, all photons are used for cellular maintenance and no
energy remains for the synthesis of new biomass. This is intuitively important for products in either of the
intra-cellular phases as the product is a component of the biomass, so biomass metrics directly affect the
product composition of the process stream going into separations. Thus, for intra-cellular products in
photoautotrophs, the key to minimizing separation costs is to maximize biomass titer as well as product
content of the biomass. Capital costs will largely be determined by the biomass productivity, which is
limited by the volumetric photon delivery rate.

Photoautotrophic biomass productivity is also informative for extra-cellular products as the maximum
achievable rate of product synthesis from CO; is limited by the rate of CO,-fixation just as with biomass.
Due to this limitation, engineered photoautotrophs secrete extra-cellular products at productivities
several orders of magnitude lower than in heterotrophic systems (Table 2-2). However, if production of a
desired product can be decoupled from biomass production as has been shown in a few cases (Kopka et
al. 2017), then the potential product titer could be much higher than the biomass titer. Thus, for extra-
cellular products in photoautotrophs, the key to minimizing separation costs is to choose a product that
can be easily separated from the culture medium and maximize product titer. Capital costs will largely be
determined by productivity of the product of interest, which can be maximized by decoupling the pathway

of interest from biomass production.



13

Table 2-1. Sample metrics for heterotrophic microbial processing with details about product localization, microbial species, typical
biomass titers, productivity, yields, and potential co-products.

Fnergy source Carbon source Binmass tiler Biomass productivity

Orpganic carbon Organic carbon High (100 — 268 g/L) High (0.01 — 6.6 gfL h)

| ocalization & Prosdust Species liter Productivity  Yield Co-prodducts Heference

solubility {B/L) {g/L h}

Intra-cellular Lipids, PliAs Bacteria { A latus |, yeast 10200 001 -2.5 0.1 003 pfp on Qrganic acids Castanha et al (2013}, Chei and
{inseluble) {25 &0% CDW) (€. laurentii ) different lee (1997)

ctubstrates

Intra-cellular Proteins Bacteria { E. cali ), yeast, H-26E 001 —6b WVarious Similar proteins Haltli-Kaul and Malliasson (2003,
(soluble) {2 -70% COW) Archaca Riesenberg and Guthke (1999)

Fxtra-cellular Fatty alcohaols Bacteria {F. coli) 1.6 .01 .13 g/g glucase Fatty acids, acetate Younguist et al. [(2113)
[organicfinsoluble)

[xtra cellular 1,2-Propanedicl  Bacteria {C. butyricum, i5-80 15-3 0.72 -0.88 Cthanol, lactic acid, Zeng and Bicbl (2002)
{anuenus/saluble) 1. Coli, K. pneumoneae ) molfmaol glyceral suecinic acid,

butanediol

Table 2-2. Sample metrics for photoautotrophic microbial processing with details about product localization, microbial species,
typical biomass titers, productivity, and potenial co-products.

Fnergy source Carhan source Biomass titer Biomass productivity
Light Inorganic carbon (€05 and HOO S ) low (0.1 10 /1) Lover (0003 0.2 gfl-hy
Localization & Product Species liter Productivity  Yield  Co products Reference
solubility (/L) {g/L h)
Intra-cellular 0ils, glycogen Algae (€. vulgaris , B, braunii |5, acutus, P incisa ] 0.1-10 0,002 -0.2  NfA  Secondary Aikawa et al. (2014,
{inscluble) [39 —70% CDW) Cyanobacteria | Synechococous |, Synechocystis | melabolites Li et al. {2008])
Intra cellular Proteins, Algac { P, cruentum ), Cyanobacteria 0.1-10 0002 -0.2 MA Similar proteins, Ruiz Ruiz et al. {2013}
{soluble) I phycocrythrin {Synechacoceus |, Synechocystis) secondary
(2 =705 COW) metabolites
Extra cellular Fatty alcohals Cyanabacteria (Synechocystis sp. PCC 6B03) 0,002 0.000005 NSA Fatty acids, Yao et al {2014]
{organic/insoluble] secondary
matabolites
Extra cellular 1.3 Propanediol Cyanobacieria (5. elongatus sp, PCC /942) 0,29 Q0005 N/A Glycerol, secondary Hirckawa et al.
{aqueous/seluble) metabelites {2016}, Wang et al,
{2001}

Another key difference between heterotrophic and photoautotrophic bioprocesses is the concept of
yield. In heterotrophic bioprocesses, both energy and carbon are provided by the organic substrate (i. e.
sugar), so the yield of product on the organic carbon substrate is a useful metric as it determines the cost
of raw material that needs to be fed into the process to achieve a desired amount of product (Table 2-1).
For carbon limited heterotrophic bioprocesses, an upper limit on yield can be determined simply through
stoichiometry. In photoautotrophic processes, energy is provided by photons and carbon is provided by
CO,. Decoupling energy and carbon complicated the concept of yield. A carbon yield is not particularly
useful as the CO, feed requirement for a photoautotrophic bioprocess for a given amount of product is
mostly affected by the rate of CO;leaving the system due to inefficiencies in the cultivation scheme, not
by any biological process. Because photoautotrophic bioprocesses should be light-limited, yield of product

on photons is a more useful metric, which will be discussed further in Chapter 3.
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While many products have been targets for metabolic engineering, we will now consider two case
studies to better understand the differences in engineering efforts for the development of heterotrophic
and photoautotrophic production processes. In the first case, we will consider the development of E. coli
and yeast production of the artemisinic acid precursor to the malaria drug artemisinin, an effort that has
reached commercial production in recent years by Amyris (Paddon and Keasling 2014). In the second case,
we will consider the development of cyanobacterial production of ethanol, an effort that has been
industrially pursued by Joule Unlimited and Algenol, but appears to have lost appeal as Joule Unlimited
merged with Red Rock Biofuels in early 2016 to focus on biomass to fuel technology (Joule 2016) and
Algenol has changed focus to biomass-associated products such as pigments and nutraceuticals (Lane
2017). In each case, we will consider the metabolic engineering and cultivation strategies used to improve
titers and productivities from zero to the current highest reported values. We will then highlight key
differences between the two cases that are representative of the field in general.

Case Study: Artemisinic Acid in Heterotrophs

Artemisinic acid is produced from amorphadiene, one of a class of molecules called terpenoids that
can be produced from isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) which
are products of the deoxyxylulose 5-phosphate (DXP) pathway in E. coli (Paddon and Keasling 2014).
Eukaryotic organisms have an alternative mevalonate-dependent pathway (MEV) for the production of
IPP and DMAPP. Martin et al. sought to produce amorphadiene in E. coli by expressing an amorphadiene
synthase along with the non-native MEV pathway, which was hypothesized to be decoupled from
regulation, unlike the native DXP pathway (Martin et al. 2003). Ro et al. built upon this result by expressing
the engineered MEV pathway in baker’s yeast (S. cerevisiae) and expressing a cytochrome P450
monooxygenase from A. annua to convert the resulting amorphadiene to artemisinic acid (Ro et al. 2006).
Chang et al. used a similar strategy in E. coli to produce artemisinic acid and 8-hydroxycadinene, an

alternative product using the same pathway but a different cytochrome P450 hydroxylase, showing the
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general applicability of this metabolic engineering strategy to other terpenoids (Chang et al. 2007). To
increase amorphadiene production, Newman et al. cultured E. coli in a dual phase bioreactor where the
amorphadiene product was partitioned into an organic phase during cultivation, thus preventing
evaporative loss of the product (Newman et al. 2006). This innovative culturing technique enabled all
future improvements as all subsequent studies used this organic phase co-culturing strategy (Table 2-3).
Lenihan et al. increased artemisinic acid production to 1.7 mg L't hr? (2.5 g L titer) in S. cerevisiae by
limiting flux through the competing sterol biosynthesis pathway as well as optimizing the culture medium
and oxygenation (Lenihan et al. 2008). Tsuruta et al. increased amorphadiene production to 225 mg L hr?!
(27 g L titer) in E. coli by expressing more effective enzymes for bottleneck reactions in the MEV pathway
and inducing nitrogen-limitation in a fed-batch bioreactor (Tsuruta et al. 2009). Finally, Paddon et al.
increased artemisinic acid production in S. cerevisiae to industrially relevant levels of 179 mg L hr?
(25 g L titer) by improving enzyme activity in bottleneck reactions in the MEV pathway and developed a
chemical process for the conversion of artemisinic acid to the desired pharmaceutical product
artemisinin (Paddon et al. 2013), a process which was eventually commercialized by Amyris (Paddon and
Keasling 2014). This research and development process, summarized in Table 2-3, occurred over the
course of 10 years (by publication dates), bringing the process from low production of the precursor,
amorphadiene (2003), to industrially relevant production of the final product, artemisinin, with a two
order of magnitude increase in product titer (2013).

Table 2-3. Overview of Heterotrophic Artemisinic Acid Process Development

Amorphadiene Artemisinic Acid Organism Strategy Equipment Reference
Titer | Productivity | Titer | Productivity
0.11 9 - E. coli |Produce amorphadiene using amorphadiene synthase and the mevalonate 96-Well Plate Martin, et al, 2003
pathway from 5. cerevisioe
015 1| 0.12 1.3| S cerevisige |Produce artemisinic acid using mevalonate pathway and cytochrome P450 1L Bioreacter Ro et al, 2006
monooxygenase from A. annua
0.48 g - - E. coli |Increase amorphadiene production by partitioning it into dedecane organic 10L Bioreactor MNewman, et al, 2007
phase during cultivation with Qrganic Phase
-1 011 - E. ¢oli |Produce artemsinic acid using cytochrome P450 amorphadiene oxygenase Shake Flasks with |Chang, et al, 2007
Produce 8-hydroxycadinene using cytochrome P450 B-codinene hydroxylose Qrganic Phase
2.5 1.7| 5. cerevisige |Increase artemisinic acid production by limiting competition from sterol Fed-batch 2 L Lenihan, et al, 2008
biosynthesis pathway and optimizing media and oxygenation Bioreactor
27 225 - - E. coli |Increase amorphadiene production using improved enzymes and nitrogen- Fed-batch 2 L Tsuruta, et al, 2009
limitation Bioreactor
13 144 25 179| 5. cerevisioe |Increase artmesinic acid preduction using improved enzymes Fed-batch 2 L Paddon, etal, 2013
Produce artemsinin from artemisinic acid in @ chemical process Bioreactor

Titer in g L. Productivity in mg L™ hrt.
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Case Study: Ethanol in Cyanobacteria

In cyanobacteria, ethanol can be produced from the central metabolite pyruvate using a pyruvate
decarboxylase (pdc) to produce acetaldehyde, which can be subsequently converted to ethanol by an
alcohol dehydrogenase (adh) (Dexter et al. 2015). Deng et al. expressed pdc and adh from Z. mobilis in the
freshwater cyanobacterium Synechococcus elongatus sp. PCC7942 and saw slow ethanol production
accumulating to a titer of 0.23 g L (Deng and Coleman 1999). Ten years later, Dexter et al. repeated this
strategy in another freshwater cyanobacterium, Synechocystis sp. PCC6803, this time in a photobioreactor
rather than a shake flask, and saw a modest increase in productivity and titer (Table 2-4). Gao et al.
expressed the Z. mobilis pdc in a strain of Synechocystis sp. PCC6803 overexpressing its native adh, and
grew the resulting strain in a photobioreactor bubbled with 5% CO,, achieving an order of magnitude
increase in both productivity and titer of ethanol, likely due to the elimination of CO,-limitation (Gao et
al. 2012). Dienst et al. grew this same strain in a photobioreactor with 10% CO, where the irradiance was
increased proportionally to the cell density, which resulted in only a minimal increase in productivity. They
also performed a microarray transcriptomics study which could be informative for future engineering
efforts (Dienst et al. 2014). Kopka et al. expressed the Z. mobilis pdc and the Synechocystis sp. PCC6803
adh in the marine cyanobacterium Synechococcus sp. PCC7002 and reported a productivity and titer on
the same order of magnitude as previous studies, but slightly lower. Systems level analyses performed in
this study could inform further engineering (Kopka et al. 2017). This research and development process,
summarized in Table 2-4, occurred over the course of 18 years (by publication dates), increasing the
productivity of ethanol by 50-fold and the titer of ethanol 25-fold, with the major breakthrough appearing

to be the elimination of CO-limitation by supplementation with a high CO, gas phase.
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Table 2-4. Overview of Cyanobacterial Ethanol Process Development

Flhanol Crpanism Irradiance Stralegy Fquipmenl Heference
Titer |Productivity
0.23 4|5 efongatus sp. |50 (Fluorescent) Expression of pyruvate decarboxylase and alcohol dehydrogenase from £, mobilis Flask, Ambient Air Deng, el al, 1999
PCCTOA2
046 Ll Synechocystis | 200 (Huorescent) Fxpression of pyruvate decarboxylase and alcohol dehydrogenase from /. mobilis Photobioreactor (31, Dexter, et al, 2009
sp. PECGRLS Ambient Air
5.5 212 synechacystis | 100 (Fluorescent) Fxpression of pyruvate decarboxylase from 7. mobilis and overexpression of native alcobol - [Photobioreactor (30 mm |Gao, el al, 2012
sp. PCCGROY dehydrogenase diameter), 5% €0,
A7 261|Syrechacystis 1100+ %! (Fluorescent) |Dxpression of pyruvate decarboxylase from 2. mahilis and overexpression of native alcohol [Photobioreactor (0.5 1), [Dienst, et al, 2014
sp. PECGRIS dehydrogenase, Microarray transcriptomics study 10% €02
2.0 119{Synechacoccus |30 (HNuorescent) Cxpression of pyruvate decarbosylase from 2, mobilis and overexpression of alcohol Pholobioreactor (50 mm |Kopka, et al, 2017
sp. PCCT002 dehydrogenase from Synechocystis sp. PCC BEO, Systems analysis diameter), 109 €02

Titer in g L. Productivity in mg L day. Irradiance in pmol m2 s, *In this study, the irradiance was increased
with time to maintain 100 pmol m?2 s OD730. *In these studies, CO2 was used to control the pH of the
photobioreactor.

Comparison of the Cases

| would like to highlight three key comparisons between the two cases. The first comparison is related
to innovations in cultivation equipment. In the first case (artemisinic acid in heterotrophs), the researchers
determined that product evaporation was a key limitation relatively early in the development process and
implemented a simple solution of two-phase cultivation that enabled many of the future metabolic
engineering advances (Newman et al. 2006). In the second case (ethanol in cyanobacteria), CO,-limitation
was eventually identified as a bottleneck in ethanol product, which was corrected by supplementing with
a high CO; gas phase, accounting for the only significant improvement in ethanol production since the
system was first studied in 1999 (Gao et al. 2012).

The second comparison is related to metabolic engineering strategies. In the artemisinic acid case,
the researchers first attempted to maximize production of the precursor amorphadiene from the common
central metabolite acetyl-CoA. This allowed the researchers to eliminate bottlenecks in a simpler system
before attempting to synthesize the final product, artemisinic acid. This strategy of producing precursors
to desired products and then converting these precursors to desired products has been successfully
applied in other systems (Galanie et al. 2015; McKeague et al. 2016). In contrast, research on ethanol
production in cyanobacteria focused on directly producing the product ethanol. While the ethanol
pathway was much simpler than the artemisinic acid case, perhaps a better understanding of metabolic
bottlenecks could have arisen from first increasing production of the precursor pyruvate. In addition, just

as Chang et al. were able to produce an alternative product (8-hydroxycadinene) in the amorphadiene
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producing strain of E. coli, a high pyruvate producing cyanobacterial strain could be useful for production
of alternative products derived from pyruvate, such as lactic acid (Angermayr et al. 2014; Gordon et al.
2016).

The final comparison is related to process scale-up. In the artemisinic acid case, the researchers
identified 25 g L' of artemisinic acid as the target density for a commercially relevant process and worked
towards that goal, keeping scalability as an important consideration (Paddon and Keasling 2014). Although
the researchers chose not to report product yield on sugars, it would be simple to calculate from media
compositions if this were identified as an important parameter, as would be the case with most
non-pharmaceutical products. In the ethanol case, a target productivity or titer for commercialization is
not identified, providing no concept of proximity to a goal. Additionally, the methods sections for most
studies in Table 2-4 and most cyanobacterial metabolic engineering studies in general do not provide
enough details (reactor geometry, light quality, etc.) to determine a theoretical yield of product on
photons or to determine a scaled-up productivity.

2.4. Research Opportunities

Quantifying Cyanobacterial Growth and Chemical Production

As highlighted in the previous sections, there is a serious need for a standardized way to quantify
cyanobacterial growth and chemical production. Because CO; and soluble nutrients can be provided from
waste streams, a standardized cyanobacterial strain evaluation method should quantify growth and
chemical production with light as the sole limiting substrate. The resulting analysis should enable
prediction of scaled-up growth and chemical production from laboratory experiments as well as
comparison to theoretical limits. These questions are addressed in Chapter 3 of this work.

Understanding Cyanobacterial Growth in Excess CO;

As mentioned previously, the most significant breakthrough in cyanobacterial chemical production

came from eliminating CO,-limitation. It is thus important to understand how cyanobacteria grow under
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differing CO, concentrations in the context of the molecular mechanisms for CO, acquisition. This question
is addressed in Chapter 4 of this work.

Containment of Cyanobacteria

With any scaled-up cyanobacteria cultivation process, the containment of engineered strains is a
major concern. An ideal containment mechanism would allow the engineered cyanobacteria to thrive
inside of the industrial process, but be unable to propagate in the surrounding environment. A
containment mechanism utilizing the difference in CO; concentration between an industrial process and
the surrounding environment is investigated in Chapter 5 of this work.
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Chapter 3: Light-Optimized Growth of Cyanobacterial Cultures: Growth Phases,
Cellular Maintenance, and Productivity of Biomass and Secreted Molecules in

Batch Growth
3.1. Background and Motivation

As discussed in Chapter 2, cyanobacteria have been engineered to produce many commercially
relevant compounds including organic acids, alcohols, and secondary metabolites (Angermayr, Gorchs
Rovira, and Hellingwerf 2015; Oliver et al. 2016; Xue and He 2015). Unlike heterotrophic conversions
where yield (amount of product made per amount of substrate fed) is often the critical performance
metric, cyanobacteria production strategies are evaluated by productivity (amount of product per time)
and product titer (amount of product per volume). While many examples of chemical production using
cyanobacterial biocatalysts have been demonstrated, few have attained product titers equivalent to those
reached by heterotrophic bioconversions, most require weeks to maximize titer, and nearly all have been
restricted to laboratory scale. These demonstrations have used a wide range of experimental conditions
which confound comparative evaluations and scale-up projections (Schuurmans et al. 2015; Schuurmans,
Matthijs, and Hellingwerf 2017). Overcoming these challenges is the goal of many ongoing metabolic and
biochemical engineering studies. As researchers develop novel strains and engineering strategies, it is
critical to provide a common basis for comparison and kinetic framework for evaluating cyanobacterial
strains.

The key difference between cultivating cyanobacteria and heterotrophic microbes is the lack of a
universal, scalable bioreactor layout due to the need to provide light to cells (i. e. most fermenters have
a consistent geometry that can be scaled from lab to industrial scale). To maximize light delivery,
photobioreactors (PBRs) are designed to maximize the surface area per culture volume. Designs for large-
scale industrial reactors include open raceway ponds and closed tubular/rectangular vessels with large
aspect ratios (i. e. depth of reactor is much smaller than its length and/or height). These photobioreactors

are spread in parallel over acres of land to maximize the capture of solar irradiance required to support
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the desired culture volume. In contrast, laboratory cyanobacterial cultivation systems are often built using
equipment intended for cultivating heterotrophs that is augmented with exterior lighting. Common
laboratory systems include tubes, flasks, bottles, flat plate PBRs, and instrumented bioreactors
augmented with lighting shrouds. The different vessel geometries result in quite different photon delivery,
which makes comparison of strain performance difficult. Furthermore, the difference in PBR designs
between lab and industrial size provide a barrier to making accurate scale-up projections and
technoeconomic assessments.

Unstructured kinetic models of heterotrophic cell growth inspired by the work of Monod, Pirt, and
others (Monod 1949; Pirt 1965) have guided the design and analysis of many industrial biocatalysts
(Youngquist et al. 2012). These models provide a framework to relate growth and product generation to
the abundance of a limiting substrate (i. e. glucose) and thereby enable the simulation of cultivation
schemes to predict bioprocess performance. Industrial cultivations of cyanobacteria will be provided
excess nutrients (i. e. N-, P-, metals) and CO, from low-cost waste streams and rely on solar irradiance for
energy to minimize operating costs. For this reason, it is prudent to characterize engineered cyanobacteria
with light as the limiting nutrient. Pirt provided an overview of the energetics of photosynthetic growth
that provided the foundation for modeling light-limited growth of photosynthetic organisms (Pirt 1986).
Subsequent studies focused on models of light distribution inside of continuous growth experiments
considering spatially varying irradiation (Evers 1991), spatially averaged irradiation (Grima et al. 1997), or
measured total light absorbance (Schuurmans et al. 2015; Touloupakis, Cicchi, and Torzillo 2015). Each
yielded useful information regarding light-limited growth parameters. However, continuous growth
experiments are technically challenging and frequently performed with cell densities much lower than
those desired for a large-scale process. Adapting the kinetic models for batch growth experiments will
make this type of systematic analysis accessible to many researchers studying photosynthetic chemical

production and inform process scale-up.
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In this chapter, we first examine considerations for ensuring that light is the sole limiting substrate in
laboratory cyanobacterial cultivation experiments by eliminating limitations from CO, and soluble
nutrient availability. We then examine the phases of cyanobacterial batch growth with light as the sole
limiting substrate while developing a theoretical framework for growth and product secretion, which
enables determination of photon utilization efficiency (n) and growth associated productivity of secreted
molecules (p) for batch growth experiments. Finally, we observe how n and p vary across different
experimental systems for wild type and engineered strains of Synechococcus sp. strain PCC7002 (PCC7002)
to show that: (1) photon utilization efficiency (n) is consistent across a variety of experimental conditions
and can be used to compare studies performed in different experimental systems, (2) stationary phase
can be achieved with light as the sole limiting substrate, and (3) the proposed framework can provide
insight into metabolic engineering of cyanobacterial strains for secreted products.

3.2. Light-Limitation in Cyanobacterial Growth Experiments

The theoretical framework discussed in later sections assumes that light is the sole limiting substrate.
This section considers how to eliminate other common growth limitations in laboratory systems.

CO; Delivery and Gas Transfer

When the CO, transfer rate (CTR) is lower than the inorganic carbon uptake rate (CUR) in a
cyanobacterial cultivation, CO> can be limiting due to a CO concentration (C¢p,) below the saturation
concentration for RuBisCO. Both modeling (Clark et al. 2014) and experimental studies (Price et al. 2004)
have shown that aqueous media in equilibrium with ambient air has sufficient inorganic carbon for
RuBisCO saturation in the fast-growing cyanobacterium PCC7002, a result which should hold for any
photosynthetic microorganism with a similar maximal CO,-fixation rate. Therefore, the key to avoiding a
CO,-limiting condition is to ensure that the CTR substantially exceeds the CUR. This design criterion is

nearly always met at the beginning of batch cultures, but can become challenged at high cell densities.
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Figure 3-1 illustrates the transport of inorganic carbon species in a cyanobacterial cultivation. The CTR
depends on the mass transfer coefficient and the concentration gradient between the gas and liquid
phases (Equation 3-1).

