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Abstract

Microbial communities are the rule rather than the exception. Laboratories using model
organisms often focus on monoclonal, axenic cultures overlooking the importance of the
interactions, division of labor, and robustness of consortia. This thesis presents the construction,
characterization, and exploration of multiple engineered photosynthetic communities. Division
of labor is inherent in the use a phototroph (the model cyanobacterium Synechococcus elongatus)
to capture solar energy and fix carbon for the community paired with various heterotrophs
(Escherichia coli, Bacillus subtilis, and Saccharomyces cerevisiae) that cannot grow without the
phototroph. Within these microbial communities, engineered interactions (i.e. feeding of fixed
carbon from cyanobacteria to heterotrophs) are observed along with un-engineered interactions.
The unexpected, emergent interactions include increased phototroph growth in consortia in
comparison to axenic culture and inhibition of heterotroph growth with phototrophs in a density
and light dependent manner. Using these communities, we show robustness to culture
perturbations through time as well as flexible functionalization to make target compounds. We
are continuing this work to unearth the mechanisms underlying these interactions using
community-scale models across these and other synthetic photosynthetic consortia. Finally, we
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made use of the photosynthetic consortia in various outreach exhibits to spark public interest in
science, biotechnology, and microbial communities.

iv

TABLE OF CONTENTS
ACKNOWLEDGMENTS

1

1. INTRODUCTION

1

1.1 Abstract

3

1.2 Emergent properties of natural symbioses

3

1.2.1 Division of labor

4

1.2.2 Robustness

8

1.3 Engineered consortia

9

1.4 Acknowledgments

12

2. CYANOBACTERIA AS FEEDSTOCKS

13

2.1 Abstract

15

2.2 Carbohydrate feedstocks

15

2.3 Carbohydrate content in and sugars from cyanobacteria

18

2.4 Accessibility and use of cyanobacteria-derived carbohydrates

21

2.5 Results

24

2.5.1 S. elongatus EPS extraction and quantification

24

2.6 Discussion

25

2.7 Materials and methods

26

2.7.1 Strains and media

26

2.7.2 EPS production

26

2.7.3 EPS extraction

26

2.7.4 Phenol/sulfuric acid EPS quantification