CTR = (k,a)¢o,(Cco, — Cco,) (3-1)

k. is the CO, transfer coefficient, a is the bubble surface area to volume ratio, and Céoz is the saturation
CO; concentration in the liquid. The volumetric CO; transfer coefficient (k,a)co, is most often
determined empirically and varies as a function of bubble size and gas flow rate. Cgozis determined by
Henry’s law (Equation 3-2).

Cco, = kuPco, (3-2)
where ky is the Henry’s law coefficient for CO in the aqueous medium (0.02 M atm™ in standard
conditions) and Pco, is the partial pressure of CO; in the gas phase.

The CUR can be determined experimentally by measuring the rate of biomass accumulation as well as
the production of any secreted organic molecules. A typically observed maximum CUR for PCC7002
growing linearly in laboratory cultivation vessels is on the order of 1 mM C hrt.

To increase the CTR to ensure it exceeds the CUR, P¢o, and k,a can be modulated. Increasing P¢o,
involves the use of high CO, environmental chambers or delivery of elevated CO, gas streams to the
cultivation vessel. At the high CO, extreme, i. e. when CTR >> CUR, the aqueous medium will be saturated
with CO; in equilibrium with the elevated P¢y,, resulting in decreased pH that affects cyanobacterial
physiology when sufficiently low. This effect can be mitigated through modification of the buffer system
in the medium or through addition of a strong base, such as NaOH.

A higher (kpa)co, can be achieved by increasing the gas flow rate and decreasing the bubble size
using a sparger. However, these methods to increase CO; transfer to the liquid will also lead to an
increased evaporation rate. This evaporative loss can be addressed using a condenser on the gas stream

exiting the cultivation vessel or through replacement of water. Additionally, the use of spargers with small



28

holes needed to create small bubbles can increase biofouling issues causing prohibitively high back
pressure in the cultivation system.

The rate of CO; mass transfer is slightly less than that for molecular oxygen (i. e. (k,a)¢o, = 0.9
(kLa)o,) for a given gas delivery system and typical (k,a)co, values are in the range of 1-100 hr*
(Boogerd et al. 1990). The maximum CTR (CTRwmax) can be determined by calculating the value of CTR in
Equation 3-1 in the limit as (¢, — 0. For ambient air (0.04% CO), CTRmax ranges from 103-0.1 mM C hr
! for typical laboratory values of (kLa)COZ- Therefore, even the highest performing laboratory gas transfer
apparatuses cannot achieve a CTR approaching the target of 1 mM C hrl. However, if the gas phase is
changed to contain 5% CO,, CTRuax ranges from 1-10 mM C hr?, allowing even the simplest gas transfer
apparatuses to approach the target CTR. For this reason, the strategy of increasing P¢, is likely to be
more effective in ensuring CO; is not limiting cell growth in laboratory experiments.

To demonstrate the elimination of CO,-limitation, Figure 3-1B shows the linear growth rate (LGR) for
PCC7002 cultures grown in laboratory bioreactors bubbled with gas phases of varying P¢o, as well as
CTRwmax for expected values of (k,a)co,. The LGR is increased by changing from 0.01 atm CO> to 0.05 atm
CO,. No further increase in LGR is observed by changing the gas phase to 0.1 atm CO,, suggesting that

0.05 atm CO; is sufficient to achieve excess CO,-transfer and CO; is not the growth-limiting nutrient.
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A CTR = CUR
CTR =kl Coo, Coo) CUR=1(Cep , Cpp X 1)
PCOZ C*CO = kH PCO C02
Crco, =Ko i

eqCo, H*

Fast Equilibrium

CHCOE'
B
Measured LGR Calculated CUR Max CTR (mmol C L™ hr)
Peo. (atm) | (mg DW L hr?) (mmol CL? hr) ka=1hr'! k.a=100 hr!
0.01 11+0.5 0.5+0.02 0.2 20
0.05 24+1 1+0.04 1 100
0.10 23+1 1+0.04 2 200

Figure 3-1. Eliminating CO:-Limitation. To ensure CO: is not a limiting substrate, the CO: transfer rate (CTR) must
be greater than the CO: uptake rate (CUR) for the duration of the experiment. The equations governing CO:
transfer shown in (A) allow the optimization of CO: transfer in such a way that the maximum CTR (in the limit as
Cco2 approaches zero) is greater than the empirically measured CUR. (B) CO:-limitation was eliminated in
photobioreactors cultivating PCC7002 by increasing Pcoz to 0.05 atm. For photobioreactor growth with a gas phase
of Pco2=0.01 atm, the predicted maximum CTR for a low value of kia was insufficient to exceed the CUR. Increasing
Pcoz2 to 0.05 atm increases the predicted maximum CTR to a value greater than or equal to the experimentally
measured CUR for the entire expected range of kia. Further increasing Pco2 to 0.10 atm caused no increase in the
linear growth rate (LGR), suggesting that Pco2=0.05 atm was sufficient to eliminated CO:-limitation in the
photobioreactors. CUR was calculated assuming biomass was 50 wt% C (Egli 2015). Max CTR was calculated using
Equation 3-1 with Cco2=0. Error in LGR is standard error of three biological replicates.

Soluble Nutrients

Depletion of soluble nutrients can cause a culture to enter stationary phase while light is still in excess.
A stoichiometric analysis of two common cyanobacterial growth media (Table 3-1) reveals deficiencies in
metabolizable nitrogen, phosphorous, sulfur, magnesium, and iron, even at cell densities below 1 g of dry
cell weight per liter (g DW L?) (Egli 2015), suggesting that cultures in these media are limited by soluble
nutrients. CO,-replete cultures of PCC7002 grown in Media A enter stationary phase at a much lower cell
density than cultures grown in Modified Media A (Figure 3-2, Table 3-1 — Modified Media A supplemented
with excess iron, nitrate, and/or phosphate). The reported media composition required per 1 g DW L of
biomass was calculated using the stoichiometric composition of typical biomass as described by Egli (Egli

2015).
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Figure 3-2. Nutrient Supplementation Allows Growth to Higher Cell Density. (A) Cell density (OD730 converted to g
DW L as described in methods) over time measured for cultures of PCC7002 grown in shake flasks in 1% CO: and
37°C in Media A with no supplement (red), supplemented with 110 mM NaNOs (blue), supplemented with 110
mM NaNOs and 31 mM KHzPOas in a fed batch scheme as described in the methods (purple), or supplemented with
110 mM NaNO3s, 31 mM KH2PO4 in a fed batch scheme, and 1.1 mM FeCls (green). Error bars are standard error of
3 biological replicates for red, blue, and purple or 2 biological replicates for green. (B) Average absorbance scans
normalized to OD730 of samples from the flasks described in (A) are shown over time to show loss of pigmentation
in nutrient deplete media and pigment persistence in nutrient sufficient media. Absorbance profiles over time are
offset on the y-axis for clarity (baselines in black).

Further insight can be found in examining the absorbance spectra of the cells grown in each case.
When grown in the nutrient deficient Media A, cells exhibit a nitrogen-deprivation phenotype (i. e.
phycobilisome degradation) as they transition into stationary phase. The phenotype is observed as a
decrease in absorbance around 635 nm (Jackson et al. 2015; Stevens, Balkwill, and Paone 1981).
Transcriptomics analysis has shown that when PCC7002 experiences limitation in iron, nitrogen, sulfur, or
phosphate, the gene nblA is upregulated, initiating the degradation of phycobiliproteins (Ludwig and
Bryant 2012). When excess soluble nutrients are supplemented, cells continue to grow to twice the final
density and maintain phycobilisomes as they eventually transition into stationary phase. For the cultures
supplemented with N, P, and Fe, the culture achieved a density of 10 g DW L at stationary phase. As can
be observed in Table 3-1, the N, P, and Fe concentration in Modified Media A exceed the amount required
for 10 g L™ biomass. As shown in later sections, light can be verified as the sole limiting substrate in a

cultivation by increasing the volumetric photon delivery rate of a culture that has entered stationary
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phase. These observations suggest that while common historical media recipes are sufficient for growth
at low cell densities (<1 g DW L), supplementation of N, P, and Fe are necessary to eliminate limitations
on growth at higher cell densities.

Table 3-1. Elemental Composition of Cyanobacteria Media

Required per
1gDW L'of | Modified
Element Media A BG11 Biomass? Media A
N 12 19 9 122
P 0.4 0.2 1 31
S 20 0.3 0.3 20
Mg 20 0.3 0.2 20
Fe 0.03 0.06 0.1 1.1

All concentrations are in mM. ?Calculated using stoichiometric composition of typical biomass as
described in reference (Egli 2015).

3.2. The Phases of Growth in Light-Limited Cyanobacterial Cultures

In the seminal work The Growth of Bacterial Cultures, Jacques Monod outlined distinct phases of the
growth of bacterial batch cultures (Monod 1949). For heterotrophic bacteria, the most well studied phase
of growth is the exponential phase, where the specific growth rate is constant, as this phase is where most
biomass is produced. As the growth substrate is depleted significantly below the affinity of the rate
limiting step in substrate utilization, a brief growth retardation phase begins and the specific growth rate
quickly decreases to 0 at which point all substrate has been consumed and stationary phase begins.

The previous section established batch growth conditions for phototrophic bacteria in which light is
the only limiting substrate. The following sections consider the light distribution and consequent growth
dynamics of cyanobacteria in these differing phases of growth.

Light Quality

This work considers only accessible photons (AP), or those photons able to excite electrons for
photosynthesis in the organism under study. This differs from the commonly reported photosynthetically
active radiation (PAR) which considers all photons of the visible spectrum, many of which are unusable

for photosynthesis by some organisms. To illustrate this, Figure 3-3 shows emission spectra for the two
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light sources used in this work as well as the solar spectrum superimposed on the absorbance spectrum
of PCC7002. Wavelengths highlighted in green are included in the calculation of the irradiance of
accessible photons (lap) and quality factors for converting between the irradiance of PAR (lpar) and lap as
well as irradiance specifically exciting chlorophyll a (lchia) and phycocyanin (lphyc) are given in Table 3-2.

Table 3-2. Light Quality Factors - Fraction of PAR Absorbed by Chlorophyll a or Phycocyanin

Light Source Iaplpar™ Ichialpar™ IPhyclPAR_l

Cool White Fluorescent 0.31 0.14 0.18
White LED (4000 K) 0.40 0.23 0.17
Solar 0.44 0.27 0.17

Exponential Growth Phase in the Limit of Low Cell Density

The typical Monod growth model for microorganisms describes the phases of growth resulting from
changes in the specific growth rate as a function of limiting substrate concentration (Figure 3-4A-B)
(Monod 1949). Two differences exist in considering light as a substrate. First, a molecular substrate can
be depleted, but light is provided continuously from the exterior of the culture vessel. Second, due to
mixing, molecular substrate concentrations are considered constant in spatial dimensions whereas
irradiance varies spatially due to absorbance by the cells, a phenomenon referred to as cell-shading

(Figure 3-4D-F).
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Figure 3-3. Emission Spectra and Accessibility to Photosynthetic Pigments in PCC7002. Photon wavelength
distribution for solar radiation (red), cool white fluorescent light bulbs (blue), and white LEDs with a color
temperature of 4000 K (purple) are given as values normalized to a total PAR flux of 200 umol photons m2s™. liis
the irradiance of photons of wavelength i. These are compared to the normalized absorbance spectrum of
PCC7002 (black). Green regions represent accessible photons included in the calculation of the light quality factors
in Table 3-2.
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Figure 3-4. Comparison of Phenomena Driving Growth Phases for Molecular Substrate Limitation (A-C) or Light-
Limitation (D-G). (A) Uptake saturation results in an exponential growth phase until substrate is depleted and the
culture enters a short growth retardation phase. Once substrate is fully depleted, the culture enters stationary
phase. (B) Monod kinetic model says that high substrate concentration results in uptake saturation leading to
constant specific growth rate. As substrate is depleted to the region of Ks, substrate limitation begins resulting in
rapidly decreasing specific growth rate. (C) Substrate balance says that substrate uptake rate (gs) is equal to the
sum of substrate utilization for product synthesis (qeYes?), growth (UYxs), and maintenance (ms). (D) Light-Limited
batch growth of cyanobacteria has a short exponential growth phase followed by a long growth retardation phase
caused by cell-shading, eventually leading to stationary phase when all incident photons are used for maintenance
and product synthesis. As cell density increases the biomass specific photon delivery rate decreases until all
incident photons are required for cell maintenance, at which point the culture enters stationary phase. (E) The
difference in order of magnitude between the characteristic times of mixing (tmix), light reactions (tnv), and growth
(ta) suggest that specific growth rate can be accurately estimated by lave. (F) When cultures are at low cell density,
the light intensity I(z) approximately constant across the thickness of the reactor (z). As cell density increases, 1(z)
is determined by Beer’s law and results in decreasing lave. (F-Inset) Using lavs, one can write a Monod growth law
for pave (Equation 3-4). (G) Photon balance says that the specific photon uptake rate (qv) multiplied by the
photosynthetic efficiency (n) is equal to the sum of energy utilization for product synthesis (geYev?), growth
(MYxv'1), and maintenance (mv).
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The growth phases of light-limited growth are determined by changes in the spatial irradiance
distribution (I(z)) inside the culture vessel (Equation 3-3).

1(2) = I;ye™ %% (3-3)

I is the irradiance of photons on the surface of the vessel, z is the path length, X is the biomass
density, and a is the biomass specific absorbance of photons.

For very low X, light attenuation is minimal and I(z) is approximately constant resulting in an
exponential growth phase where all cells grow with constant specific growth rate, u. Experiments in this
phase can be used to experimentally determine the Monod growth model for a given microorganism
assuming i is sufficiently low to prevent photoinhibition. The exponential growth rates of low cell density
cultures of PCC7002 under various irradiances were measured and fit to the Monod growth model
(Equation 3-4), giving the maximum specific growth rate (umax) and the saturation irradiance (K,)
(Figure 3-5).

_ Mmax! -
u) =227 (3-4)

For irradiances significantly higher than those used in this work, photoinhibition negatively influences
the growth rate and Equation 3-4 overpredicts .

Growth Retardation Phase Driven by Light Attenuation

As cell density increases, light attenuation significantly affects I(z). In most laboratory culture vessels,
the mixing time occurs on the order of 10-100 s (Barbosa et al. 2003; Shuler and Kargi 1992). Therefore, a
cell will visit all spaces in a photobioreactor many times over the course of one cell cycle, which occurs on
the order of hours. Time constants for excitation and relaxation of a photosynthetic unit through
photochemical quenching are on the order of 100 ps and 1 s, respectively (Garcia-Camacho et al. 2012).
Therefore, photosystems cycle through the light reactions many times at each location (Figure 3-4E).

Taking these considerations into account, a simplifying assumption is made such that the cells experience
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a spatially average irradiance (lavs). Thus, the average specific growth rate is determined by the specific
growth rate for lave (Equation 3-5).
tave = Ulave) (3-5)
A differential expression for the growth of bacteria neglecting cellular maintenance and secreted
products can be written based on the work of Monod and Pirt, and others (Equation 3-6) (Monod 1949;

Pirt 1965).

1dx
Y ar -~ Mave (3-6)

A photon balance accounting for the distribution of energy produced from absorbed photons can be
used to study the effects of cellular maintenance and secreted product synthesis on growth

(Equation 3-7) (Evers 1991; Pirt 1986).

n G%) = y_)l(vl"AVG + i% +m, (3-7)

In Equation 3-7, n is the photon utilization efficiency, I is the irradiance at the surface of the vessel,
S is the irradiated surface area of the vessel, V is the culture volume, gp is the biomass specific rate of
synthesis of a secreted product, m, is the biomass specific photon utilization for maintenance, Yx, is the
theoretical maximum yield of biomass on photons, and Yp, is the theoretical maximum yield of product
on photons. In the growth retardation phase, cell density is sufficient for all photons entering the culture
vessel to be absorbed by the biomass. Thus, the photons used for energy production can be determined
by multiplying the volumetric photon delivery rate (InSV?) by the photon utilization efficiency (n). The
energy produced from these photons is then used for growth, secreted products, and cellular
maintenance (Figure 3-4G). In this work, n, m,, Yx, and Yp, are considered constant in time.

The maximum theoretical yield on photons of either biomass (Yx,) or a product (Yey) can be readily
calculated using genome-scale metabolic models. These models are mathematical representations of

metabolic networks and are genomic and biochemical knowledge bases of an organism’s

metabolism (Lewis, Nagarajan, and Palsson 2012). In this work, Yx, and Yp, were calculated with the
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PCC7002 genome-scale metabolic model, iSyp708, and used to fit batch growth data and L-lactate and L-
lysine production data (Vu et al. 2013). Additionally, the Yp, for a variety of other compounds were
determined and are reported in Table 3-3. These compounds are potential metabolic engineering targets
and many of them have previously been produced in cyanobacteria.

Table 3-3. Theoretical Yields in PCC7002 for Various Compounds

Ypy Ypy

Product Name (nmol product per Product Name (nmol product per
umol photons) umol photons)

Ethanol 41.7 Sucrose 10.3
Acetone 29.4 Isoprene (MEP Pathway) 17.9
Isopropanol 27.4 Isoprene (MVA Pathway) 16.9
1-Butanol 20.8 Limonene (MEP Pathway) 8.93
Isobutyraldehyde 22.7 Limonene (MVA Pathway) 8.48
Isobutanol 20.8 Bisabolene (MEP Pathway) 5.95
2-Methyl-1-Butanol 16.7 Bisabolene (MVA Pathway) 5.65
1,2-Propanediol 31.3 Squalene (MEP Pathway) 2.94
2,3-Butanediol 22.7 Squalene (MVA Pathway) 2.81
L-Lactate 41.7 Octanoic Acid 11.4
3-Hydroxybutyrate 27.2 Octanol 10.4
Glycerol 35.7 Dodecanoic Acid 7.35
D-Mannitol 19.2 Dodecanol 6.94
L-Lysine (Nitrate media) 11.4 Hexadecanoic Acid 5.44
L-Lysine (Ammonia media) 17.9 Hexadecanol 5.21

If Equation 3-7 is rearranged to solve for pave, it can be substituted into Equation 3-6 to generate

Equation 3-8.

ax IInS1 1
2 = o XM=my — 7 —qp —my) (3-8)

For an organism with negligible product secretion (ge—>0), the initial growth rate in growth retardation

phase appears linear as defined by Equation 3-8 in the limit of low X (Equation 3-9).

(3-9)
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The left side of Equation 3-9 is the linear growth rate (LGR) measured at the beginning of the growth
retardation phase.

For comparison, we will now consider a differential equation for growth produced by inserting the
Monod model for specific growth rate into the differential equation for bacterial growth under the

assumption of lave<<K, (Equation 3-10).

aX _ umaxlave )
= K X (3-10)

lave can be determined by averaging [(z) (Equation 3-3) across the volume of the vessel

(Equation 3-11, See Supplementary Note for derivation).

IINS 1
lave = (3-11)

Inserting Equation 3-11 into Equation 3-10 produces another equation predicting a linear growth rate
(Equation 3-12).

aX _ umax LinS (3-12)
dt ~ ak, V

Comparing Equations 3-8 and 3-9 reveals a relationship between n and the Monod kinetic parameters
(Equation 3-13).

EmMAX
MAX ) (7)

= aYx,I(z) (3-13)

The numerator of Equation 3-13 is the expected specific growth rate from the Monod growth model.
The denominator is the theoretical maximum specific growth rate if all energy from photons absorbed are
used to produce biomass. Using Umax and K, from Figure 3-5, Yx, calculated as described later, and a

measured for accessible photon wavelengths, the expected value of n is in the range of 0.5-0.7, consistent

with the results presented in Table 3-4 (See Supplementary Note for derivation).
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Figure 3-5. Photonic Monod Growth Model Fit from Exponential Phase Batch Cultures of PCC7002. p values are
calculated from the exponential growth rate of cultures grown in the specified In with all cell density
measurements made at OD730 less than 0.1 to limit the effect of cell shading on lave. Error bars represent the
standard error of at least three biological replicates.

The photon balance described in Equation 3-8 includes a term for secreted products, allowing analysis
of cyanobacteria engineered for production of secreted molecules. This analysis considers a growth
associated product such that the specific productivity of P is proportional to the specific growth rate
(Equation 3-10).

qp = PHave (3-14)

Here, p is the growth-associated productivity parameter (mol P (g DW)?). This model should be

applicable to most molecules of interest as chemical production is often tied to growth in cyanobacteria.
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However, a similar analysis could easily be performed for cases where this does not apply through careful
choice of productivity model.
Combining the productivity model with the photon balance and differential growth equation

(Equation 3-8) produces Equation 3-15.

X _ YXVX(%TI%_"%)

ax _ (3-15)
“ )
The corresponding product balance expression is given in Equation 3-16.

An analytical solution to Equations 3-15 and 3-16 yields expressions for cell density and product

concentration as a function of time, given in Equation 3-17 to 3-20 (See Supplementary Note for

derivation).
X(t) = X(0)e7t + Xg[1 — e™*] (3-17)
P(t) = P(0) + p[Xs — X(0)][1 — e7*] (3-18)
_ Yxym, _
K= —1+p% (3-19)
X = ni% (3-20)

Here, Xs is the stationary phase cell density predicted by model parameters and k is a characteristic
time constant for transition to stationary phase. Equation 3-17 to 3-20 provide a theoretical framework
for characterizing the productivity of cyanobacteria cultures with the key parameters n, p, and m,.

3.3. Experimental Validation and Predictive Capabilities of Theoretical Framework

Photon Utilization Efficiency for Scaling

Table 3-4 gives values of n calculated from the LGR of cultures of Wild Type PCC7002 grown across
different vessel geometries, |y, temperature, and salinity. n varied only slightly in the range of 0.55-0.76

for all experiments performed in this work except for excessive salinity (72 g L'* NaCl) where n was severely
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decreased. n was similar for experiments performed with Synechococcus elongatus UTEX 2973, another
fast-growing cyanobacterium. Calculated values of n from yields determined in chemostat experiments
with Synechocystis sp. PCC6803 and the algae Chlorella sorokiniana 211-8K were comparable to those
determined from LGR experiments in this work (Schuurmans et al. 2015).

To further illustrate the usefulness of NSV as a scaling factor for predicting cyanobacterial growth
rate in different experimental systems, Figure 3-6A gives the LGR plotted vs. ISV for three different
vessel geometries (culture tubes, shake flasks, and 1 L culture bottles). As shown in Figure 3-6B, n is an
easily calculated and useful parameter for identifying changes in culture conditions that cause deviations
in photon utilization efficiency from standard conditions. In these experiments measuring LGR of PCC7002
in cultures in which temperature and salinity were varied, the only significant negative deviation in n
occurred with 4x the salinity of standard Media A, or approximately twice the salinity of seawater. This
approach is useful in quantifying how variations in culture conditions in a scaled-up process that differ

from standard experimental conditions can affect photon utilization efficiency.
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Figure 3-6. Linear Growth Rate Scales with Volumetric Photon Delivery Rate but Varies with Osmolarity. (A) LGR
of PCC7002 increases with volumetric photon delivery rate. This result holds between three vessel geometries.
Inset: n does not differ significantly from the average value for different geometries. (B) Decreasing temperature
to 30°C has minimal effect on photon utilization efficiency in PCC7002. PCC7002 is salt tolerant, but extreme
increase in osmolarity to approximately 2x the osmolarity of seawater (2.6 OsM) by the addition of NaCl
significantly decreases photon utilization efficiency. Inset: 2.6 OsM is the only experimental treatment where n
varied significantly from the average (p-value<0.05).
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Table 3-4. Photon Utilization Efficiency Under Various Experimental Conditions

Osmolarity | T | Sv?
Vessel (OsM) () | (m?) | I | (InSVY)2 | LGRC | Yield® n
Synechococcus sp. PCC7002
Flask A® 0.7 | 37 180 75 48600 6214 1.3 | 0.63+0.07
Tube 0.7 | 38 100 | 110 41400 5116 1.2 | 0.62+0.10
Tube 0.7 | 38 100 80 31000 38+2 1.2 | 0.61+0.07
Flask Bf 0.7 | 37 100 75 27000 41+4 1.5 | 0.75+0.10
Tube 0.7 | 38 100 60 21900 28+2 1.3 | 0.64+0.08
Liter Bottle 1| 30 40 | 110 15700 | 17+0.5 1.1 | 0.55+0.06
Tube 0.7 | 38 100 30 10200 | 15+0.8 1.5 | 0.73+0.08
Liter Bottle 1| 30 40 60 8600 | 10+0.2 1.2 | 0.59+0.06
Tube 0.7 | 38 100 10 3500 | 4.5£0.2 1.3 | 0.65+0.07
Tube® 0.7 | 38 NA | ~600 NA NA NA ~0.1
Lower Temperature
Tube 0.7 | 30 100 | 110 41400 6313 1.5 | 0.76+0.08
Tube 0.7 | 30 100 30 10200 | 12+0.8 1.2 | 0.60+0.07
Higher Salinity
Tube 13| 38 100 | 110 41400 4743 1.1 | 0.57+0.07
Tube 26| 38 100 | 110 41400 2143 0.5 | 0.25+0.04
Synechocystis sp. PCC6803
Chemostat" 0.04 | 30 NA 76 NA NA 1.7 0.85
Chemostat' 0.04 | 28 NA 45 NA NA 1.2 0.60
Chlorella sorokiniana 211-8K
Chemostat" | 004] 30] NA| 76| NA|  NA| 18] 0.88

3[umol photons m? s?] Standard error is 10% of measured value. ®[umol photons L hr?] {mg DW L hr?]
9[g DW (mol photons)?] €250 mL Flask with 25 mL culture volume. 250 mL Flask with 45 mL culture volume.
8Experiment from Xiong, et al. found an 80% decrease in linear growth rate when Iin was increased from 15 umol
m2 s to 600 umol m? s (estimated lar/lpar Of 0.3) (Xiong et al. 2015). This was used to estimate n under very
high light intensity from the experiments performed in this work. "Experiments from Schuurmans, et al.
(Schuurmans et al. 2015). ‘Experiments from Touloupakis, et al. (Touloupakis et al. 2015). Error values are standard
error of the mean propagated from LGR and Iin measurements of at least three biological replicates. Bold text to
emphasize variables of interest.

Transition to Stationary Phase in Batch Growth

Stationary phase is characterized by a net growth rate of zero. In Equation 3-8, this occurs when the
biomass specific rate of photon utilization (gen=nInSVX?, Figure 3-4G) has decreased to the point where
all photons are being used for maintenance. No further increase in cell density is observed after this point

without perturbation in the volumetric photon delivery rate. In practice, the onset of stationary phase
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occurs abruptly and at cell densities significantly lower than predicted by the model in Equation 3-8. This
is likely due to regulatory changes induced by low biomass-specific photon delivery rate.

While n can be calculated from the initial LGR, my requires information about growth rate at cell
densities approaching Xs. To accomplish this, cultures of PCC7002 were grown in photobioreactors with
Media A supplemented with NaNOs, FeCls, and KH,PO. until stationary phase under two different Iy
(Figure 3-7). The average value of n for these cultures was 0.55+0.06 or 0.59+0.06 for 110 or 60 umol
photons m? s, respectively, as determined by initial rate analysis (LGR calculated from first 3 days of
growth). Using these values of n in Equation 3-17 and fitting the resulting equation to growth data gave
an average m, of 1100+110 or 42030 pmol photons (g DW)? hr!for 110 or 60 umol photons m2 s?,
respectively. A sensitivity analysis looking at the goodness of fit of the model given in Equation 3-17 while
varying the parameters shows that the fit is much less sensitive to changes in m, than to changes in n or
p (Figure 3-8). This analysis suggests that the batch culture method for determination of m, is accurate
only in order of magnitude and continuous cultures study is necessary for more accurate quantification of
cellular maintenance. The m, values calculated here are on the same order of magnitude as the values of
900 umol photons (g DW)? hrfor Synechocystis sp. PCC6803 (Touloupakis et al. 2015) and 1250 pmol
photons (g DW)? hr? for Oscillatoria agardhii (Evers 1991), both determined by continuous culture

experiments.
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Figure 3-7. Batch Growth of Wild Type PCC7002 to Light-Limited Stationary Phase with Varying Irradiance.
PCC7002 was grown to stationary phase under light limitation in photobioreactors at Iin of 110 (closed circles) or
60 (open circles) pmol photons m2 s, Cell density was measured approximately every 24 hours and the growth
retardation phase model was fit to the resulting data set for the first 14 days or 16 days for 110 or 60 umol photons
m2s?respectively. Growth deviated significantly from predictions (dotted line) after these periods, so subsequent
data points were not included in the fit. The initial rate method was used to determine n and then m, was
determined using the best fit of Equation 3-15. Error bars and parameter errors represent the standard error of
three biological replicates.
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Figure 3-8. Sensitivity Analysis for Light-Limited Growth Model (Described by Equation 3-17 to 3-20). Data is from
experiment described in Figure 3-9. Black line for each plot is the best fit parameter set and colored lines represent
fits if my (A), n (B), or p (C) are varied from the best fit by the specified amount while holding the other parameters
constant. (A) X and P have low sensitivity to my as doubling or halving the value of my has minimal effect on the
goodness of fit. (B) X and P have high sensitivity to n as even a 20% variation in this parameter has significant
effect on the goodness of fit. (C) P has a high sensitivity to p while X has a low sensitivity to p.

Initial Rate Analysis for Determination of n and p

Initial rate analysis is useful for expediting experimentation as measuring an initial linear growth rate
is less time consuming than measuring an entire batch growth into stationary phase.

Equation 3-21 gives the derivative of Equation 3-18 with respect to time.

% = k[X; — X(0)]exp(—kt) (3-21)

Equation 3-22 gives Equation 3-21 in the limit as time goes to zero (beginning of growth retardation

phase) with the assumption that X)((O) is small.
S

IINS
ax Yxvn——
— =KX, = —~L% 3-22
dtle—o § 1+p% ( )

A similar analysis for P produces Equation 3-23.
IINS

ar Yxu=5—p
= =kpX,== 7o (3-23)



47

This result allows n and p to be determined from the initial linear rates of growth (LGR) and product
secretion (LPR).

Predicting Scale-Up for PCC7002 Strains Engineered for L-lactate Secretion

In previous work, the PCC7002 strain CC131 was engineered for secretion of L-lactate through
heterologous expression of an L-lactate dehydrogenase mutated to co-utilize NADPH and NADH as
reducing agents to convert pyruvate to L-lactate and through introduction of a CRISPRi system targeted
to the metabolic regulator g/nA (Gordon et al. 2016). In that work, CC131 cultures were grown in tubes in
1% CO; with 100 umol photons m2 s (IN\SV1=38,200 umol photons L™ hr') with a resulting LGR of 35+1
mg DW L hr! and a LPR of 92+1 pM L-lactate hr! (Note that in (Gordon et al. 2016), cell pellets were
washed with Tris-buffered saline before determining dry weight rather than distilled water, as was done
in this work. To correct for this, dry weight measurements were multiplied by 0.75, the ratio of the dry
weight of a distilled water washed pellet to a Tris-buffered saline washed pellet). Using Equations 3-22
and 3-23, the photon utilization efficiency (n) was calculated to be 0.52+0.06 and the growth associated
productivity (p) was calculated to be 2.61+0.09 mmol L-lactate (g DW)™. Using these values, we predicted
the scaled-up LGR and LPR of CC131 in 1 L culture bottles (InSV=15,700 pmol photons L't hr?) to be 16+2
mg DW L hr' and 4346 uM L-lactate hr?, respectively (Table 3-5).

To test these predictions, cultures of CC131 were grown in 1 L bottle photobioreactors with Media A
supplemented with NaNOs, FeCls, and KH,PO, until stationary phase and the cell density and L-lactate
concentration were measured over time (Figure 3-8). The LGR and LPR were 14+0.3 mg DW L hr? and
21+0.9 uM L-lactate hr?, respectively (calculated from the first 3 days of growth an L-lactate production).
While the LGR was close to the predicted value, the LPR was substantially lower than expected. The
average values of n and p for these cultures were 0.48+0.04 and 1.5+0.07 pumol L-lactate (mg DW)?

determined by initial rate analysis. This significant decrease in growth associated productivity (p) suggests
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that the ability of cells to convert pyruvate into L-lactate is reduced in the condition of lower
genh (NInSVIX?, Figure 3-4G) where cellular energy content is lower.

Using these values of n and p in Equations 3-17 and 3-18 and fitting the resulting equations to growth
and L-lactate secretion data for 14 days of growth yielded an average m, of 1060£100 umol photons
(g DW)? hrt, which is similar to that determined for Wild Type PCC7002 (Figure 3-7). It is interesting to
note that the L-lactate production rate significantly deviated from the model fit after 5 days of growth
(approximately 2 g DW L't and 2 mM L-lactate) and the growth rate significantly deviated from the model
fit after 14 days of growth (approximately 3 g DW L), suggesting significant changes in metabolism with
decreasing gen. Data after 14 days were not included in the fit to determine m, as the model does not
adequately describe this result.

Table 3-5. Scale-Up Predictions for Engineered L-lactate and L-lysine Producing Cyanobacteria

CC131 L-lactate Production
Tube® Bioreactor Flask (Perturbation)
NSV (umol photons L hr?) 38200 15700 41000
Predicted | Measured
LGR (mg DW L hr?) 35+1 1642 14+0.3
LPR (uM L-lactate hr?) 92+1 4316 21+0.9
Best Fit Parameters
n 0.52+0.06 0.48+0.04 0.41+0.01
p (mmol L-lactate (g DW)?Y) 2.6%0.09 1.5+0.07 4.4+0.03
my (umol photons (g DW) ! hr?) 1060+100
TK.032 L-lysine Production
Flask® Bioreactor Flask (Perturbation)
NSV (umol photons L hr?) 24300 15700 41000
Predicted | Measured
LGR (mg DW L hr?) 2012 17+4 10+0.4
LPR (UM L-lysine hr?) 31+4 26+7 13+0.5
Best Fit Parameters
n 0.53+0.11 0.38+0.03 0.34+0.05
p (mmol L-lysine (g DW)?) 1.6+0.25 1.4+0.08 0.38+0.2
my (umol photons (g DW) ! hr?) 11504100

2Experiments from reference (Gordon et al. 2016). "Experiments from reference (Korosh et al. 2017).
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When the cultures achieved stationary phase and maintained the same cell density for 7 days, the
effect of a perturbation in the volumetric photon delivery rate was studied by transferring a 30 mL sample
of each culture from the photobioreactor (InSV'=15,700 umol photons L hr?) to a shake flask (InSV-
1=41,000 umol photons L hr?) (Figure 3-8). An immediate restoration of growth and L-lactate production
was observed and a model fit (Equations 3-17 and 3-18) using m,=1060 umol photons (g DW)* hr!yielded
values for the constants n=0.41+0.01 and p=4.38+0.03 mmol L-lactate (g DW)™ . This result suggests that
the stationary phase observed in the photobioreactors before the perturbation was due to light limitation
as hypothesized. The value of n determined after the perturbation was similar in value to that determined
before the perturbation, but the value of p was significantly higher after the perturbation. This suggests
that the metabolism of CC131 converts fixed carbon to L-lactate more effectively in the condition of higher
geh in agreement with our previous observations.

At the time of perturbation, samples were taken from each reactor and the spent media was isolated
by centrifugation and decanting. Fresh cultures of CC131 were unable to grow in 25 mL of this supernatant
in shake flasks (InSV1=49,000 umol photons L hrl) even when supplemented with vitamin B12 or
KH3PO,. This result in comparison to the robust growth of directly cultured samples discussed previously
suggests that the cultures had either sequestered at least one essential nutrient (other than vitamin B12
and phosphate) into their biomass leaving the extracellular medium depleted. Alternatively, the culture
accumulated some molecule that is toxic at low cell densities (high biomass specific photon delivery rate),

but not high cell densities (low biomass specific photon delivery rate).
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Figure 3-9. Growth and Production of L-lactate and L-lysine in Engineered Cyanobacteria. CC131 growth (A) and L-
lactate production (B) and TK.032 growth (C) and L-lysine production (D) were measured in photobioreactors to
stationary phase. Subsequently, light limitation was verified by transfer of culture to flasks in which InSV! was
significantly higher. Samples were obtained for cell density measurement approximately every 24 hours and L-
lactate or L-lysine concentration was determined. The growth retardation phase model was fit to the first 14 days
of growth and the first 5 days of L-lactate or L-lysine production after which values deviated significantly from
predictions (dotted line). The initial rate method was used to determine n and p and then m, was determined
using the best fit of Equations 3-17 and 3-18. After ~21 days (vertical dashed line), samples from each
photobioreactor were transferred to shake flasks. n and p were determined for this new growth condition by a
best fit of Equations 3-17 and 3-18 using the value of my determined in the photobioreactors. Parameter values
are given in Table 3-5. Error bars represent the standard error of at least two biological replicates.

Predicting Scale-Up for PCC7002 Strains Engineered for L-lysine Secretion

In previous work, the PCC7002 strain TK.032 was engineered for secretion of L-lysine through
heterologous expression of an E. coli amino acid transporter ybjE and an aspartate kinase insensitive to
feedback regulation (Korosh et al. 2017). In that work, TK.032 cultures were grown in shake flasks in
1% CO; with 75 pmol photons m2 s (InSV1=24,300 umol photons L hr?) with a resulting LGR of 20+2

mg DW L hr! and LPR of 31+4 uM L-lysine hrl. Using Equations 3-22 and 3-23, the photon utilization
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efficiency (n) was calculated to be 0.53+0.1 and the growth associated productivity (p) was calculated to
be 1.56+0.25 mmol L-lysine (g DW)™. Using these values, we predicted the scaled-up LGR and LPR of
TK.032 in 1 L culture bottles (InSV1=15,700 umol photons L'* hr!) to be 1724 mg DW L™ hr'l and 26+7 uM
L-lysine hr, respectively (Table 3-5).

To test these predictions, cultures of TK.032 were grown in 1 L bottle photobioreactors with Media A
supplemented with NaNOs, FeCls, and KH,PO, until stationary phase and the cell density and L-lysine
concentration were measured over time (Figure 3-7). The LGR and LPR were 10+0.4 mg DW L* hr! and
13+0.5 uM L-lysine hr?, respectively (calculated from the first 3 days of growth and L-lactate production),
both significantly lower than the predicted values. The average values of n and p for the photobioreactor
cultures were 0.38+0.03 and 1.35+0.08 mmol L-lysine (g DW)™. In this experiment, the change in growth
associated productivity (p) was minimal relative to the experiments in shake flasks, but photon utilization
efficiency (n) decreased by approximately 30% which caused the significant difference between the
predicted and actual growth and L-lysine productivity. This contrasts with the scale-up of CC131 where
photon utilization efficiency did not change, but a decrease in growth associated productivity accounted
for the difference between predicted and actual L-lactate productivity.

The decrease in n for TK.032 observed after moving to the photobioreactors was likely due to osmotic
stress associated with nutrient supplementation. We suspect that TK.032 may be less robust to osmotic
changes than other strains of PCC7002 due to high expression of the membrane protein ybjE. This
hypothesis is supported by the observation that TK.032 required approximately 48 hours after reactor
inoculation to enter growth retardation phase, significantly longer than observed for other strains of
PCC7002, which could be a result of reduced ability to adapt to the higher osmolarity.

Using n and p in Equations 3-17 and 3-18 and fitting the resulting equations to growth and L-lysine
secretion data for 13 days of growth yielded an average m, of 1150+100 umol photons (g DW)* hr, which

is similar to that determined for Wild Type PCC7002 (Figure 3-7). It is interesting to note that the growth



52

rate significantly deviated from the model fit after 13 days of growth (approximately 2 g DW L%1),
suggesting significant changes in metabolism with very low lavs. Data after 13 days were not included in
the fit to determine m, as the model does not adequately describe this result.

The same perturbation in volumetric photon delivery rate described earlier for cultures of CC131 was
performed on the TK.032 cultures (Figure 3-8). An immediate restoration of growth was observed, but
L-lysine secretion was minimal. A model fit (Equations 3-17 and 3-18) using m,=1150 umol photons (g
DW)?! hrtyielded values for the constants n=0.34+0.05 and p=0.38+0.23 mmol L-lysine (g DW)™. The value
of n determined after the perturbation was similar in value to that determined before the perturbation,
but the value of p was significantly lower after the perturbation. This suggests that some irreversible
change in metabolism occurred during stationary phase that significantly decreased the L-lysine
production potential.

3.4. Discussion

For the purposes of engineering cyanobacteria for fuel and chemical production, it is preferable to
study behavior under light-limitation as this is the desired limitation in an industrial process where CO;
and soluble nutrients can be provided in excess from waste sources (Yenkie et al. 2016). Failure to
eliminate other limitations in laboratory cyanobacterial cultivation experiments can lead to confounding
results. For example, overexpression of RuBisCO has been studied as a strategy for increased
photosynthetic production of fatty acids (Ruffing 2014), isobutyraldehyde (Atsumi, Higashide, and Liao
2009), and sucrose (Ducat et al. 2012) by engineered cyanobacteria, suggesting carbon fixation could be
rate-limiting. In subsequent studies, several genes in carbon-fixation were overexpressed in Synechocystis
sp. PCC6803, some of which caused large increases in Os-evolution (Liang and Lindblad 2016, 2017).
Despite these promising phenotypes, observed increases in growth rate were minimal. A key difference
between this study and the previously mentioned successful RuBisCO overexpression studies is that

growth experiments were performed in ambient air rather than environments in which inorganic carbon
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was supplemented in the form of gas phases with elevated CO, or addition of NaHCOs. Thus, eliminating
CO,-limitation in these growth experiments could elucidate why increased O,-evolution did not translate
into increased CO,-fixation.

Similarly, glycogen accumulation in cyanobacteria has been studied for potential applications as
alternative feedstocks for biofuels (Aikawa et al. 2015; Mollers et al. 2014; Song et al. 2016). However, all
experiments have been performed in nutrient limiting media where nitrogen limitation triggers the
accumulation of glycogen. In practice, nitrogen limitation would limit biomass titer, significantly increasing
downstream processing costs (Yenkie et al. 2016). Increasing glycogen accumulation without nutrient
limitation is an interesting engineering challenge that will have major implications on the feasibility of this
biotechnological pursuit.

In evaluating candidate cyanobacterial species as hosts for photosynthetic chemical production,
specific growth rate or doubling time are often reported as the defining growth parameters for which
organism is “best”, often ignoring the transition to linear phase in this calculation (Schuurmans et al.
2017). The short duration of the exponential growth phase practically necessitates the use of a different
parameter to compare strains. We propose that n calculated from the LGR is a better means of
comparison between different cyanobacterial species. This suggests that the primary advantage of
PCC7002 in the context of photosynthetic chemical production is not the often-lauded high exponential
growth rate, but rather its ability to maintain a high n across a wide range of osmolarities, temperatures,
and irradiances as shown in Table 3-4 and Figure 3-6. Improving the ability to maintain such efficiencies
at irradiances approaching peak solar irradiance is a key engineering challenge for the field.

Productivities of secreted molecules are often reported in units of mg L* OD™ hr?, a quantity that
describes the biomass specific productivity of a molecule given that the biomass is irradiated with excess
photons (Oliver and Atsumi 2014). In addition to ignoring differences in OD to dry cell weight

measurements from different laboratories, this method of reporting is not useful for predicting
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productivities in a scaled-up process where light is limiting and the biomass specific productivity varies
over the course of a batch as shown in this and other work (Kopka et al. 2017). We propose that the
standard method of reporting for cyanobacteria engineered for product secretion should include LGR (g
DW L?! hrl) and LPR (mM Product hr?) as well as the volumetric accessible photon delivery rate (InSV?,
umol photons m2 s). n and p can be determined from these measurements allowing easy comparison
across experimental systems for future researchers to build on previous results. While the simple model
for g used in this work does not capture all the dynamics of product secretion, it does provide some
information about how productivity changes over the course of a batch and across different experimental
systems. More rigorous studies will consider how gp varies in time and under relevant process conditions,
providing interesting insight into the dynamics of metabolism in engineered cyanobacteria.

Biomass titer and product titer at stationary phase are key factors affecting process economics (Yenkie
et al. 2016). As demonstrated in this work, biomass titer is largely determined by specific maintenance,
but significant deviations from predicted biomass accumulation occur at high cell densities as observed in
Figures 3-6 and 3-7. Physiological changes during the transition from growth retardation phase to
stationary phase could elucidate the biological mechanisms limiting the achievable biomass titer.
Transcriptional changes for light-dark transitions in cyanobacteria have been shown to be regulated by
the stringent response (Hood et al. 2016), so it is possible that light-limited stationary phase is triggered
due to buildup of (p)ppGpp as the biomass specific photon delivery rate decreases to a point of starvation.

3.5. Conclusions

This work identified conditions for batch growth of cyanobacteria under which light-limitation can be
maintained through stationary phase. Theoretical descriptions of the phases of growth provided insight
into key factors that limit the productivity and achievable titer of cyanobacterial cultures, including high
irradiance, high salinity, and cellular maintenance. Experimental and data analysis methods outlined in

this work provide a framework for quantification of bioenergetics of cyanobacteria engineered to secrete



55

molecules in simple batch culture experiments. Utilization of this framework by researchers of metabolic
engineering in cyanobacteria will improve comparisons of experiments performed under different
conditions to improve understanding of key factors for photosynthetic chemical production.

3.6. Methods
Culturing Cyanobacteria

Wild Type PCC7002, TK.032, and CC131 were maintained on Media A adapted from Stevens et al
(Stevens, Patterson, and Myers 1973) (308 mM NaCl, 20 mM MgS0Q4, 0.08 mM NazEDTA, 8 mM KCI, 3 mM
CaCl, 12 mM NaNOs, 0.37 mM KH;PO4, 8 mM Tris Base, 30 uM Ferric Ammonium Citrate, 554 uM HsBOs,
22 UM MnCly, 2.3 uM ZnCl,, 208 nM Mo0Os, 12 nM CuSO4, 51 nM CoCly, 3 nM cobalamin) with 1.5% (w/v)
Bacto-Agar (Fisher). CC131 was acquired from Gordon, et al (Gordon et al. 2016) and was maintained with
the addition of 100 pg mL* kanamycin and 30 pg mL? gentamicin. TK.032 was obtained from (Korosh et
al. 2017) and was maintained with the addition of 100 pg mL™ kanamycin. Synechococcus elongatus UTEX
2973 was maintained on BG11 medium (Rippka 1988) with 1.5% (w/v) Bacto-Agar (Fisher). Inoculum for
experiments was prepared by transferring biomass from solid media to 250 mL shake flasks containing
50 mL of the appropriate medium with a sterile loop and incubating the resulting culture in a Kuhner
Climo-Shaker ISF1-X outfitted with a white LED (1% (v/v) CO,, 37°C, 75 umol photons m? s* from 4000 K
White LED). This apparatus was contained in a chemical safety hood to prevent CO, accumulation in the
laboratory. Optical density at 730 nm was measured in a Genesys 20 spectrophotometer (Thermo
Scientific) in 1 cm cuvettes. All samples were diluted into the linear range of OD730 between 0.01-0.30.
For cultures in which excess nutrients were added, the dilutions used were sufficient to dissolve any
precipitates such that they did not contribute significantly to light scattering. An OD730 to g DW L*
conversion was determined to be 0.26 g DW L' OD730! by weighing cell pellets washed three times with

MilliQ filtered water and then lyophilized.
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Light Quality Calculations

Luminous flux was determined with a Traceable Dual-Range Light Meter (Fisher Scientific). Total PAR
radiant intensity was calculated using a conversion factor for the light source used to calibrate the meter.
A normalized radiant intensity spectrum for a given light source was measured with a GoDirect SpectroVis
Plus Spectrophotometer (Vernier). The total radiant intensity was combined with this radiant flux
spectrum to determine the radiant intensity distribution, which was converted to a photonic flux
distribution using the photonic energy. lar was determined to be the sum of all photonic flux between
380-480 nm and 600-700 nm. Ichia was determined to be the sum of all photonic flux between 380-480 nm
and 660-700 nm. lphyc Was determined to be the sum of all photonic flux between 600-660 nm. All values
of Iiv in this work are reported in terms of accessible photons.

Photobioreactor Cultivation

The photobioreactors used in this work are described in Appendix A. Briefly, the reactor vessels were
1 L Corning glass wide mouth bottles with modified caps for instrumentation (SV'=40 m™). The gas phase
was mixed to the specified Pco, using two mass flow controllers, one for air and one for pure industrial
grade CO,, before being delivered to the reactors at approximately 0.3 L min™. Light was provided by cool
white fluorescent bulbs with average Iy of 110 pmol photons m? s%. The temperature was maintained at
the specified value by a cooling fan (heat provided by the fluorescent bulbs).

The initial working volume for all photobioreactor experiments was 900 mL. For CO, transfer
optimization, photobioreactors were inoculated with Wild Type PCC7002 to an initial OD730 of 0.05 (three
biological replicates per condition). Samples were taken approximately every 24 hours after adjusting the
reactor volume with sterile MilliQ to make up for evaporation and OD730 was measured. The first sample
taken (approximately 24 hours after inoculations) was determined to be time zero for determination of

LGR by fitting a line to the cell density measurements for the first 72 hours.
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Nutrient Supplementation in Shake Flasks

40 mL cultures of PCC7002 in Media A were prepared in 250 mL shake flasks inoculated to a final
OD730 of 0.05. Media A + N cultures were supplemented with 110 mM NaNOs. Media A + N + P cultures
were supplemented with 110 mM NaNOs; and 5.2 mM KH,PO.. Media A + N + P + Fe cultures were
supplemented with 110 mM NaNOs, 5.2 mM KH,PO,, and 1.1 mM FeCls and then adjusted to a pH of 7 by
addition of NaOH. Samples to which KH,PO, was added were supplemented with additional aliquots of
5.2mM KH,POs These flasks were place in the shaking incubator (1% (v/v) CO, 37°C,
75 pumol photons m2 s from 4000 K White LED) and time zero for growth retardation was taken to be
approximately 24 hours after inoculation (OD730~1). + P cultures were supplemented with additional
aliquots of 5.2 mM KH,PO4 on days 0, 1, 2, 3, and 4 for a total addition of 31 mM KH,PO,. Approximately
every 24 hours sterile MilliQ water was added to make up for evaporation and OD730 was measured. The
samples that were diluted for OD730 measurement were then analyzed for their absorbance spectrum of
light from 350-750 nm (1 nm band) in an Infinite M1000 plate reader (Tecan). The resulting spectrum was
normalized by dividing by the average OD measurement in the range of 730-750 nm and inserting a
baseline at this average value.

Exponential Growth Rate Measurements

Cultures were grown in glass tubes (2x15 cm) containing 20 mL of Media A inoculated to an initial
OD730 of 0.01. Tubes were placed in a custom plexiglass water bath maintained at 38°C and illuminated
from one side by a White (4000 K) LED Panel with the specified Iiv. OD730 measurements were made at
time intervals less than the doubling time for a given condition and all measurements were made below
0OD730=0.1. Exponential growth rate was determined by the slope of a plot of In(OD730) over time for
each sample.

Linear Growth Rate Measurements

Cultures were treated as described in “Exponential Growth Rate Measurements”, but samples were

taken in the range of OD730 0.5-5. The water bath temperature was adjusted for varying temperature



58

samples. High osmolarity cultures were grown in Media A supplemented with NaCl to the specified
osmolarity. LGR was determined by the slope of a plot of OD730 over time for each sample. Yields were
calculated by the ratio of LGR to the volumetric photon delivery rate (InSV?).

Photobioreactor Iy Variation Experiments

Photobioreactors were inoculated with Wild Type PCC7002 to an OD730 of 0.05 with a working
volume of 900mL of Media A. The temperature controller was set to maintain the reactors at 30°C.
Reactors with Iiy=60 umol photons m? st had 4 of the 8 fluorescent bulbs removed. Time zero for growth
retardation was taken to be 24 hours after inoculation (OD730~1). Nutrients were added in aliquots
containing 18.3mM NaNOs, 183uM FeCls, and 5.2mM KH,PO4 on Days 0, 2, 4, 7, and 10 for reactors with
In=110 umol photons m? st and on Days 0, 3, 5, and 10 for reactors with Iy=60 umol photons m2 s,
Samples were taken approximately every 24 hours after adjusting the reactor volume with sterile MilliQ
to make up for evaporation and the OD730 was measured.

Photobioreactor L-lactate Production Experiments

Photobioreactors were inoculated with CC131 or TK.032 to an OD730 of 0.05 with a working volume
of 930mL of Media A supplemented with 1210mM NaNOs, 1.1mM FeCls, and 5.2mM KH,PO,. Reactors with
CC131 were supplemented with 100 pg/mL kanamycin, 30 pug/mL gentamicin, and 1mM IPTG. Reactors
with TK.032 were supplemented with 100 pg/mL kanamycin, 1ImM IPTG, and 100 ng/mL anhydrous
tetracycline. The temperature controller was set to maintain the reactors at 37°C. A gas phase containing
5% CO, was introduced at a flow rate of 0.3 L min? and the system was given 1 hour to equilibrate, at
which point the pH of each culture was adjusted to 7 by adding approximately 1.7mL of 5M NaOH. Time
zero for growth retardation phase was taken to be 24 hours after inoculation for CC131 and 48 hours after
inoculation for TK.032 (OD730~1). Samples were taken approximately every 24 hours after adjusting the
reactor volume with sterile MilliQ to make up for evaporation and the pH and OD730 were measured.

Samples were centrifuged and the supernatant was saved for L-lactate or L-lysine quantification (stored
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at -20°C until measurement). Additional KH,PO, was added in 5.2mM aliquots on days 3, 6, and 8 for
CC131 and days 2 and 6 for TK.032 (pH fluctuated between 6.7 and 7.2 as KH,PO, was added and
subsequently consumed).

Once stationary phase was achieved and maintained for 4 days (21 days after start of experiment),
30 mL samples were transferred from each reactor to 250 mL shake flasks and placed into the shaking
incubator (1% (v/v) CO,, 37°C, 75 umol photons m? s from 4000 K White LED) where sampling was
continued similarly to the photobioreactors for 7 days. Additional samples were taken from the reactors
at the same time and centrifuged to remove biomass. The resulting supernatant was inoculated to an
OD730 of 0.05 with fresh CC131 culture, but no growth was observed.

L-lactate Quantification

L-lactate concentrations were determined using a L-lactate assay kit (Sigma Aldrich) where an
enzymatic reaction results in a colorimetric (450 nm) product. Measurements were made using the
protocol contained in the kit. Briefly, standards containing 0, 2, 4, 6, 8, or 10 nmol of L-lactate in 100uL of
reaction buffer with the provided enzyme mix and substrate were placed into wells of a 96-well plate.
Samples to be quantified were diluted to be within the range of standards (<2.5 uL of each sample) into
reaction buffer with the provided enzyme mix and substrate and placed into wells of a 96-well plate. The
same process was repeated for standards and samples excluding the enzyme mix to control for
background florescence. The plates were incubated at ambient temperature in the dark for 30 minutes
and the absorbance at 450nm was measured with an Infinite M1000 plate reader (Tecan). The absorbance
of the control plates was subtracted from the reaction plates and a standard curve was determined from
the standards by fitting a line to all samples. This standard curve was used to determine the L-lactate

concentration of the samples.
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L-lysine Quantification

L-lysine quantification was performed using HPLC (Shimadzu Co., Columbia, MD, USA) equipped with
a quaternary pump, autosampler, vacuum degasser, photodiode array and fluorescence detector. HPLC
separations were performed using a Xbridge C18 column (2.1 X 150 mM, 3.5 um, Waters) as described
previously (Korosh et al. 2017). The method employed a 20-minute linear gradient starting with 100%
Buffer A: [925 ml of 100 mM Acetate (pH 6.95); 50 ml of HPLC Grade Methanol: 25 ml of HPLC Grade
Tetrahydrofuran] to 100% Buffer B: [975 ml of HPLC Grade Methanol: 25 ml of HPLC Grade
Tetrahydrofuran] before returning to the initial conditions for 10 mins. The flow rate was 0.400 mL/min,
column temperature 40°C, and injection volume 10 pL. Amino acid samples and standards were
quantified by comparison with peaks generated by monitoring the fluorescence (Ex 320 nm/ Em 450 nm)
of known amounts of standards in Media A*, after precolumn derivatization with 3 mg/ml
o-phthalaldehyde with 3-mercaptopropionic acid in 0.4 M borate buffer.

Theoretical Yield Calculations

Theoretical maximum yields on photons of both biomass and the products in Table 3-3 were
calculated using a genome-scale metabolic model of PCC7002, iSyp708. Within the model, the total
photon uptake flux (i. e. r_EX_PHOTONPSII_E + r_EX_PHOTONPSI_E) was constrained to be less than or
equal to 1 mmol photons (g DW)? hrl. The uptake fluxes of carbon dioxide, nitrate, water, oxygen,
phosphate, sulfate, magnesium, and protons were unconstrained. The bidirectional hydrogenase and
pyruvate synthase reactions were disabled as those reactions are known to be inactive in the presence of
oxygen. For simulations maximizing the yields of non-native compounds, the appropriate biosynthesis
pathways were added to the model. Additionally, when simulating terpenes produced via the non-native
mevalonate pathway, the native MEP pathway in the model was inactivated by disabling flux through the
2-C-methyl-D-erythritol-2,4-cyclodiphosphate dehydratase reaction. “Demand” reactions were added to

the model to remove the products of interest from the cytosol. Given these constraints, flux balance
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analysis (FBA) was performed with the objective of maximizing the production of biomass or the specific
product of interest (Orth, Thiele, and Palsson 2010). Yields were determined by dividing this maximum
production flux by the photon uptake flux. For all yield calculations, it was verified that the total photon
uptake flux was unique given the maximized objective. All simulations were performed in GAMS (GAMS
Development Corporation, Washington, DC) using the CPLEX solver.

It should be noted that there is a small degree of uncertainty in these Yp, values stemming from
uncertainty in the exact H*/ATP ratio utilized by the ATP synthase in PCC7002 (the published iSyp708
model uses a ratio of 4). To examine the magnitude of this uncertainty on the yields reported in Table 3-
3, the H*/ATP ratio in the metabolic model was varied from 3 to 5 and the percent change in each product
yield across this range was calculated. The largest percent decrease in Yp, from H*/ATP=3 to H*/ATP=5 was
~15% for acetone, with most compounds having a percent decrease well below 10%. As such, it seems
that the uncertainties in the calculated Yp, should have relatively little impact on the accuracy of the
models developed in this work.

Model Fits

Model fits were determined using the Solver tool in Microsoft Office Excel 2016. For each data point
the normalized square error was normalized by the theoretical yield on photons using the following
expression:

|Xpata—X | |Ppata—P |
ata Model or ata Model (3_24)
Yxv Ypy

The normalized square error was summed for all data point included in the fit and this sum divided
by the number of data points was used as the objective function. The fit was optimized using the Microsoft
Excel Solver tool by setting the objective function to zero and changing the specified parameters.
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Chapter 4: Insight into the Industrial Growth of Cyanobacteria from a Model of

the CO,-Concentrating Mechanism
This chapter is adapted from AIChE Journal, Vol. 60, No. 4, Clark, Ryan L; Cameron, Jeffrey C; Root, Thatcher W;
Pfleger, Brian F; Insights into the Industrial Growth of Cyanobacteria from a Model of the Carbon-Concentrating

Mechanism, p. 1269-1277, Copyright 2014, with permission from John Wiley and Sons.

4.1. Background and Motivation

In cyanobacteria, the light reactions of photosynthesis are carried out in the thylakoid membrane,
where the light-driven oxidation of H,O produces molecular O, electrons transferred to plastiquinones,
and protons in the thylakoid lumen (Lea-Smith et al. 2015). The resulting proton gradient is used for ATP
production and the electrons are transferred along the photosynthetic electron transport chain to
terminal electron acceptors, the most significant of which is NADP* to generate NADPH. ATP and NADPH
are subsequently utilized by the Calvin-Benson-Bassham cycle (CBB cycle) for the fixation of CO; into
organic molecules, while O; acts as a competitive inhibitor of carbon fixation because of the dual substrate
specificity of ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the key carbon fixing
enzyme (Tcherkez, Farquhar, and Andrews 2006).

The slow catalytic turnover and lack of specificity of RuBisCO between CO; and O, were sufficient for
growth under the high concentrations of CO; and low concentrations of O, in the Earth’s early
atmosphere. However, over millions of years photosynthetic organisms significantly increased
atmospheric O, levels and consumed CO,, shifting their relative abundance (Badger and Price 2003).
Under current atmospheric conditions (21% O, and 0.039% CO,), CO, concentration is a limiting factor for
photosynthesis; the photosynthetic capacity of the cell is directly correlated with the availability of CO,.
During the transition from abundant to limiting CO, concentrations, cyanobacteria evolved an elaborate
CO,-concentrating mechanism (CCM) comprised of inorganic carbon sequestration systems and the
carboxysome, a protein-based organelle for carbon fixation (Price et al. 2008). The CCM functions to
concentrate CO; at the site of carbon fixation, where it is consumed by RuBisCO. While the CCM is

essential for viability in current atmospheric CO; concentrations, this requirement can be overcome in
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laboratory conditions through enrichment of the growth environment in CO,. In industrial applications
using high CO; streams from combustion flue gases, feed enrichment could be as high as 15% CO,.

In the aqueous environments where cyanobacteria are typically found, HCOs is the predominant form
of inorganic carbon (Cj) (Butler 1982). HCOs' is actively transported across the cell by a suite of membrane
bound transporters. Three classes of HCOs transporters have been shown to be important for C
acquisition in cyanobacteria. BCT1 is a high affinity ATP binding cassette (ABC) transporter that is induced
under low C; conditions (Omata et al. 2002). SbtA is a high affinity, Na*-dependent transporter that is also
induced under low C; conditions (Shibata et al. 2002). BicA is a Na*-dependent, low affinity, high-flux
transporter (Price et al. 2004). In Synechococcus sp. PCC7002, BicA is present during carbon-replete
conditions but is upregulated during carbon limitation. In contrast, the BicA homolog in Synechocystis sp.
PCC6803 has been reported to be constitutively expressed (Wang, Postier, and Burnap 2004). Different
species of cyanobacteria express some or all of these HCO3™ uptake systems. Synechocystis sp. PCC6803
contains all three systems, while Synechococcus elongatus PCC7942 lacks BicA, and Synechococcus
PCC7002 lacks BCT1 (Price et al. 2004). Moreover, differences in transport activity have been reported for
the BicA homologs (Price et al. 2004). In contrast to HCOs", CO; can diffuse across the cell membrane. Two
CO; uptake protein complexes, NDH-14 and NDH-13, are involved in the hydration of CO; into HCO;5 in the
cytoplasm (Ohkawa et al. 2000). NDH-14 is a constitutively expressed, low-affinity system that may be
located on the plasma membrane (Maeda, Badger, and Price 2002; Shibata et al. 2001). NDH-13 is a high-
affinity, low C; inducible system located on the thylakoid membrane (Klughammer et al. 1999; Maeda et
al. 2002; Shibata et al. 2001). The concerted activity of these transporters allows the cells to accumulate
high internal levels of HCOs".

In addition to the C; acquisition system, the CCM also requires the carboxysome, which is a protein-
based bacterial microcompartment (BMC) that resembles an icosahedral viral capsid (Tanaka et al. 2008).

It is composed of a semi-permeable shell containing hexameric and pentameric proteins surrounding
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RuBisCO and carbonic anhydrase (CA) (Yeates et al. 2008). The shell has been proposed to be permeable
to HCOs, but not O, or CO, due to the electrostatic properties of the residues lining the pore of each shell
protein (Kinney, Axen, and Kerfeld 2011). However, a recent modelling study suggests that the diffusion
barrier provided by the carboxysome need not be specific to function (Mangan et al. 2016). Once HCO5’
enters the carboxysome, it is dehydrated to CO, by CA, known to be one of the most active
enzymes (Shingles and Moroney 1997). RuBisCO catalyzes the carboxylation of ribulose-1,5-bisphosphate
(RuBP) to form two molecules of 3-phosphoglycerate (3-PGA). 3-PGA diffuses out of the carboxysome,
where it is consumed by the CBB-cycle, providing the major sink for photosynthetically derived ATP and
NADPH. Carboxysomes are found in all free-living cyanobacteria and are essential for survival in ambient
CO: concentrations. However, they are dispensable at high CO; (i. e. 10%) concentrations. Thus, strains
lacking a carboxysome have a high CO; requiring (HCR) phenotype (Price and Badger 1989b). It is critical
to the formation of the intracellular HCOs™ pool that CA activity is localized exclusively to the carboxysome.
It has been shown that expression of an extra-carboxysomal human CA in Synechococcus elongatus
PCC7942 results in an HCR phenotype (Price and Badger 1989a). Evidence suggests that this locational
specificity is accomplished through deactivation of carboxysomal CA before it is oxidized during
carboxysome biogenesis (Pefia et al. 2010).

The CCM provides significant fitness benefits to the cell during natural, low-CO; conditions. However,
it is not clear whether the CCM will be beneficial in an industrial setting for photosynthetic production of
fuels and chemicals where a high CO, environment could be provided using CO, from waste streams.
Previously, several groups have investigated the maximum CO,-fixation rates in cyanobacteria and the
role of the CCM (Mangan et al. 2016; Mangan and Brenner 2014; Price et al. 2004; Rae et al. 2012;
Westermark and Steuer 2016). However, equivalent models have not been used to investigate the
maximum CO,-fixation rates in carboxysome-less strains exposed to different Ci concentrations. In this

work, we investigate the effects of diffusion, size and number of carboxysomes, and the active carbon
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uptake system on rates of photosynthesis. Our results provide insight into the limitations of carbon
fixation and strategies for increased carbon fixation in industrially relevant conditions.

4.2. Definition of Model

Simplifying assumptions that eliminate unimportant parameters and emphasize the question at hand
are at the heart of any transport analysis in the style of Bird, Stewart, and Lightfoot. In this study, we
wished to determine the impact of the carbon-concentrating mechanism evolved by cyanobacteria on the
rate of carbon-fixation by RuBisCO over a range of industrially relevant CO, concentrations. The
simplifications imposed upon this problem address geometry, kinetics, and mass transport. To
demonstrate the importance and impact of the CO,-concentrating mechanism, two cases were
considered: a wild type cyanobacterium and a mutant lacking the carboxysome unit of the CCM.
Quantitative results were obtained by applying this analysis to two different species of cyanobacteria: (1)
the industrially attractive Synechococcus sp. PCC7002 and (2) the model strain for studies of -
carboxysomes, Synechococcus elongatus PCC7942.

For modeling purposes, the geometry of the cyanobacterial cell was idealized to a sphere in a well-
mixed medium as shown in Figure 4-1, resulting in a problem analogous to the classic “Diffusion and
Chemical Reaction Inside a Porous Catalyst” problem (Bird, Stewart, and Lightfoot 2007). The membranes
of the cell were assumed to be negligible in thickness relative to the radius of the cell and form the outer
boundary of the sphere. The permeability of lipid bilayers to CO; is six orders of magnitude higher than to

HCOs’, so the cell membrane was assumed HCOs-impermeable (Gutknecht, Bisson, and Tosteson 1977).
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Figure 4-1. Spherical Approximation for the Model of Wild Type Cyanobacteria. The HCO3 profile is exaggerated
to emphasize any concentration gradients needed to produce diffusive flux to the carboxysome. The same
spherical boundary at the membrane was used in the model of the carboxysome-lacking mutant.
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For the wild type case, the cell was divided into two distinct phases: the carboxysome and the
cytoplasm. Convective velocities within the cell were assumed to be negligible, leaving mass transport to
occur only through diffusion. BicA is the most relevant active carbon transporter in PCC7002 in the CO;
concentration range studied in this analysis and was therefore the only transporter considered. PCC7942
does not have a BicA transporter so we chose to estimate its HCOs" flux as a fraction of that of PCC7002
determined from the literature(Price et al. 2004). The consumption of CO; and HCOsin the cytoplasm by
non-carbon-fixation related metabolic processes were considered negligible relative to carbon-fixation
catalyzed by RuBisCO. At the inner boundary of the cytoplasm phase located at the carboxysome wall, a
Fick’s Law constant flux boundary condition was imposed. The flux into the carboxysome was the
integrated CO; consumption rate inside the carboxysome per unit surface area of the carboxysome.

The cell was modeled with one concentric spherical carboxysome within which the consumption of
CO; occurred through a homogeneous reaction catalyzed by uniformly packed RuBisCO. The O-inhibited
Michaelis-Menten kinetic model (Ku and Edwards 1978) was used for the carbon fixation rate of RuBisCO:

keat[RICESS?

Cgarb
Carb 2
CCOZ +Km’(;02 1+Km,02

v = (4-1)

The keat for carbonic anhydrase(Shingles and Moroney 1997) present in the carboxysome is four orders
of magnitude larger than that of RuBisCO (Badger et al. 1998), so HCOs™ was treated as instantaneously
equilibrated with CO; within the carboxysome. Therefore, the concentration of CO; directly inside the
carboxysome wall was proportional to the HCOs concentration directly outside of the wall in the
cytoplasm phase. The proportionality constant incorporated both the CO,-HCO5™ equilibrium constant and
a barrier to HCO5 transport across the carboxysome wall. Evidence suggesting a mechanism to prevent
the leakage of CO, from the carboxysome exists, so the carboxysome wall was approximated as

impermeable to CO, (Price et al. 2008).
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The second case considered a mutant cyanobacterial cell lacking the carboxysomes and active
bicarbonate transporters, with a mutant model simplified by two primary differences from the wild type.
First, RuBisCO was considered to be distributed homogeneously throughout the single cytoplasm phase.
Second, the CO; concentration was determined only by direct diffusion across the cell membrane.

4.3. Transport Analysis

To determine the importance of diffusion in the carbon fixation process, the differential mass
balances for the various phases in question were examined. The balances were non-dimensionalized and
the reactive flux was compared to the diffusive flux. The resulting dimensionless group, referred to as the
Damkohler number, is defined as the ratio of the characteristic reaction rate to the characteristic diffusion
rate for each case (Bailey and Ollis 1986). This analysis focuses on fluxes of CO, and HCOs™ as key species
controlling the RuBisCO carbon fixation kinetics. This step also involves consumption of co-reactants and
generation of products, including RuBP, 3-PGA, ATP, and NADH. These need not be modeled explicitly
because they are also small molecules that would be present at excess concentrations as provided by
other processes and would be expected to have diffusive properties (Kao, Abney, and Verkman 1993;
Mastro et al. 1984) almost as fast as CO,. Further, these species have not been observed to affect RuBisCO
reaction rates under nutritionally rich conditions.

CO; in Carboxysome

In considering the CO, profile inside the carboxysome, the differential mass balance equation for a
sphere with homogeneous reaction following oxygen-inhibited Michaelis-Menten kinetics was used with

constant surface concentration and spherical symmetry boundary conditions:

DY o (L 0CEEN _ earlRICEE 4o
r2 or or - ctarb (4-2)
cEarb ik, co. | 14222
2 4 2 Km,Oz
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BC1:Cco,” = Cgo,  at T = Rcarp (4-3)
aCCarb
BC2:—%2_ =0 atr=0 (4-4)
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where ngze” is related to the HCO5™ concentration in the cytoplasm by a function unimportant for the

transport analysis. This relationship was revisited in the kinetic analysis of the localization of CO, to the
carboxysome for carbon fixation.
For further simplification, two situations were considered for the rate expression of the RuBisCO

catalyzed reaction: one in which ngzrb > K, co, ,» resulting in zero-order kinetics, and one in which

ngzrb & Km,co,, resulting in first-order kinetics. For non-dimensionalizing these equations, the

characteristic length used was the carboxysome radius and the characteristic concentration used was the

CO; concentration at the carboxysome surface. The following Damkohler numbers were determined:

CCaTb > K :Da = Kcat[RU]carbRearp (4-5)
co, m,C0p* YA = T Carb -shell
co, Cco,
2
Carb . __ kcat[RulcarbRCarp
CCOZ < Km'coz. Da = ccarb (4—6)
pCarb 1492
COy m,CO» Km,OZ

The inorganic carbon flux at the carboxysome shell was needed for transport analysis of the cytoplasm
phase. Expressions for J* were determined for zero- and first-order kinetics by integrating the rate
expressions over the volume of the carboxysome and dividing by the surface area of the carboxysome,

resulting in the following expressions:

Carb . 1+ _ kcat[RulcarbRcarb
Cco, > Kmco,' ' =——  — (4-7)
Shell
carb kcat[Ru]CarbRcarbccoz

Cco, <K Kmco,J" = (4-8)

3Km,co,

HCOs in Cytoplasm

The HCO;5 profile within the cytoplasm of the wild type cell was calculated from the spherical
differential mass balance equation with no generation or consumption term. A constant concentration
boundary condition was applied at the cell membrane boundary and a constant flux boundary condition

was applied at the carboxysome boundary:
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where C,’}”c?% is related to the HCOs™ concentration in the media by a flux balance unimportant for the

transport analysis. This relationship was revisited in the kinetic analysis of the formation of the
intracellular HCOs™ pool.

For the cytoplasm phase, the characteristic length was the radius of the cell and the characteristic
concentration was the HCO3™ concentration at the inside of the cell membrane interface. The solution to
this non-dimensionalized differential mass balance and its boundary conditions resulted in the following

Damkohler number relating the rate of reaction to the rate of diffusive flux:

2
Da = ]*RCarb
pCYt _cMem p
HCO3 “HCO3 “cell

(4-12)

The expressions for J* determined in the analysis of the carboxysome phase were used to determine

the final Damkdhler numbers for the cases of ng;b > K co, and ngzrb & K co,-

No-Carboxysome Case

The differential mass balance and boundary conditions for the mutant case of a cell with no
carboxysomes were analogous to the carboxysome phase of the previous case. The characteristic length
for this case was the radius of the cell and the characteristic concentration was the CO, concentration at
the cell membrane interface, which was equal to the CO; concentration in the media. The resulting
Damkd&hler numbers were as follows:

2
kcat[Ru]CthCell

pCEYt cMem

Cyt . =
Cco, » Kmco,: Da = c
c0,%Co;

(4-13)
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Determination of Controlling Phenomena
The numerical values of the Damkdhler numbers allow assessment of relative importance of
transport and reaction rates in limiting overall carbon fixation. If Da = 1, both reaction and diffusion are
comparable, and as Da differs more from unity then the slower process completely controls the overall
rate. A range of parameter values can be found in the literature, and preliminary evaluation showed
Da << 1 to indicate reaction is generally slow compared to diffusion. To test how close the Damkohler
numbers approached the Da = 1 regime in which diffusion is not rapid, extreme high and low parameter
values were chosen to maximize the Damkdhler number. The values used in the calculation as well as their
rationale can be found in Table 4-1. The constants associated with the RuBisCO kinetics specific to
PCC7002 were used in this analysis. However, many other species have k.,; and K, values within an
order of magnitude of these values so the result was applied to PCC7942 and may be applied in a
somewhat general way (Badger et al. 1998). The expressions and extremal values associated with each
Damkéhler number can be seen in Table 4-2 and each was of an order of magnitude smaller than 1073.
Because these Da values are all so small, diffusive processes are all fast compared to reaction rates
and the HCO5; and CO, concentrations can be treated as constant across each phase. Therefore, the
carbon fixation rate is independent of the number or size of carboxysomes at a fixed total number of
RuBisCO units per cell. In the no-carboxysome case, rapid diffusion will provide a constant CO;
concentration inside the cell independent of the HCOs™ concentration or the kinetics of the conversion
between HCOs; and CO,. Thus, the presence or absence of active HCOs transporters in the no-
carboxysome cell has no effect and the activity of the carbonic anhydrase, which has been postulated to

be inactive outside of the carboxysome environment(Pefia et al. 2010), does not affect these calculations.
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Variable |

Valuc/Estimate

| Rationalc

| Citation

Specified Values

kear 11457t site™? Value for RuBisCO isolated from PCC 7002 Badger, Andrew, and Whitney, 1998
Kin.co, 185 %"I Value for RuBisCO isolated from PCC 7002 Badger, Andrew, and Whitney, 1998
Km0, 1300 %”’ Value for RuBisCO isolated from PCC 7002 Badger, Andrew, and Whitney, 1998
Rearp 100 nm Radius of a carboxysome in PCC 7942 Rae, et al,, 2012

Values in the Numerator of Damkihler Numbers (Maximum Limit)

(Larger than PCC 7002)

[Rulcary 1073 Lti Wild Type: The inverse volume of one unit of RuBisCO Liu, ctal, 2010
nm:
[Ru]cye 10-6 Site No Carboxysome: RuBisCO from carboxysome distributed Liu, et al, 2010
nm? uniformly throughout cytoplasm
Shell . R ) —pH
C;I"Eil 0.01 Equilibrium concentration is 10K at pH=8, Temperature= 38°C Butler, 1982
HCO3 a
Reen 1000 nm Approximated spherical radius of a PCC 7942 cell Moronta-Barrios, et al., 2013

Xu, etal., 2012

Values in the Denominator of Damkdhler Numbers (Minimum Limit)

conditions.

D/ 35106 Diffusivity of a small molecule in cytoplasm Mastro, et al., 1984
L
S
cHem or CEpe! 185 Hmol For excess carbon, concentration must be at least equal to the Badger, Andrew, and Whitney, 1998
L affinity constant

Co, o BAmet Rate is maximized in absence of O; inhibition -

L
C#,}’{,’gi 10 ¥met 1000 times lower than equilibrium concentration at atmospheric  [Budler, 1982

L

Table 4-2. Summary of Damkoéhler Numbers

Case Phase | Conditions Damkohler Number Estimated Value
Wild Type Cyt C S K, o Keat[R]carbREars 2%x1073
o it Cyt _.Mem
4DHco§CHco§ Reenl
. 5 -
Wild Tpr Carb ngjb > KmJCOZ kcar[?ﬂfa;ﬁfﬁam 3x1073
DCG CCO
- Cyt eShell —6
Wild Type Cyt Ceo, < Km.co, kcale“JCarbREﬂ,b(ﬁ) 1x10
3
3Km,co, D;E,zto Reent
Wild Type | Carb | CE8™ < Ky o, kmARulcathéarbb 3x1073
CCﬂT
carb Qz
DCOZ Kmco, (1+Km,02 )
No Cyt | €2y » Ko, Ko RUcyeREen 3x10~*
' t
Carboxysome DL CET
No Cyt cggf & Ko, Keac[RUlcytREeit 3x10~*
Carboxysome cort
ptk (1+—°Z )
COy m,C0y Km,Oz
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4.4. Kinetic Analysis

A kinetic approach was utilized to determine a quantitative explanation of carbon fixation in
cyanobacterial cells. Figure 4-2 shows a schematic diagram of the processes occurring during steady-state
carbon uptake and Table 4-3 gives the equations used to model these processes. These processes can be
divided into three different stages: (1) external CO; equilibrium, (2) inorganic carbon uptake, and
(3) carbon fixation.

External CO; Equilibrium

The first stage of carbon uptake is concerned with the transfer of carbon from the gas phase to the
liquid phase. The CO; concentration in the liquid phase was determined from a Henry’s Law relationship
with a gas phase at 1 atm and variable CO, concentration. The liquid phase was considered well-mixed so
that CO, and HCOs were at chemical equilibrium (Butler 1982) in the liquid phase. The equilibrium
inorganic carbon concentrations calculated for any gas-phase concentration are the maximum possible
achievable. This ideality may not hold in the laboratory for most situations and this stage could be adjusted
to fit various bioreactor geometries and transport scenarios.

HCOs3 Uptake

The second stage in carbon uptake is concerned with the formation of an intracellular bicarbonate
pool through the transfer of carbon from the liquid media to the cytoplasm of the cell. This stage has the
largest interspecies variation as the active transport systems utilized by B-cyanobacteria vary from species
to species. In PCC7002, the primary HCOs5 transporter BicA has a flux that is orders of magnitude higher
than any of the other transporters, and as these processes are parallel they do not contribute significantly
to the carbon flux (Price et al. 2004). PCC7942 lacks this BicA transporter and thus has significantly lower
flux of carbon into the cell. In a study by Price et al, the BicA transporter from PCC7002 was introduced

into PCC7942 and an approximately tenfold increase in maximum carbon flux was observed (Price et al.
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2004). Therefore, in the model for PCC7942, the HCO5™ flux expression from the PCC7002 model was used
with a V;,, 4, equal to 10% of that used for PCC7002.

Once inside the cell, HCOs is only slowly dehydrated to CO; in an uncatalyzed process due to the
absence of carbonic anhydrase in the cytoplasm (Wang et al. 2010). The slow rate of this conversion is
crucial to the formation of the inorganic carbon pool. As the cell membrane is essentially impermeable to
HCOs’, a high concentration of HCOjs is trapped inside the cell. The cell membrane presents no barrier to
the transfer of the uncharged CO; species, so any HCOs™ that is converted to CO; leaks out of the cell into

the media, equilibrating the outer and inner CO; concentrations.

A | Cyanobacterial cell
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Figure 4-2. Kinetic Model Used to Calculate Carbon Fixation Rate. (A) The schematic for the wild type cell
containing the entire CCM. The NDH and SbtA inorganic carbon transporters have small flux compared to BicA and
were neglected. (B) the schematic for the carboxysome-lacking mutant. The equations used to model the reactions
in these schematics are given in Table 4-3.
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Table 4-3. Kinetic Model of Carbon Fixation

Process | Equation Literature Values [ Citation
Wild Type Cyanobacteria
coges 5 coped CHet = Py, Ky Ky = 0.02 2L Butler, 1982
K, B e d _ umal
H,0 + coMed & oo™ + M CHet Crsss = KaClR? K, =09 5% Butlet, 1982
coMed o cOS* Coyt = chiee Permeability CO» >> HCOy Gutknech, et al., 1977
_ wmol molecules i
Heo=Mea 8 pop-ort v, = _v”'“"cﬂggg Vimax = 04 2700 = 4 . Price, ctal,, 2004
3 — 3 in Km‘”«'%gg; Ky = 217.&1:01
— Cyt ~Cyt L . ,
P v = keCop, Con- ke = 3x10* Wang, et al, 2010
co%* + oH-t &5 yeo; ot _ v ! _mots
v = k- Cyp k, = 1x107"s
cyt -
HCO7% & HCoFCar Chett = QCtor Q-1
HCOT™™ + H*°® & 1,0 + €05 K CEEP = CReP e k4 ~10% « kRuP| Fast Equilibrium Shingles and Moroney, 1997
Koqe = 11.4 T2 Price, ct al., 1998
S KeatNsitesCEoy Kinco, = 185 mol Long, et al., 2007
RuBisco fix = Carb ' L Savage, et al., 2010
carb [5-% t=id] >
CORT CBR Cycte cttrimeor(tgty) | Kmo, = 1300 22 (0] = 400272
’ carboxysomes sites
Nsiees = (4 cell )(33 carboxysome)
No Carboxysome Mutant
K Med __ _ mol Q
cogas oH Coéwed Ccoez = Peo, Ky Ky = 0.02 — Butler, 1982
coled o> co&* ey = clse Permeability CO, >> HCOy Gutknecht, etal., 1977
Kpge = 11.4 Tolecules Price, et al., 1998
ar site-s 1. 2007
KeatNsitesCEr? K — 1g5 “mol Long, etal.,
RuBisCO Vijy = carb— m,C0z Savage, ctal., 2010
co§er? =75 CBB Cycle o 65" umol wmo
z ¥ R+ Km o, (1+Km0 ) Kmo, = 1300 55 [0,] = 40027
2 N = 4carbaxysames RuBisCo
siees — ( cell ) ( carboxysame)
*Chlorophyll content of PCC 7002 cells were measured to be 5x 10712 mgc;i;l = during exponential growth phase as in Lichtenthaler®™

Carbon Fixation

The third stage in carbon uptake is the localization of carbon to the carboxysome where it can be
consumed by RuBisCO. This is the most controversial of the steps studied in the carbon-concentrating
mechanism. It is not known how HCO;™ passes into carboxysome or if there is a barrier to this flux. To
approximate the concentration of HCOs in the carboxysome relative to that in the cytoplasm, a
proportionality relationship was established between the HCOs inside and outside of the carboxysome.
The proportionality constant Q was initially set to 1 to evaluate the upper limit of the carbon fixation rate,
and the sensitivity of the model to decreases in this parameter was examined. The model was not overly
sensitive to the value of Q within an order of magnitude, so the original value of 1 was used for further
analysis.

The HCOs inside the carboxysome was treated as quickly equilibrated with CO, by carbonic

anhydrase (Badger et al. 1998; Shingles and Moroney 1997). The carboxysome was considered
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impermeable to CO; as it has been generally hypothesized that that the protein shell prevents its
escape (Price et al. 2008). The RuBisCO catalyzed reaction in which CO, flux is directed into the Calvin
Cycle was used as the rate determining step in the reaction scheme, based on the Da analysis above. There
was postulated to be an excess of ribulose-1,5-bisphosphate, the co-substrate required for carbon fixation
by RuBisCO. The kinetic parameters of RuBisCO for PCC7002 were also for PCC7942 in expectation that
the unknown values were within an order of magnitude of each other, as is the trend with other strains
of cyanobacteria (Badger et al. 1998).

Solving the Reaction System

To determine the carbon uptake rate of the cell, the rate equation for RuBisCO catalyzed fixation of
CO; was used as the rate-limiting step with the rapid diffusion and active transport steps proceeding as
outlined above. The key to solving the reaction system was equating the flux into and out of the cell’s

HCOs pool. This expression is as follows:

(Active HC03_) _ (Carbon Consumption) (Net Conversion of )
Pump Flux ) — by RuBisCo HCO3 to CO,
vmaxcl{lwc‘?gia kcatNSitesccarb Cyt Cyt ~Cyt
_ CMSedia = COZCCarb + [(erH}CIO.; - kfccgz COIJ-;_)Vcell] (4'15)
Km,HCO3 + HCO3 cCarb 4 14092
€02 m.C0; +Km.OZ

The first term represents the flux into the cell due to active HCOs transport, the second term
represents the forward reaction of CO; into HCOs', the third term represents the flux of carbon into the
CBB-cycle, and the final term represents the reverse reaction of HCO5™ into CO,. This expression was solved
analytically for the CO, concentration inside the carboxysome and the carbon fixation rate as a function

of C;,V’Ceg;“ can be seen in Figure 4-3 for each cyanobacterial species. The resulting curves were compared

to oxygen evolution data obtained from literature (Price et al. 2004; Rae et al. 2012) for wild type strains

of each species with good agreement in trend. Oxygen evolution rate is proportional to carbon fixation
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rate because the CBB-cycle acts as a sink for energy and reducing power generated during
photosynthesis (Tcherkez et al. 2006).

No-Carboxysome Case

The reaction scheme for the hypothetical case of a cell with no carboxysomes, depicted in Figure 4-2,
was much simpler than that of the wild type case. This model was solved analytically and the resulting
carbon fixation rate as a function of C,’}”c?gfa can be seen in Figure 4-3 for comparison to the wild type case.
As expected, the model predicts that both cyanobacterial species have little or no carbon fixation activity
at present ambient CO; levels, and shows the clear necessity of the CCM in wild type species. However,
CO; transport without HCO5; pumping allows significant CCM at gas phase CO, compositions of 10% or
greater. Thus, the carboxysome may become unnecessary at sufficient CO, levels. Indeed, PCC7942

models show the carboxysome-free variant predicted to have a higher carbon fixation rate over a range

of enriched CO; levels.
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Figure 4-3. Carbon Fixation Model Results. Plots of potential carbon fixation rate as a function of the inorganic
carbon concentration in the media for the wild type (solid line) and carboxysome-lacking mutant (dashed line) for
both PCC7002 and PCC7942. The vertical lines indicate HCOs™ concentrations achievable in the media through

equilibrium with a gas phase containing CO: at concentrations of 400 ppm (air) and 10% (flue gas). Points (¢)
represent data from the literature (Price et al. 2004; Rae et al. 2012) showing O: evolution in wild type cultures of
each species as a function of media HCOs™ concentration with corresponding values on the right-hand y-axis.

4.5. Discussion

Three important conclusions can be drawn from this study. First, carbon uptake is not diffusion
limited, so the number, size, shape, and intracellular location of the carboxysomes have a negligible effect
on carbon fixation rate with a given number of RuBisCO units and these details need not be considered
further. Second, large interspecies variations in the carbon fixation landscape are largely due to the

difference in the kinetics of the active HCOs transporters present in the cell. Finally, the potential carbon
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fixation rate of the no-carboxysome cell approaches and can even surpass that of the wild type when
grown at CO, concentrations of 10% or higher. These conclusions were considered in their implications
on future research paths.

Carboxysome Engineering

At gas phase CO, concentrations approaching that of flue gas, there is not a large carbon fixation
benefit in a cell containing carboxysomes. In the low HCOj3" flux case of PCC7942, there was even a carbon
fixation deficit as the cytoplasmic CO; concentration due to a high media concentration overcomes that
achievable by the carbon concentrating mechanism and the carboxysome serves only as a barrier to the
localization of CO, to RuBisCO. Because the carboxysome shell proteins are very large with a final structure
diameter on the order of 10% of that of the cell, there would be a metabolic benefit in redirecting the
energy used to make these proteins as well as others involved in the CCM into other processes, such as
the production of more RuBisCO units (Moronta-Barrios, Espinosa, and Contreras 2013; Rae et al. 2012).
This would be an interesting area of research to increase a cell’s affinity to the high CO, environments
relevant to industrial processes. The natural elimination of carboxysomes at high CO, concentrations has
been observed in at least one wild type cyanobacterium (Stockel et al. 2013). Another benefit of the
removal of carboxysome from a genetically modified cyanobacterial strain would be to reduce its fitness
in nature so it is unable to grow in ambient CO; levels, mitigating the possibility of inadvertent release of
a genetically modified organism resulting in potential biological contamination of the environment.

HCOs Transporter Engineering

As the carbon-fixation rate of RuBisCO reaches saturation at low concentrations for high HCO5™ flux
species such as PCC7002, increasing the affinity or flux of these transporters will not provide a benefit.
However, in low HCOj3 flux species such as PCC7942, a great carbon fixation benefit at all CO; levels should
be achieved by the introduction of a higher flux HCOs™ transporter. The potential magnitude of this benefit

is especially evident when comparing the typical doubling times of 4 hours for PCC7002 to 10 hours for
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PCC7942 (Price et al. 2004; Rae et al. 2012). The benefit of the implementation of the high flux HCOs
transporter BicA from PCC7002 in PCC7942 has been observed (Price et al. 2004).

RuBisCO Engineering

The modification of RuBisCO for increased performance has long been a goal of researchers who
desire to increase the efficiency of photosynthesis (Liu et al. 2010). There are two targets relevant to this
model for increasing the performance of RuBisCO: k., and affinity. Increasing the k_,; of RuBisCO will
naturally increase the carbon fixation rate of a cell. This rate of increase will be approximately linear in
the case of a high flux cell or the hypothetical no-carboxysome cell as the enzyme will be saturated until
the kg4 is increased by an order of magnitude. In the case of a low flux cell, increases to the k., of
RuBisCO do not have as large of a carbon fixation benefit as the saturation of the active bicarbonate
transporters prevents RuBisCO saturation.

Increasing the affinity of RuBisCO for CO, can greatly improve the carbon fixation rate of the no-CCM
case by allowing for RuBisCO saturation at lower CO, concentrations. This same benefit could be achieved
in the low HCO3 flux PCC7942 cell, but this effect is not additive when compared to the effect of improved
active HCOs transport. Little benefit will be achieved by this affinity increase in the high HCO3™ flux
PCC7002 cell, as the RuBisCO is already saturated by the significantly higher CO, concentration at
industrially relevant CO, concentrations.

4.6. Conclusions

A mass transport model considering the uptake of inorganic carbon by cyanobacteria showed that
diffusion was fast compared to kinetic conversion by RuBisCO yielding flat CO, and HCOs concentration
profiles within the cell. As a result, the number, size, shape, and intracellular location of carboxysomes
have a negligible effect on carbon fixation rate with a given number of RuBisCO units. A kinetic model of
the fluxes of inorganic carbon in the carbon uptake systems of wild type and hypothetical carboxysome-

lacking mutant cyanobacteria was developed. The wild type case for both PCC7002 and PCC7942 matched



84

the trend of experimental oxygen-evolution data from the literature. Interspecies variations in the
potential carbon-fixation rate are largely due to differences in active HCOs™ transporters. The models
showed that the potential steady-state carbon-fixation rate of a carboxysome-lacking mutant approaches
that of the wild type at inorganic carbon concentrations achievable using a gas feed containing 10% CO..
Future research towards increasing the fitness of cyanobacteria in an industrial setting should focus on
the metabolic benefits of the elimination of the energy-intensive proteins associated with the CCM that

are not necessary at high CO, concentrations.

4.7. Notation
Variable Meaning Units
Cij Variable concentration of species i in phase j mol
L
Dij Diffusivity of species i in phase j m?
S
Da Damkdhler number None
J* HCOs" flux at carboxysome surface mzol
me-s
Kcar Carbon fixation rate constant for RuBisCO st
ke Rate constant for CO, + OH™ — HCO3 L
mol-s
k, Rate constant for HCO; —» CO; + OH™ st
K i RuBisCO Michaelis-Menten constant for mol
species i L
Ngites Total number of RuBisCO sites per cell sites
T Variable Radius m
Rceu Cell Radius m
Rcarp Carboxysome Radius m
[Ru]; RuBisCO concentration in phase j sites
m3
V; Volume of phase j m3
Vmax Maximum active HCOs™ uptake rate mol
L-s
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Chapter 5: High CO, Requirement as a Mechanism for the Containment of
Genetically Modified Cyanobacteria

5.1. Background and Motivation

Many researchers have genetically engineered cyanobacteria for the photosynthetic production of
fuels and commodity chemicals directly from CO, and sunlight (Angermayr, Gorchs Rovira, and
Hellingwerf 2015; Liao et al. 2016; Oliver et al. 2016). Systems level analysis has begun to assess the
viability of so-called “photosynthetic biorefinery” processes for their feasibility to create replacements for
chemicals sourced from non-renewable sources (Yenkie et al. 2016). Large scale production of any fuel or
chemical requires cultivation across large surface areas, greatly increasing the risk of contamination of
surrounding natural ecosystems by genetically modified or non-native cyanobacteria. A biocontainment
mechanism could be introduced in genetically modified cyanobacteria to alleviate this risk.

Previous research into biocontainment mechanisms has focused on the use of toxin and antitoxin kill
switches (Cai et al. 2015; Chan et al. 2015; Li and Wu 2009; Molin et al. 1987) or the establishment of
auxotrophies to natural (Curtiss 1978) or synthetic (Malyshev et al. 2014; Mandell et al. 2015; Rovner et
al. 2015) metabolites. Despite increasingly robust circuits, kill switch mechanisms are susceptible to
deactivation through genetic drift and require the development of sensing systems to trigger the
switch (Chan et al. 2015; Schmidt and de Lorenzo 2016). Auxotrophies to natural metabolites can be
circumvented through natural sources of the required metabolite (Moe-Behrens, Davis, and Haynes
2013; Schmidt and de Lorenzo 2016). Auxotrophies to synthetic metabolites eliminate this escape
mechanism, but current methods require supplementation with non-standard amino acids (Mandell et al.
2015; Rovner et al. 2015) or nucleic acids (Malyshev et al. 2014) that are not readily available or cost-
effective.

Due to the low abundance of CO, in aquatic systems, cyanobacteria and eukaryotic algae have evolved

CO,-concentrating mechanisms (CCM) to increase the local concentration of CO, near the ribulose-1,5-
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bisphosphate carboxylase oxygenase (RuBisCO) enzyme inside of cellular protein microcompartments
called carboxysomes (Raven, Beardall, and Sanchez-Baracaldo 2017). Disrupting this mechanism in
cyanobacteria through deletion of carboxysome shell proteins (Price and Badger 1989) or inorganic
carbon transporters (Orf et al. 2015) imposes a high CO, concentration requirement (HCR) for growth.
HCR through CCM disruption has been suggested as a potential containment mechanism for
photoautotrophic microorganisms where an industrial cultivation environment could be supplemented
with waste CO,, while the relatively CO,-deplete natural environment would be unable to support the
growth of CCM-lacking photoautotrophs (Clark et al. 2014; Gee and Niyogi 2017).

In this work, we experimentally validate a containment system for genetically modified cyanobacteria
using the model cyanobacterium Synechococcus sp. PCC7002 (PCC7002) in which the CCM was disrupted,
resulting in a high CO, requirement for growth. Because this containment mechanism involves only gene
deletions it is robust to the issues of genetic drift encountered by kill switch mechanisms. Natural
environments containing CO, concentrations sufficient for growth of CCM-lacking cyanobacteria do not
exist, so environmental supplementation is not a possible escape mechanism. One potentially likely
escape mechanism is through horizontal gene transfer. PCC7002 has a high natural competence and CCM-
related genes are highly conserved in cyanobacteria (Scanlan et al. 2009), so the risk of escape through
horizontal gene transfer was investigated and mitigated through the deletion of natural competence-
related genes. This containment mechanism was then implemented in a previously characterized strain
of PCC7002 engineered to produce L-lactate and observed no negative impact on growth or L-lactate
production.

5.2. Results and Discussion

Carboxysome Knockout Mutants Have a High CO; Requirement

To investigate the survival of CCM-lacking cyanobacteria under differing CO, concentrations, we

deleted the ccmK2K1LMN operon from PCC7002 using a kanamycin resistance marker as described
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previously (Gordon et al. 2016). The resulting strain, PCC7002 AccmK2K1LMN (7002_RLC01), as well as
Wild Type PCC7002 were grown in cultures tubes bubbled with various concentrations of CO; and their
exponential growth rates were measured at cell densities low enough for light attenuation to be minimal
(OD730<0.1) (Chapter 3). The resulting exponential growth data as a function of CO, concentration were

fit to a Monod Model (Equation 1).

__ UmaxPco, )
H(Pcoz) = Xeo, +Pco, (5-1)

W is the specific growth rate, Pco; is the partial pressure of CO; in the gas phase, umax is the maximum
specific growth rate, and Kcoz is the half-maximum growth rate constant for CO,. The exponential growth
data and Monod Model fits are shown in Figure 5-1 for Wild Type PCC7002 and PCC7002 AccmK2K1LMN.
PCC7002 AccmK2K1LMN exhibited negligible growth after 72 hours in ambient air, but grew at the same
rate as Wild Type PCC7002 in 5% CO; (0.05 atm CO3) or greater, verifying the expected high CO,
requirement for PCC7002 AccmK2K1LMN.

Unsurprisingly, umax did not differ by much between Wild Type PCC7002 and PCC7002 AccmK2K1LMN
as RuBisCO saturation should result in similar growth rates assuming similar RuBisCO content. It is
interesting to note that the previously measured Kco, for RuBisCO in PCC7002 was 185 uM CO,, the
concentration of a liquid phase in equilibrium with a gas phase containing 0.09% CO, (9*103 atm
CO,) (Badger et al. 1998), a value almost double the Kco, measured for PCC7002 AccmK2K1LMN
(0.05% CO,, 5*10°2 atm CO,, Figure 5-1). The kinetics of CO,-fixation in CCM-lacking mutants is thought to
be controlled by RuBisCO kinetics as the cytoplasmic CO, concentration is equal to the media CO;
concentration (Clark et al. 2014). This discrepancy could be due to differences in temperature between

the in vitro RuBisCO kinetic assay (25°C) and the in vivo experiments in this work (38°C).
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Figure 5-1. Growth of Wild Type PCC7002 (circles) and PCC7002 AccmK2K1LMN (triangles) at Varying CO:

Concentration. Data is given as the average specific growth rate of three replicates (error bars smaller than the
data symbols). Values in parentheses are the best fit parameters of the model in Equation 5-1.

Table 5-1. Colony Forming Units per mL for Culture Plated in 5% CO: or Ambient Air

Plating Condition 5% CO, Ambient Air
Wild Type PCC7002 5%10° 5*10°
PCC7002 AccmK2K1LMN |5*10® <1in 2*10°

To test the effectiveness of the HCR containment mechanism, we grew cultures of Wild Type PCC7002
and PCC7002 AccmK2K1LMN in 10% CO, to an ODy30 of approximately 3 and then plated cells on non-
selective Media A in ambient air or 5% CO,. For Wild Type PCC7002 an equivalent number of colonies
were recovered in both conditions. For PCC7002 AccmK2K1LMN, 5*10% CFU mL? were recovered in 5%
CO,, but no colonies were observed in ambient air where 4 mL of culture (2*10° cells) were plated. The
survival rate of PCC7002 AccmK2K1LMN in ambient air is therefore less than 5*107° CFU* (Table 5-1), two

orders of magnitude lower than the NIH recommended limit of 10® CFU (Moe-Behrens et al. 2013).
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CCM functions can be complemented by genes from other cyanobacteria

While the HCR containment mechanism is sufficiently effective, escape could occur through horizontal
gene transfer in which CCM genes are integrated from wild type cyanobacteria encountered in the
industrial cultivation or the surrounding environment. The CCM genes are highly conserved in
cyanobacteria (Scanlan et al. 2009), and the natural competence of PCC7002 could allow DNA fragments
containing complementary CCM genes to be readily integrated into the chromosome and restore CCM
function, permitting growth in ambient air. Synechococcus elongatus sp. PCC7942 and Synechocystis sp.
PCC6803 are model cyanobacteria whose carboxysome genes could potentially complement PCC7002
AccmK2K1LMN to restore growth in ambient air. To test this hypothesis, we integrated the ccmK operons
from each organism or the native ccmK2K1LMN operon into PCC7002 AccmK2K1LMN in the glpK locus
and tested the ability to grow in ambient air. PCC7002 AccmK2K1LMN +ccmK2K1LMN[Native]
(7002_RLC16) and PCC7002 AccmK2K1LMN +ccmK2K1LMN[6803] (7002_RLC23) were able to grow in
ambient air, but PCC7002 AccmK2K1LMN +ccmKLMNO[7942] (7002_RLC22) was unable to grow in
ambient air.

To verify that the restoration in ambient air growth was due to CCM restoration, we expressed a
fusion of the RuBisCO large subunit to a green fluorescent protein (rbclL-sfGFP) to observe cellular
localization of RuBisCO (Figure 5-2). In PCC7002 +rbcL-sfGFP (7002_RLC18), the rbcL-sfGFP aggregates into
distinct puncta (carboxysomes) distributed throughout the cell as well as a large aggregate at one pole,
known as the pro-carboxysome (Cameron et al. 2013). In PCC7002 AccmK2K1LMN +rbcL-sfGFP
(7002_RLC24), all aggregation is abolished and green fluorescence is diffuse throughout the cytoplasm. In
the native complement PCC7002 AccmK2K1LMN + ccmK2K1LMN[Native] +rbcL-sfGFP (7002_RLC19), the
carboxysome and pro-carboxysome formation phenotype is restored. In the Synechocystis sp. PCC6803
ccmK operon complement PCC7002 AccmK2K1LMN + ccmK2K1LMN[6803] +rbcl-sfGFP (7002_RLC26),

one aggregate occurs in each cell with an intermediate diameter (larger than carboxysomes from
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PCC7002 +rbcL-sfGFP, smaller than pro-carboxysomes from PCC7002 +rbcL-sfGFP). As this strain grows in
ambient air, this difference in apparent aggregation in the microscope images is either due to differences
in carboxysomes when shell proteins from Synechocystis sp. PCC6803 interact with RuBisCO from
PCC7002 or incompatibilities between the Synechocystis sp. PCC6803 carboxysome shell proteins and the

rbcL-sfGFP fusion.
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Figure 5-2. RuBisCO Localization in CCM Mutants of PCC7002. Pigment fluorescence represents the shape of the
cell. sfGFP fluorescence shows the distribution of rbcL-sfGFP in the cell. Wild Type PCC7002 is included to show
background fluorescence. The final column reports growth on Media A plates in ambient air. Detailed strain
descriptions are given in Table 5-2.

Eliminating Natural Competence through Gene Knockouts

To reduce the risk of CCM restoration through horizontal gene transfer, we deleted genes involved in

natural competence. It has been observed that elimination of the PCC7002 gene A1643, a homolog of
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E. coli Hfq, eliminated its natural competence (Zess, Begemann, and Pfleger 2015). The Hfg homologue in
the cyanobacterium Synechocystis sp. PCC6803 has been shown to be essential for generation of Type IV
pili and thus for the natural competency of those cells (Dienst et al. 2008; Schuergers et al. 2014). To test
the extent of this reduction in competency, we transformed PCC7002 AHfq (7002_RLCO09) with a plasmid
containing a gentamicin resistance gene and yellow fluorescent protein flanked by two 500 base pair
regions of homology to the glpK neutral site (p)ALM232). We then plated dilutions of these transformed
cells on Media A or with or without gentamicin to quantify the transformation efficiency (Figure 5-3).
PCC7002 AHfq exhibited a four order of magnitude decrease in transformation efficiency relative to Wild
Type PCC7002.

The Com apparatus is a Type IV secretion system known to be essential for natural competence in
Heliobacter pylori and Bacillus subtilis (Dorer, Sessler, and Salama 2011). PCC7002 contains a homolog of
comEC, an inner membrane protein thought to be involved in DNA uptake. We tested the natural
competence of PCC7002 AcomEC (7002_GG90) using the previously described assay (Figure 5-3).
PCC7002 AcomEC exhibited a decrease in transformation efficiency of at least four orders of magnitude
relative to Wild Type PCC7002. From these experiments, we conclude that PCC7002’s Hfq and comEC are
both valid targets for reducing natural competence and could reduce the risk of CCM restoration in the

HCR containment mechanism.
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Figure 5-3. Transformation Efficiency Reduction in Competence Gene Deletion Mutants. A) To determine
transformation efficiency, samples of culture were incubated for 24 hours in the light with 500 ng of plasmid DNA
containing a gentamicin resistance gene (GmR) with regions of homology to PCC7002 glpK. Dilutions of these
samples were then plated on Media A with or without gentamicin and grown for 4 days before colonies were
counted to determine transformation efficiency. B) Colony Forming Units (CFU) mL™ recovered for transformation
samples plated on Media A with (Grey) or without (black) gentamicin. Error bars represent the standard error of
at least three biological replicates. Transformation efficiencies are listed with standard error of the mean in
parentheses. For PCC7002 AComEC, no colonies were recovered, so the transformation efficiency is reported as
less than the inverse of the number of CFU plated on gentamicin.

CFU mL™’
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Implementation of Containment Mechanism in L-lactate Production Strain

For useful implementation, a genetic containment mechanism should have minimal negative impact
on the function of the organism of interest, such as the production of secreted molecules. To test whether
the HCR containment mechanism has a negative impact on product synthesis, the productivity of a
previously characterized strain of PCC7002 engineered for L-lactate production by introduction of a
lactate dehydrogenase capable of utilizing NADPH, PCC7002 clac143-ldh* (7002_CC133) (Gordon et al.
2016), was compared to the HCR containment strain PCC7002 clac143-ldh* AccmK2K1LMN AHfq. Similar
linear growth rates and linear L-lactate production rates were measured for each strain (Figure 5-4). This
suggests that the HCR containment mechanism does not negatively impact the productivity of secreted

molecules.
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A [PCC7002 clac143-Idh* AccmK2K1LMN AHfq | 48(+1)| 62(+2)| 1.3(+0.1)

Figure 5-4. HCR Containment Mechanism Has No Effect on L-lactate Productivity. Wild Type PCC7002,
PCC7002 clac143-ldh*, and PCC7002 clac143-ldh* AccmK2K1LMN AHfq were grown in bubble tubes with 5% CO:
to determine the impact of the HCR containment mechanism on growth (A) and L-lactate productivity (B). The
dashed lines represent the linear growth rate (LGR) and linear production rate of L-lactate (LPR) reported in (C).
Error bars and values in parentheses represent the standard error of the mean of three biological replicates. p is
the growth associated productivity calculated from the ratio of LPR to LGR as described in Chapter 3.
Almg DW L hr?] B[uM L-lactate hr] {{mmol L-lactate (g DW)]
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5.3. Conclusions

In this work, we have presented a proof of concept for high CO, requirement as a containment
mechanism for cyanobacteria. We have shown that the survival rate in ambient air of PCC7002 lacking the
carboxysome shell proteins is less than 5*101° CFU™. We have identified horizontal gene transfer as a
likely escape mechanism from high CO; requirement and have identified two candidate genes involved in
natural competence whose deletions dramatically reduce the natural competence of PCC7002. We
implemented this containment mechanism in a previously characterized strain of PCC7002 engineered for
L-lactate production and observed no negative impact on growth or productivity.

5.4. Methods

Culturing Cyanobacteria

All strains were maintained on plates of Media A adapted from Stevens et al (Stevens, Patterson, and
Myers 1973) (308 mM NaCl, 20 mM MgSQO,, 0.08 mM Na,EDTA, 8 mM KCl, 3 mM CaCl;, 12 mM NaNOs,
0.37 mM KH3POa, 8 mM Tris Base, 30 uM Ferric Ammonium Citrate, 554 uM HsBOs;, 22 uM MnCl;, 2.3 uM
ZnCly, 208 nM Mo0Os, 12 nM CuSQ,, 51 nM CoClz, 3 nM cobalamin) with 1.5% (w/v) Bacto-Agar (Fisher)
supplemented with the appropriate antibiotics (kanamycin, 100 ug mL%; gentamicin, 30 pg mL?; zeocin,
100 pg mLY; streptomycin, 100 ug mLY). A 2x Media A solution and a 2x Bacto-Agar solution were
prepared and autoclaved separately and allowed to cool to 55°C before mixing and addition of cobalamin
and antibiotics. For plates to be used in 5% CO,, the 2x Media A solution was adjusted to a pH of 11 by
addition of NaOH before being autoclaved. Inoculum for experiments was prepared by transferring
biomass from solid media to bubble tubes containing 20 mL of the appropriate medium with a sterile loop
and bubbling the resulting culture with the specified CO, concentration in a custom temperature-
controlled water bath outfitted with a white LED panel (Up to 275 umol PAR m2 s from 4000 K White
LED). Optical density at 730 nm was measured in a Genesys 20 spectrophotometer (Thermo Scientific) in

1 cm cuvettes. All samples were diluted into the linear range of OD730 between 0.01-0.30.



99

Strains

All strains used in this work are shown in Table 5-2. Genetic modifications were made through natural
competence mechanisms as previously described (Begemann et al. 2013). Genetic modification vectors
were made on plasmids cloned in E. coli DH5a and are shown in Table 5-3. Constructs were made using
Gibson assembly (Gibson et al. 2009) with regions of homology added in the 5’ end of the primer.

Exponential Growth Rate Experiments

Exponential growth rate experiments were performed in bubble tubes with the specified CO,
concentration as described in Chapter 3. The irradiance was 125 pmol PAR m s 4000K white LED light
(50 umol accessible photons m2 st) and the temperature was 38°C.

Microscopy

rbcL-sfGFP imaging was performed as described previously (Gordon et al. 2016). Briefly, cells were
spotted onto 1% (w/v in Media A) agarose pads in a 16-well chamber slide, air-dried, and covered with a
0.17 mm coverslip. Images were acquired on a Zeiss Axioimager Z2 for GFP (excitation: BP 470/40 nm;
beam splitter: FT 495 nm; emission: BP 525/50 nm), and pigments (excitation: BP 545/25 nm; beam
splitter: FT 570 nm; emission: BP 610/70 nm) using a 100x oil-immersion objective (NA=1.3). Images were
analyzed with ImageJ (Abramofff, Magalhdes, and Ram 2005).

Transformation Efficiency Assay

Cultures were grown to OD3 between 1-4 in 10% CO; and then diluted to OD;30 of 1. Samples of
these cultures (1 mL) were placed in 1.6 mL Eppendorf tubes and 500 ng of pALM232 was added to each
sample. The samples were incubated for 24 hours in 150 umol PAR m2 s cool white fluorescent light
(45 pumol accessible photons m? s) with a temperature of 38°C. Dilutions of the samples were then
plated on Media A with or without 30 ug mL™* gentamicin and grown in in 150 umol PAR m2 s cool white
fluorescent light (45 umol accessible photons m2 s?) with a temperature of 38°C for 4 days before

counting colonies to quantify transformation efficiency.
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L-lactate Production Assay

Pre-cultures of Wild Type PCC7002, PCC7002clac143-ldh*  (7002_CC133), and
PCC7002 clac143-Idh* AccmK2K1LMN AHfqg (7002_RLC29) were grown to OD730 between 1-4 in 10% CO,
and then diluted to OD30 of 0.05 and induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at
time zero. Cultures were bubbled with 5% CO, at 38°C under an irradiance of 275 umol PAR m? s (110
umol accessible photons m? st) and 1 mL samples were taken at the specified time points for OD730
measurement. After OD73 measurements, these samples were pelleted and the supernatant was frozen
until L-lactate concentration was measured. Cell dry weight was determined using a standard curve with
a slope of 0.26 g DW L OD730! as described in Chapter 3.

L-lactate quantification

L-lactate was quantified via HPLC (Shimadzu CO., Columbia, MD,USA) equipped with a quaternary
pump, autosampler, vacuum degasser, photodiode array, and refractive index detector as described
previously (Gordon et al. 2016). Briefly, separations were performed using an Ultra Aqueous C18 column
(Restek) with a mobile phase containing 50 mM KH,PO. (pH 2.5, 1% acetonitrile), flow rate of
0.31 mL min%, and 30°C column temperature for a run time of 10 minutes with a 10 uL injection volume.
L-lactate concentration was determined from the photodiode array 210 nm signal by comparison to

solutions of known sodium L-lactate concentration in Media A with 1 mM IPTG.
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Table 5-3. Plasmids Used for Cloning in This Work.

Plasmid |Genotype Source

pRLC10 |A1799-1803::KanR Gordon et al 2016
pEZ22 A1643::aadA Zess et al 2016
pRLC20 |A1838::rbcl-sfGFP(ZeoR) This work

pRLC13 |A2842::ccmK2K1LMN[7002](GmR) |This work
pRLC22 |A2842::ccmK2K1LMN[6803])(GmR) |This work
pGCG65 |A0827::KanR This work
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Chapter 6: Summary and Future Directions

6.1. Research Summary

The work described in this document addressed two key challenges for the industrial cultivation of
cyanobacteria. First, theoretical and experimental investigations into light-limited growth of
cyanobacteria provided a standard for comparison of cyanobacterial productivity which will enable more
intuitive comparisons of metabolic engineering efforts (Chapter 3). Second, a theoretical understanding
of cyanobacterial CO,-fixation (Chapter 4) provided a guide for the development of a containment
mechanism for cyanobacteria which utilizes a genetically imposed requirement for high CO, concentration
(Chapter 5).

Because CO; and soluble nutrients such as bio-available nitrogen, iron, and phosphorous can be
provided from waste sources, an optimal cyanobacterial cultivation should seek to maximize photon
utilization by ensuring light is the sole limiting substrate. This is not typically the case in laboratory
experiments, so nutrient sufficient conditions were developed such that growth to stationary phase was
achieved with light as the sole limiting substrate. Then, a theoretical description of light-limited growth
was used to define two key parameters (photon utilization efficiency, n, and growth-associated
productivity, p) easily determined from experimental measurements which can be used for comparison
of metabolically engineered cyanobacteria (Chapter 3).

To understand situations under which CO; is a limiting substrate, a model of the CO,-concentrating
mechanism was developed and compared to a theoretical cyanobacterium lacking the CO,-concentrating
mechanism (CCM). This model showed that diffusion is not a limiting factor in cyanobacterial CO,-fixation
and allowed prediction of CO,-fixation rate as a function of CO, concentration with a trend matching data
from the literature. The resulting model predicted that cyanobacteria lacking the CCM fix a negligible
amount of CO, in ambient air, but fix CO, at approximately the same rate as wild type in 10% CO;

(Chapter 4).
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Using the results of the CO,-fixation model, a mechanism for containment within a high CO,
environment was devised in which the CCM was disrupted through carboxysome gene deletion.
CCM-lacking cyanobacteria were shown to be unable to propagate in ambient air, but grew at the same
rate as wild type in 5% CO,. Since horizontal gene transfer can provide a potential method of escape, the
deletion of natural competence genes was performed resulting in a reduction of transformation efficiency
of a standard antibiotic resistance vector by at least six orders of magnitude. Carboxysome deletion and
competence gene deletion were implemented in a cyanobacterial strain engineered for L-lactate
production resulting in no negative impact of L-lactate productivity (Chapter 5).

6.2. Future Directions

The work described above suggests several interesting ideas for future research. First, we will consider
areas for improvement in understanding light-limited growth and chemical production. Second, we will
discuss how the current understanding of light-limited growth suggests ways to improve cyanobacterial
productivity. Finally, we will consider ways in which the high CO; requirement (HCR) based containment
mechanism could be improved.

Improving Light-Limited Growth Theory

The work described in Chapter 3 focused on experimental conditions that commonly vary between
laboratory experiments performed by different researchers. The results allowed comparison between
laboratory vessels of varying geometry and volume (i. e. 20 mL tube scaled to 900 mL bottle). To improve
upon this understanding, experiments should be performed in pilot-scale raceway ponds with light as the
sole limiting nutrient to verify that the scaling rules hold for much larger vessels (i. e. 1 L bottle scaled to
100 L pond). It would also be interesting to determine if growth under day-night cycles can be sufficiently
described by the theoretical framework while varying Iy with time.

Peak solar irradiance is an order of magnitude higher than the highest irradiance used in the

experiments in Chapter 3 (Bird et al. 1986; Ooms et al. 2016) and photoinhibition has been shown to have
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a significant negative impact on growth with varying magnitude between cyanobacterial
strains (Bernstein et al. 2016; Xiong et al. 2015). Thus, it would be interesting to quantify the effects of
irradiances approaching peak solar irradiance on cyanobacteria tolerant to high irradiance (i. e.
Synechococcus sp. PCC7002) and use adaptive evolution methods to improve their tolerance to high
irradiance.

As observed in Chapter 3, a simple growth-associated productivity model is insufficient to describe
the productivity of some secreted products in later time points over the course of light-limited batch
growth. This suggests that metabolic changes with increasing cell density affect cell-specific productivity.
For future metabolic engineering efforts, it would be useful to perform transcriptomic and metabolomic
analyses on cultures where productivity of secreted molecules is significantly lower than predicted by the
growth-associated productivity model to determine what changes in enzyme or metabolite content of the
cells are limiting product synthesis.

Improving Cyanobacterial Productivity and Titer

The photon utilization efficiencies determined in Chapter 3 average to a value of 0.63. This means
that if all accessible photons are efficiently utilized, linear productivity of biomass and secreted molecules
can be increased by no more than 1.6-fold (inverse of the efficiency). However, if the number of accessible
photons were increased by engineering cyanobacteria to access photons of wavelengths that are currently
unusable, further increases in productivity could be achieved. Pigments found in red algae could be used
to access photons in the range of 500-600 nm (Ooms et al. 2016). Chlorophyll f, a chlorophyll a derivative
found in Chlorogloepsis fritschii PCC9212 which absorbs higher wavelength photons, was recently
synthesized in Synechococcus sp. PCC7002 and could allow access to far-red photons (Ho et al. 2016).
Chlorophyll b, is even further far-red shifted and could further increase the number of accessible

photons (Canniffe and Neil Hunter 2014). The key challenge moving forward in this area is coupling the



108

excitation of these pigments to the light reactions to allow conversion of currently inaccessible photons
into chemical energy in cyanobacteria.

As observed in Chapter 3, cyanobacteria grown with light as the sole limiting substrate transition to
stationary phase at cell densities ~¥30% lower than predicted by the theoretical framework. As final cell
and product titers are major factors in technoeconomic analyses of cyanobacterial production processes
(Yenkie et al. 2016; Yenkie, Wu, and Maravelias 2017), this is a key limitation that could potentially be
solved through a systems biology understanding. The abrupt nature of the stationary phase transition
suggests it is induced by cellular regulatory mechanisms. We hypothesize that the regulatory mechanism
is triggered through the stringent response as the rate of energy generation per cell drops below a certain
threshold. This mechanism has been shown to be responsible for triggering transcriptional responses for
cyanobacteria transitioning from light to dark conditions (Hood et al. 2016), a condition that could be
mimicked by sufficient cell shading. This hypothesis could be tested by quantifying the ppGpp content and
transcript abundance of genes regulated by the stringent response in cyanobacteria before and after the
light-limited stationary phase transition. If this hypothesis is confirmed, a key engineering challenge will
be overcoming this regulatory growth limitation without disrupting viability under day-night cycling.

Improving the High CO; Requirement Containment Mechanism

The high CO; requirement-based containment mechanism described in Chapter 5 has been indirectly
shown to have a reduced risk of escape through horizontal gene transfer by measuring the transformation
efficiency reduction in natural competence gene-deletion mutants. A more direct experiment would
involve co-culture of wild type cyanobacteria with a CCM-lacking mutant to determine the frequency of
escape through horizontal gene transfer. The experiment could then be repeated with CCM-lacking strains
with natural competence gene deletions to measure the decrease in escape frequency.

Two strategies could be implemented to further reduce the likelihood of escape through horizontal

gene transfer. First, multiple CCM functions could be deleted to decrease the likelihood of restoring CCM
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function in a single horizontal gene transfer event. Second, multiple natural competence genes could be
deleted to further reduce the frequency of horizontal gene transfer events. Both of these strategies
require methods for making multiple gene knockouts in one strain which could be enabled by Cas9 (Wendt
et al. 2016) or Cpfl (Ungerer and Pakrasi 2016) mediated gene deletion technologies which have been
developed in other model cyanobacteria. Many natural competence and CCM-related gene deletion
targets could be identified through random barcode transposon insertion sequencing, a method that has
been developed in the model cyanobacterium Synechococcus elongatus sp. PCC7942 (Rubin et al. 2015)
and is further discussed in Appendix B.

Horizontal gene transfer is only one potential method of escape. Another potential method for escape
could be phage-mediated gene complementation. Cyanophage have been found to encode many genes
involved in photosynthesis and central carbon metabolism and to inhibit CO,-fixation during
infection (Puxty et al. 2016). Thus, an undiscovered cyanophage could conceivably carry genes that could
restore the CCM. If such a cyanophage were discovered, a CRISPR/Cas-mediated mechanism could be
engineered to prevent infection by degrading problematic DNA molecules inside the cell, capitalizing on
the natural immunity function of the CRISPR/Cas system (Horvath and Barrangou 2010).
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Appendix A: Photobioreactor Documentation

A.1. Background and Motivation

As described in the main chapters of this work, a large field of research has developed for the study
of cyanobacteria for photosynthetic chemical production (Angermayr, Gorchs Rovira, and Hellingwerf
2015). Understanding the bioenergetics of growth and product secretion of cyanobacteria requires
experiments, such as those described in previous chapters, in controlled environments with volumes large
enough to allow sampling over time without removing most of the culture medium. The cost of
commercial laboratory photobioreactors makes these experiments inaccessible to many researchers and
limits experimental throughput. In this work, we designed and constructed a system of 12 independent,
sterilizable cyanobacterial photobioreactors for cultures up to 1 L in volume for a cost less than a single
commercial photobioreactor (Figure A-1, Table A-1). This system allows gas mixing to a desired CO,
concentration for transfer to the culture medium, discrete modulation of light intensity through
addition/removal of fluorescent tubes, temperature control in the range of ambient temperature to 45°C,
and simple sterile sampling for monitoring throughout long-term growth experiments. In the following

sections, we will describe the assembly and operation of this photobioreactor system.

Figure A-1. Photobioreactor System in Operation. This 12-reactor system was used to simultaneously grow
cyanobacteria under varying conditions. Gas delivery could have the same composition for all 12 reactors or one
composition for the first six (from the left) and a different composition for the second six. Temperature control
systems were combined in sets of three, but temperature set points were independent for each reactor.
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A.2. Photobioreactor System Assembly

Reactor Vessel

1L Wide Mouth Corning Bottles (V1) were used for the reactor vessel as they are a standardly
available and cost-effective item that provided the desired working volume and substantial space for
instrument installation in the cap. As shown in Figure A-2, holes were drilled in the plastic cap of the vessel
to allow installation of bulkhead fittings for (1) a sample port, (2) gas delivery, (3) off-gas exit, and (4)
thermocouple protection.

The sample port used a Brass Swagelok Bulkhead Union for 1/8 inch Tube OD (V3). A short piece of
1/8 inch stainless steel tubing (V5) was attached to the Swagelok fitting of the bulkhead union (V3) on the
outside of the cap which was connected to a short length of 0.51mm Masterflex Tygon E-Lab tubing (M6).
To this tubing a female Luer lock to 1/16 inch barb connector (M7) was attached which was connected to
a DASGIP Sampling Valve (V7). A 7.25 inch piece of 1/8 inch stainless steel tubing (V5) was attached to the
Swagelok fitting of the bulkhead union (V3) on the inside of the cap. The resulting sample port allowed
for online sampling of culture from near the bottom of the reactor using a Luer lock syringe.

The gas delivery port also used a Brass Swagelok Bulkhead Union for 1/8 inch Tube OD (V3). A short
piece of 1/8-inch stainless steel tubing (V5) was attached to the Swagelok fitting of the bulkhead union
(V3) on the outside of the cap which was then connected to a short length of 0.51mm Masterflex Tygon
E-Lab tubing (M6). To this tubing a female Luer lock to 1/16 inch barb connector (M7) was attached which
was connected to a male Luer lock to 3/16 inch barb (M9). A short piece of 3/16 inch ID polypropylene
tubing (M10) was attached to this 3/16 inch barb (M9) and subsequently to a Millipore Aervent-50
Disposable Filter (V6). This filter would eventually be attached to the gas delivery manifold discussed later.
A 7.25 inch piece of 1/8 inch stainless steel tubing (V5) was attached to the Swagelok fitting of the
bulkhead union (V3) on the inside of the cap. The resulting gas delivery port allowed delivery of sterile

filtered gas to the bottom of the reactor vessel for CO, delivery.
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The off-gas exit port also used a Brass Swagelok Bulkhead Union for 1/8 inch Tube OD (V3). No
experiments performed with this system have taken advantage of the off-gas exit port, but Swagelok
fittings could be used to capture the off-gas for further analysis if desired.

The thermocouple protection port used a Brass Swagelok Bulkhead Union for 5/16 inch Tube OD (V2).
A 5/16 inch stainless steel thermocouple protection piece (V4) was cut to a length of 7.25 inches and
attached to the Swagelok fitting of the bulkhead union (V2) on the inside of the cap. The resulting
thermocouple protection port allowed a thermocouple to sample the reactor temperature without
contacting the culture medium.

The resulting reactor vessel was suitable for cultivation of photosynthetic microorganisms with
culture volumes of 500-1000 mL in conjunction with the light delivery, gas delivery, and temperature

control systems described hereafter.
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Figure A-2. Reactor Vessel. (Left) Image of fully assembled reactor vessel. (Right Top) Top down view of reactor
cap shows how instrumentation was installed on the top of the cap. (Right Bottom) Bottom up view of reactor
cap shows how instrumentation was installed on the bottom of the cap. All labels reference the parts shown in

Table A-1.
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Gas Delivery System

An overview of the gas delivery system used to deliver a gas phase with a desired CO, concentration
is shown in Figure A-3. Two Alitech Mass Flow Controllers (G1, G2) were used to mix ambient air and
industrial CO; to the desired partial pressure of CO,. The ambient air was provided by a house compressed
air line fitted with a regulator to achieve the appropriate pressure. Industrial grade CO, was provided by
a gas cylinder fitted with a regulator to achieve the appropriate back pressure. All plumbing for the mixing
system used brass tubing with 1/8 inch OD (G3) and brass Swagelok tube fittings. A piece of 0.51mm
MasterFlex Tygon E-Lab tubing (M6) was attached to the end of the brass tubing extending from the point
of mixing and attached to another piece of brass tubing entering the water bubbler to hydrate the gas
phase before entering the reactor.

The water bubbler was made using a 2 L Wide Mouth Corning Bottle (G9) with a cap machined to hold
two Brass Swagelok Bulkhead Unions for 1/8 inch tube OD (V3), one for the gas inlet and one for gas
outlet. A small piece of 1/8 inch OD stainless steel tubing (V5) was attached to the outside Swagelok fitting
of each bulkhead union (V3) and a 7.25 inch piece of 1/8 inch OD stainless steel tubing (V5) was attached
to the inside Swagelok fitting of the bulkhead union for gas inlet (V3) to submerge the inlet opening. This
bubbler was filled approximately % full with distilled water. A piece of 0.51mm MasterFlex Tygon E-Lab
tubing (M6) was attached to the outlet. To this tubing a female Luer lock to 1/16 inch barb connector (M7)
was attached which was connected to a male Luer lock to 3/16 inch barb (M9). A piece of 3/16 inch ID
polypropylene tubing (M10) was attached to this 3/16 inch barb and subsequently to the gas delivery
manifold. Two of these gas delivery systems were built to allow for simultaneous experimentation with
different gas phases.

The gas delivery system consisted of 12 rotameters (G6) connected in parallel with % inch OD brass
tubing (G10) and brass Swagelok tube fittings. A three-way valve (G13) was placed after the sixth

rotameter to allow two operating modes: one in which all 12 rotameters are fed from one gas mixing
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system and a second in which two different gas phases could feed the first six and the second six
rotameters. In the first case, the 3/16 inch ID tubing (M10) from the first gas mixing system was attached
to the manifold upstream of all 12 rotameters. In the second case, the 3/16 inch ID tubing (M10) from the
second gas mixing system was attached to the manifold at the three-way valve (G13). Each rotameter had
a brass hose connecter for % inch hose ID (G8) which was used to deliver gas to the inlet of each reactor.
Flow rates for individual reactors were adjusted using the rotameter valve.

The gas mixing apparatus was contained in a chemical safety hood to prevent CO; accumulation in
the laboratory. During operation, CO, concentration was monitored in the laboratory using a TIM10
Desktop CO,, Temperature, and Humidity Monitor (co2meter.com) to ensure CO; did not accumulate to

unsafe levels in the laboratory.



118

To Reactor

Vessel
Figure A-3. Gas Mixing System. (Top Left) Ambient air was fed from house air fitted with a regulator to achieve
desired pressure. (Top Right) Industrial grade CO2 was fed from a gas cylinder fitted with a regulator to achieve
desired pressure. (Middle Left) The flow rate of gases was controlled using mass flow controllers and mixed by
combining the output flows. (Middle Right) The mixed gas stream was fed through a water bubbler to hydrate the
air (shown without water). (Bottom Left) The hydrated gas phase was fed into a gas manifold for delivery to
individual reactor vessels using rotameters to control gas flow rate. All labels reference the parts shown in

Table A-1.
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Lighting System

The lighting system for the photobioreactors fulfilled two roles: providing light to the culture and
providing heat to the system. The temperature control system described in the subsequent section
provided cooling to offset the heat provided by the fluorescent tubes and maintain the desired
temperature set point. An image of the lighting system is shown in Figure A-4.

An overview of the assembly of the lighting system is shown in Figure A-5. A piece of sheet metal (L1)
was sheared to the appropriate size and holes were cut using a sheet metal punch. The sheet was then
bent at a 90° angle using a bender brake. Each mini bi-pin socket (L5) had a hole drilled in its base using a
drill press. This hole was used to affix the sockets to the inside of the sheet metal fixture using a machine
screw (M2), washer (M4), and nut (M3). Wires from the ballasts (L2) were then inserted into the
corresponding sockets to provide power to the fluorescent bulbs per the manufacturer’s instructions. Two
ballasts were required for each lighting system, with each ballast powering 4 fluorescent tubes. Power
was provided to the ballasts from a power socket with a fuse switch (L3) to allow the lights to be turned
on and off. To simplify wiring, lighting systems were grouped into sets of three with one power socket
with switch controlling all three lighting systems.

Experiments in this work were performed using 4100K cool white fluorescent tubes (L6). This lighting
system will work with any F8T5/CW 8-watt fluorescent tubes if a different light quality is desired. Light
intensity was modulated in a discrete manner by changing the number of fluorescent bulbs installed in
the system as shown in Figure A-6. Luminous flux was determined with a Traceable Dual-Range Light

Meter (Fisher Scientific).
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Figure A-4. Lighting and Temperature Control System. (Left) The reactor vessel rested on top of the fan assembly
(Figure A-7) and light was provided from the sides of the reactor by the fluorescent light assembly (Figure A-5).
(Bottom Right) Front view of the temperature control assembly which used the temperature probe as an input.
(Top Right) Back view of the temperature control assembly which turned the fan on or off per the control
parameters of the temperature controller. The power input on the back of temperature control assembly provided
power for both the controllers and the fans. All labels reference the parts shown in Table A-1.
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Figure A-5. Lighting System Assembly. (A) The sheet metal (L1) was cut to the size shown here and holes were
punched for fastening and wire access to the mini bi-pin sockets for the fluorescent bulbs (L5). The sheet metal
was folded at a ninety-degree angle on the two indicated lines to form the three-sided shape allowing the
assembly to stand up. (B) (Top Left) L5 were installed on the inside of the sheet metal casing at all the locations
indicated in (A) for a total of 16. These held the fluorescent tubes in place and provided power from the ballasts.
(Middle Left) the sockets on the top of each side were wired to the yellow leads from the ballast (4 bulbs per
ballast). (Middle Bottom) the sockets on the bottom of each side were wire to the red leads from the ballast (4
bulbs per ballast). (Center) The ballasts were fixed to the back of the sheet metal assembly. (Right) The black and
white power supply leads from the ballasts were wired to a power socket for control of power supply. All labels
reference the parts shown in Table A-1.
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Figure A-6. Irradiance of Lighting System. (Left) Top down schematic of lighting system. 4 bulb set up had second
and fourth bulb remove on the left and first and third bulb remove on the right. 2 bulb set up had only top bulb
on the right and only the bottom bulb on the left. Numbers represent the angles at which luminous flux was
measured. (Right) Luminous flux as a function of angle for each lighting setup. The dashed line represents the
average luminous flux for a given number of bulbs.

Temperature Control

As mentioned above, heat was provided to the system by the fluorescent tubes. Without cooling and
with all 8 bulbs installed in a lighting system, the temperature of liquid in the reactor vessel rose to over

40°C. To maintain cultures at a constant temperature, a temperature control system provided cooling
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based on temperature measurements as shown in Figure A-4. The thermocouple inserted into the
stainless-steel thermocouple protector on the reactor vessel detected the temperature and the
temperature controller output power to the corresponding fan to cool the reactor to the desired set point.
The temperature set point could be achieved for any temperature between ambient room temperature
and 40°C. The temperature controller and fan were wired per the manufacturer’s instructions as shown

in Figure A-7.
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Figure A-7. Temperature Control System Assembly. (Top) Sheet metal supports for the fan were machined and
fixed to the fan as shown allowing the fan to sit upright and act as a stand for the reactor vessel (one support
removed for image). (Bottom) Temperature controllers were wired per the manufacturer’s instructions with the
power supply coming from the power socket (T5) and the output for cooling leading to the snap in receptacles
(T8). All labels reference the parts shown in Table A-1.
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A.3. Example Operating Procedure

Media Preparation

Media A was used in the photobioreactors for cultivation of Synechococcus sp. PCC7002 (components
shown in Table A-2, adapted from Stevens, et al.(Stevens, Patterson, and Myers 1973)). All components
were added in the order listed to a 50 L carboy, and the solution was mixed between additions by shaking.
Media was made in one large batch to be distributed to the photobioreactors for autoclaving. Sodium
chloride and magnesium sulfate were added as solids and each dissolved completely before the addition
of the next component. All other components were added from 100x stock solutions, with the trace
elements combined into a single 100x stock. To prepare this stock, ferric ammonium citrate, boric acid,
and manganese chloride were added as solids, and the remaining components were added using stocks
of the concentrations shown in Table A-3. The trace elements stock was filter sterilized immediately after
preparation.

Reactor Assembly and Sterilization

900 ml of media was used in each reactor. Immediately before media was measured and added to the
reactors, it was mixed by shaking to suspend any small amount of precipitate that may have settled out.
After the reactors were filled, the caps were loosely attached and wrapped in foil. They were then
autoclaved for 40 minutes to sterilize the media and internal components. Foil remained over the gas
outlet until the reactors were attached to the air delivery system to block any convection of nonsterile air
into the reactor. B1, (typically via a 1000x stock solution) was added to achieve a concentration of 3 nM,
and any necessary antibiotics and inducers were also added. The reactors were then inoculated to a target

OD730 of 0.05 from a pre-culture of the organism to be studied.



125

Table A-2. Concentration of Media Components.

Component Concentration
(mM)
NacCl 308
MgS04-7H,0 20
Na2EDTA-2H,0 0.08
KCl 8.1
CaCl»-2H,0 2.5
NaNO3 12
KH2PO4 0.37
Tris 8.3
Trace elements (uM)
Ferric Ammonium 30
Citrate
H3BO3 554
MnCl; 4H,0 22
(nM)
ZnCl; 2310
MoO3 208
CuS04-5H,0 12
CoCly'6H,0 51

Table A-3. Concentration of Trace Element Stock Solution

Component Concentration of Stock
Solution

ZnCly 10,000x

MoOs3 100,000x

CuS04-5H,0 10,000x

CoCly-6H,0 10,000x

Concentrations are relative to the final concentration of the media.

Sampling Protocol

Prior to sampling, bioreactor volumes were adjusted to account for evaporation losses by adding
sterile water through the DASGIP sampling valve. Evaporation losses were typically about 10-20 ml per
day and slightly variable among reactors. Sterile water was stored in a bottle fitted with a DASGIP sampling
valve of the same type used on the bioreactor assembly. Both valves were sterilized with a 70% aqueous

ethanol solution immediately before a syringe was used to transfer the water.
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The syringe was then used to sample the reactor. During sampling, the syringe was filled and emptied
several times while attached to the reactor before collecting the final sample to flush out the sample port.
Sample volumes were typically 1 mL or less to measure cell density and pigmentation, although larger
volumes were taken for more complex sample analysis. Samples of 1 ml or less were regarded as
negligible to the overall reactor volume, but larger samples were accounted for when adjusting for
evaporation losses the following day. The OD;3; was measured to observe cell density over time.
Figure A-8 shows a representative growth curve for Synechococcus sp. PCC7002 grown in Media A in the

photobioreactors.
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Figure A-8. Representative Growth Curve for Synechococcus sp. PCC7002 in Photobioreactors. 900 mL cultures of
Synechococcus sp. PCC7002 were grown in the photobioreactors bubbled with 10% CO: and maintained at a
temperature of 37°C by the temperature control system. Error bars are standard deviation of two biological
replicates.
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Appendix B: RB-TnSeq in Pseudomonas putida

B.1. Background and Motivation

As described in Chapter 6, further work towards a robust containment mechanism for genetically
modified cyanobacteria would be identification and elimination of many genes involved in the
CO,-concentrating mechanism (CCM) and natural competence. Towards this goal, we started a project
with the goal of using transposon insertion sequencing to compile two lists of genes from the model
cyanobacterium Synechococcus sp. PCC7002 (PCC7002): (1) those genes necessary for growth in ambient
air but not for growth in elevated CO, concentration and (2) those non-essential genes necessary for the
uptake and integration of foreign DNA into the chromosome of the cyanobacterium through natural
competence.

Transposon insertion sequencing is a method for determining the necessity of genes for a given
organism under one growth condition relative to a reference growth condition by measuring the
transposon insertion frequency (TIF) in each locus under each condition (Chao et al. 2016). Random
barcode transposon insertion sequencing (RB-TnSeq) builds upon transposon insertion sequencing by
including a random DNA barcode in the transposable element. After mapping each barcode to its
insertional location through transposon library sequencing, the TIF for a condition can be determined by
sequencing of a PCR amplification of the barcode region from a library population exposed to the
condition of interest (Wetmore et al. 2015).

This project is ongoing; here we will outline the proposed methods of the project and describe an
implementation of (RB-TnSeq) to investigate Levulinic Acid (LA) metabolism in Pseudomonas putida as
part of another project in the Pfleger Lab, which we completed in the process of learning the technique.

B.2. Ongoing Project: Identifying CCM and Natural Competence Genes in PCC7002

The first part of the proposed project is to create an RB-TnSeq library in PCC7002 using previously

described methods (Rubin et al. 2015; Wetmore et al. 2015). This library will be prepared under a
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reference condition of aqueous medium containing kanamycin in equilibrium with a gas phase containing
10% COy; this is a concentration typical of industrial CO, waste streams and is able to support the growth
of a CCM-deficient strain of PCC7002, as described in Chapter 4 (Clark et al. 2014). TIF determined through
transposon sequencing of the resulting library will provide a list of essential, beneficial, and non-essential
genes for growth of PCC7002 under excess CO, concentrations which will be interesting for comparison
to a recent study on the essential gene set of another model cyanobacterium, Synechococcus elongatus
PCC7942 (Rubin et al. 2015).

This population of transposon insertion mutants will subsequently be subjected to two other growth
conditions for comparison. In the first condition, this population of cells will be grown for several
generations in aqueous medium containing kanamycin in equilibrium with ambient air (~400 ppm CO,).
Quantifying the TIF across the genome of the resultant population relative to the reference population
will yield a list of genes essential for growth in ambient air but non-essential for growth in excess CO..

In the second condition, the excess CO; population of transposon insertion mutants will be subjected
to many parallel transformations of a gentamicin resistance cassette targeted to a known neutral site in
the genome of PCC7002. These samples will then be plated in the presence of gentamicin to select for
colonies growing from cells that could integrate the resistance cassette. Pooling millions of colonies and
quantifying the TIF across the genome of the resultant population relative to the reference population
will yield a list of genes essential for the natural competence of PCC7002.

The resultant information from these studies will yield a list of target genes that can be knocked out
to reduce the risk of restoration of a functioning CCM in genetically modified cyanobacteria. Additionally,
eliminating any other non-essential genes given from analysis of the TIF in the reference population could

result in a reduction of cellular maintenance energy, improving the economics of large-scale cultivation.
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B.3. Training Project: Investigating LA Metabolism Genes in Pseudomonas putida

LA is a byproduct from the conversion of lignocellulosic biomass to soluble sugars due to the
degradation of glucose under harsh acidic conditions (Huber, Iborra, and Corma 2006). The yield of
molecules produced by microbes from such feedstocks can thus be increased if the host organism can
metabolize the LA byproduct. Pseudomonas putida is able to metabolize LA (Martin and Prather 2009), so
the pathway and genes responsible were investigated in the Pfleger lab by Rand et al. (Rand et al. 2017)
to better understand this process and to facilitate engineering common production organisms such as
Escherichia coli for LA metabolism. The RB-TnSeq study described below expanded on the biochemical
studies described in the main text of reference (Rand et al. 2017) to investigate LA metabolism on a
systems level and was included in the supplemental note of the publication.

To investigate genes involved in LA metabolism on a systems level, random bar code transposon-site
sequencing (RB-TnSeq) was performed for the growth of Pseudomonas Putida on LA and 4HV. A summary
of genes identified as particularly interesting to the authors is shown in Table B-1 including fitness scores
for growth on minimal media with LA or 4HV relative to minimal media with glucose or the initial inoculum
grown in LB. All data from these experiments is available through the fitness browser at

http://fit.genomics.lbl.gov/cgi-bin/exps.cqgi?orgld=Putida&expGroup=carbon%20source (Price et al. 2016).
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Table B-1. Genes of Interest Identified from RB-TnSeq Experiments

Genes Mentioned in the Main Text of Rand et al. [7]
Locus Name [Annotation LA/Gluc  [4HV/Gluc
PP 0364 |bioH  |pimeloyl-ACP methyl ester esterase 0.3 0.02
PP_0988 |gcvP-1 |glycine dehydrogenase -0.02 -0.003
PP_2332 |- ATP-dependent zinc protease family -0.1 0.2
FP_2336 |acnA-Il |aconitate hydratase -4.5 -3.5
FP 2337 |profF aconitate isomerase -4.4 -3.8
PP_2790 |ivuR Sigma-54 dependent sensory box protein -3.9 -5.0
PP 2791 |lvaA Aminoglycoside phosphotransferase -5.2 -4.2
PP_2792 |ivaB Hypothetical protein NA NA
PP_2793 |lvaC acyl-Cof dehydrogenase/reductase family -5.2 -1.1
PP 2794 |lvaD Oxidoreductase, short chain dehydrogenase/reductase family -6.5 -5.3
PP_2795 |ivaF Acyl-CoA synthetase 0.4 -4.6
PP_2796 |lvaF conserved protein of unknown function 0.2 0.7
PP 2797 |lvaG acetate permease 0.1 1.7
PP 3741 |mrdA-l [transpeplidase 0.0 -0.06
FP_4217 |fpuA TonB-dependent outer membrane ferripyoverdine receptor 0.3 0.02
Important for Fitness in LA and 4HV
PP_2217 enoyl-CoA hydratase -2.0 -2.2
PP_2334 2-methylisocitrate lyase -4.9 -3.3
PP_2335 methylcitrate synthase -5.1 4.7
PP_3286 DNA-binding transcriptional repressor PazX(phenylacetyl-CoA) -4.3 -4.1
PP 3753 Transcriptional regulator, AraC family -4.8 -2.6
PP_3754 Beta-kelothiolase BkIB -5.8 -3.2
PP_3755 3-hydroxybutyryl-CoA dehydrogenase -2.9 -3.1
Important for Fitness in LA but not 411V
PP_1291 PhoH family protein -2.5 0.3
PP_2333 GntR family transcriptional regulator -4.5 -0.7
PP_3121 transcriptional regulator, LysR family -4.1 -0.3
PP_3122 acetoacetyl CoA-transferase [subunit A) -2.3 0.1
PP 3123 acetoacetyl CoA-transferase (subunit B) -3.1 -0.02
PP 3925 conserved protein of unknown function -2.1 -0.9
PP_4515 Transcriptional regulator, MarR family -2.2 0.03
PP_4628 conserved protein of unknown function -3.6 -1.3
Important for Fitness in 4HV but not LA
PP_0951 Ribosame hibernation promaoting factor 0.2 -2.4
PP_0995 Putative sigma factor regulator -0.5 -2.6
PP_1328 Protein MraZ -0.5 4.2
FP_1764 Phosphoglycolate phosphatase 2 -1.3 -2.7
PP 1778 Lipopclysaccharide ABC export system, permease protein 0.2 -4.8
PP_1779 Lipopolysaccharide ABC export system, ATP-binding protein 0.003 -4.0
PP_1968 TetR family transcriptional regulator -0.8 -2.1
PP_2082 phosphoenolpyruvate synthetase -0.2 -2.7
PP_2436 Transcriptional regulator, LysR family -0.3 -2.4
PP_4342 flagellar synthesis regulator, putative ATPase -1.4 -2.0
PP_4571 cysteine synthase A -0.1 -3.5
PP_4/62 Acyl-CoA thicesterase Il 0.3 4.3
PP_4824 Sensor histidine kinase/response regulator -0.7 -2.2
PP_4835 tRNA dimethylallyltransferase -1.7 -2.0
PP_5203 S-formyltetrahydrofolate cyclo-ligase -0.01 -3.0
PP_5210 Alcohol dehydrogenase, zinc containing 0.2 -2.5
PP_5502 ribosome modulation factor -0.2 -3.5
Enhanced Fitness in 4HV
PP_0191 Transcriptional regulatory protein AlgQ 0.6 2.7
PP_0385 putative type IV piliation protein -0.3 3.2
PP 03596 conserved protein of unknown function -0.5 3.1
PP_0397 prolein kinase -0.2 3.0
PP_0674 ADP/ATP ratio sensor and inhibitor of translation -0.2 2.1
PP_1236 putative Glycine cleavage system transcriptional repressor il 2.3
PP_2144 Transcriptional regulator, TetR family 1.3 5.6
PP_3603 Transcriptional regulator, GntR family -0.5 2.3
PP_4734 Transcriptional regulator, GntR family 0.3 3.2
PP_4874 505 ribosomal protein L9 -0.5 2.6
PP 5145 phosphoenolpyruvate-dependent regulator -1.2 4.6
PP_5146 RNA pyrophosphohydrolase -1.0 2.9
|FP_5232 conserved protein of unknown function -1.4 34
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Methods
Pseudomonas Putida Library Preparation

Our collaborators in the groups of Adam Arkin (University of California — Berkeley) and Adam
Deutschbauer (Lawrence Berkeley National Labs) generated a DNA-barcoded transposon mutant library
of P. putida KT2440 using previously described methods and resources (Wetmore et al. 2015). Briefly, they
conjugated Wild Type P. putida KT2440 with an E. coli strain (WM3064) carrying the transposon vector
library pKMW3 (Wetmore et al. 2015). pKMWS3 is a mariner class transposon vector library containing a
kanamycin resistance marker and millions of random 20mer DNA barcodes. Conjugations were performed
at 1:1 donor:recipient ratio on LB + diaminopimelic acid (DAP) plates for 6 hours and finally plated on LB
plates supplemented with 100 pg/mL kanamycin. The E. coli conjugation strain WM3064 is auxotrophic
for DAP and does not grow on media that is not supplemented with this compound. They combined
thousands of kanamycin-resistant P. putida colonies into a single tube, made multiple aliquots, and stored
these samples at -80 °C for future use. They also extracted genomic DNA and mapped the transposon
insertion locations and their associated DNA barcodes via a TnSeg-like lllumina sequencing protocol, as
previously described (Wetmore et al. 2015). They named the final, sequenced mapped transposon mutant
library Putida_ML5.

LA and 4HV Growth Experiments

An aliquot of the P. Putida RB-TnSeq library (Putida_ML5) was grown for 5 hours in a shake flask
containing 25mL of LB media with 50 pg/mL Kanamycin Sulfate to late log phase (30°C, 250 RPM). 1
ODsoo*mL of cells were pelleted, decanted, and frozen at -20°C for barcode sequencing as the time zero
inoculum control. 1 ODggo*mL of cells per treatment were washed with three volumes of minimal media
with no carbon source and then resuspended in 2x minimal media with no carbon source for a new ODeggo
measurement. These cells were diluted into 2x minimal media to an ODego of 0.04. This culture was then

diluted in half with 2x solutions of each carbon source of interest to a final volume of 10mL in a culture
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tube for 4HV and 1.2mL total volume in the well of a 24-well microplate for LA. The carbon sources tested
were 40mM 4HV (pH adjusted to 7 with NaOH), 40mM LA (pH adjusted to 7 with NaOH), 20mM potassium
acetate, and 40mM glucose, each with two replicates. The 4HV and acetate experiments were performed
one day and the LA experiments were performed on a different day, each day with its own 40 mM Glucose
control. The culture tubes were placed in a shaker incubator (30°C, 250 RPM) until they achieved and
ODego of ~3 for 40 mM Glucose (~20 hours), ~0.25 for 20 mM potassium acetate (~44 hours), or ~0.3-0.5
for 40mM 4HV (~68 hours). For LA, the samples were grown in a 24-well microplate in a Multitron shaker
set to 30°C and 700 rpm. We monitored the OD of the microplate in a Tecan M1000 microplate reader. A
1 mL sample from each culture tube was pelleted and frozen at -20°C for barcode sequencing.

BarSeq

Our collaborators performed DNA barcode sequencing (BarSeq) as previously described (Wetmore et
al. 2015), with a slight variation in the common P1 oligo design. In this study, they used a mixture of P1
oligos with variable length N space regions (2-5 nt) to “phase” the BarSeq PCR products for sequencing on
the Illumina HiSeq4000.

Data Analysis

Both the TnSeq data and the BarSeq data were processed using analysis scripts as described
previously (Wetmore et al. 2015). Briefly, the fitness of a strain in the normalized log; ratio of barcode
reads in the experimental sample to barcode reads in the time zero sample. The fitness of a gene is the
weighted average of the strain fitness for insertions in the central 10-90% of the gene. The gene fitness
values are normalized so that the typical gene has a fitness of zero. The primary statistic t-value is of the
form of fitness divided by the estimated variance across different mutants of the same gene. All
experiments described herein pass the quality metrics described previously unless noted

otherwise (Wetmore et al. 2015).
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Identifying Genes of Interest

The fitness values reported in Table B-1 are the average of 2 replicates. Fitness scores for LA and 4HV

relative to glucose were calculated using the following equation:

] LA
Fitness (—

) = Fitness(LA) — Fitness(Glucose)
Glucose

Annotations in Table B-1 and discussed in the text below were adapted from

www.MicrobesOnline.org (Dehal et al. 2009).

Results and Discussion
RB-TnSeq Results are Consistent with Evidence Provided in Rand, et al. (Rand et al. 2017)

All genes mentioned in the main text of Rand, et al. (Rand et al. 2017) are shown with their fitness
scores for growth on LA and 4HV in Table B-1. Genes that were identified as transposon library hits have
their gene loci highlighted in red italics.

RB-TnSeq analysis suggests the genes identified as constituting the LA metabolism operon
IvaABCDEFG as well as the proposed regulator /vaR were important for growth on both LA and 4HV with
a few exceptions described as follows. IlvaB was excluded from the data summary for growth on LA and
4HV due to insufficient barcode insertions in this small gene and /vaE (shown to not be essential for growth
on LA in the main text) shows no phenotype on LA.

RB-TnSeq analysis suggests IvaF and lvaG are not important for growth on LA or 4HV, suggesting they
are not required for transport of these metabolites at the concentrations used in the experiments. The
positive fitness scores of these genes for growth on 4HV suggest that the 4HV concentrations used in this
experiment had negative effects on fitness, an effect that would be alleviated by elimination of import
system (See section below: Potential Induction of Quorum-Sensing Systems by y-Valerolactone). None of
the remaining transposon library hits from the main text exhibited interesting phenotypes in the RB-TnSeq

experiment, suggesting they may have been dependent upon the transposon library experiment.


http://www.microbesonline.org/
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In addition to genes identified in the main text, genes of interest shown in Table B-1 were identified
using the following criteria:

Important for Fitness in LA and 4HV: Fitness scores lower than -2 for both LA and 4HV.

Important for Fitness in LA but not 4HV: Fitness score for LA lower than -2 and fitness score for 4HV
greater than -2.

Important for Fitness in 4HV but not LA: Fitness score for 4HV lower than -2 and fitness score for LA
greater than -2.

Enhanced Fitness in 4HV: Fitness score greater than 2 for 4HV.

This list of genes of interest was further refined by eliminating genes that shared a phenotype with
growth on acetate as these results were considered not relevant to the scope of this work.

8-Oxidation of 3-Hydroxyvaleryl-CoA to Propionyl-CoA and Acetyl-CoA by Genes Important for Growth on LA
and 4HV

As proposed in the main text of Rand et al. (Rand et al. 2017), the 3-hydroxyvaleryl-CoA metabolite
produced in LA metabolism could be utilized through B-Oxidation to form Propionyl-CoA and Acetyl-CoA.
RB-TnSeq analysis helped to identify potential candidate genes for this pathway:

PP_3755 is annotated as a 3-hydroxybutyryl-CoA dehydrogenase, suggesting that this enzyme
catalyzes the conversion of 3-hydroxyvaleryl-CoA to 3-ketovaleryl-CoA.

PP_3754 is annotated as a B-ketothiolase, suggesting that this enzyme catalyzes the conversion of 3-
ketovaleryl-CoA to propionyl-CoA and Acetyl-CoA.

PP_3753 is annotated as a transcriptional regulator and its location directly upstream of the two
previous genes suggests a role in the regulation of these two B-oxidation genes.

Propionyl-CoA Metabolism by Genes Important for Growth on LA and 4HV

After propionyl-CoA is formed through the mechanism proposed in the previous section, it could be
further metabolized to form succinate and pyruvate through the 2-methylcitrate cycle. PP_2337 is

annotated as a methylaconitate isomerase (prpF), suggesting that the pathway utilized is the 2-
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methylcitrate cycle Il that passes through a trans-2-methyl-aconitate intermediate. RB-TnSeq analysis
helped to identify potential candidate genes for this pathway:

PP_2335 is annotated as a methylcitrate synthase, suggesting that this enzyme catalyzes the reaction
of propionyl-CoA with oxaloacetate to form 2-methylcitrate.

PP_2336 is annotated as an aconitate hydratase. PP_2339, an additional gene in close chromosomal
proximity but with insufficient BarSeq data for analysis is also annotated as an aconitate hydratase. These
results suggest that some combination of these two enzymes catalyze both the conversion of 2-
methylcitrate to trans-2-methylaconitate and the downstream conversion of cis-2-methylaconitate to 2-
methylisocitrate.

PP_2337 is annotated as a methylaconitate isomerase, suggesting that this enzyme catalyzes the
conversion of trans-2-methylaconitate to cis-2-methylaconitate.

PP_2334 is annotated as a 2-methylisocitrate lyase, suggesting that this enzyme catalyzes the
conversion of 2-methylisocitrate to succinate and pyruvate.

PP_2333 is annotated as a transcriptional regulator and its location directly upstream of the PP_2334-
2339 genes suggests a role in the regulation of these propionyl-CoA metabolism genes.

Potential Levulinyl-CoA Transferase

In the main text of Rand, et al. (Rand et al. 2017), IvaE was shown to catalyze the conversion of LA to
levulinyl-CoA as well as the conversion of 4HV to 4-hydroxyvalerly-CoA. IvaE is essential for growth on
4HV but not essential for growth on LA, suggesting that there is another enzyme capable of catalyzing the
conversion of LA to levulinyl-CoA. PP_3122 and PP_3123 are annotated as acetoacetyl CoA-transferase
subunits A and B respectively and are both important for growth on LA but not 4HV, suggesting they could
fill the role of the additional catalyst for levulinyl-CoA formation. PP_3121 is also important for growth on
LA but not 4HV and is annotated as a transcriptional regulator. Its genomic context suggests it regulates

the expression of PP_3122 and PP_3123. This set of genes is analogous to the dhcAB operon involved in
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catabolism of carnitine in Pseudomonas aeruginosa. PP_3121 shares 72% sequence identity across 95%
of its sequence with dhcR (PA1998) and PP_3122 and PP_3123 share 86% and 90% identity across their
entire sequences with dhcA (PA1999) and dhcB (PA2000), respectively. dhcR regulates expression of the
dhcAB operon encoding a predicted 3-ketoacid CoA-transferase with evidence of activity on 3-
dehydrocarnitine (Wargo and Hogan 2009). PP_3121-PP_3123 could serve a similar role in catabolism of
LA.

Transcriptional Regulators Control Both Beneficial and Detrimental Systems for Fitness Under LA and 4HV
Metabolism

PP_3286 and PP_3753 are annotated as transcriptional regulators and RB-TnSeq analysis suggests
they are important for growth on LA and 4HV. The annotation for PP_3286 suggests involvement in the
regulation of phenylacetic acid metabolism. As previously stated, genomic context suggests the
involvement of PP_3753 in the regulation of the probable B-oxidation genes PP_3754-3755.

PP_3121 and PP_4515 are annotated as transcriptional regulators and RB-TnSeq analysis suggests
they are important for growth on LA but not important for growth on 4HV. As previously stated, genomic
context suggests PP_3121 regulates expression of the potential acetoacetyl-CoA transferase subunits
PP_3122-3123. The regulatory role of PP_4515 is unclear.

Conversely, PP_0995, PP_1328, PP_1968, PP_2333, and PP_2436 are annotated as transcriptional
regulators and RB-TnSeq analysis suggests they are important for growth on 4HV, but not important for
growth on LA. PP_0995 shares 41% homology across its entire sequence with a gene in Caulobacter
crescentus (CC3252) thought to be involved in sigma factor regulation for heavy metal stress, although its
regulatory role in Pseudomonas putida is unclear (Kohler et al. 2012). As previously stated, genomic
context suggests the involvement of PP_2333 in the regulation of the probable propionyl-CoA metabolism
genes PP_2333-2339. The regulatory functions of PP_1328, PP_1968, and PP_2436 are unclear.

PP_0191, PP_1236, PP_2144, PP_3603, and PP_4734 are annotated as transcriptional regulators and

RB-TnSeq analysis suggests their deletions are beneficial for growth on 4HV. PP_0191 is annotated as a
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regulator of alginate bioaccumulation, suggesting a role in biofilm formation. PP_1236 is annotated as a
regulator of a glycine cleavage system and a close homolog in Pseudomonas aeruginosa (PA1009) is
involved in the regulation of host colonization (Koh et al. 2010). PP_2144 has a close homolog in
Pseudomonas syringae (psrA) that is involved in the regulation of epiphytic fitness, quorum-sensing, and
plant host interactions (Chatterjee et al. 2007).

PP_3603 and PP_4734 are annotated as fatty acid responsive transcriptional regulators with unknown
regulatory roles.

Potential Induction of Quorum-Sensing Systems by y-Valerolactone

4HV used in the RB-TnSeq experiments was synthesized from y-valerolactone as described in the
methods section of the main text of Rand, et al. (Rand et al. 2017). As a result, residual y-valerolactone
was likely present in the experiments for growth on 4HV. Several molecules in the lactone family are
known to be used as quorum sensing signals in Pseudomonads (Pearson et al. 1995). Quorum sensing
responses would likely cause physiological responses towards the formation of a biofilm in the culture
vessel. Cells with disruptions in these regulatory systems would replicate themselves to a higher degree
resulting in a perceived increase in fitness as is the case with the transcriptional regulators PP_0191,
PP_1236, and PP_2144 discussed above. As y-Valerolactone is being investigated as a promising solvent
for nonenzymatic sugar production from biomass (Luterbacher et al. 2014), its effect on the quorum
sensing systems of potential platform host organisms for bioprocessing should be further investigated.
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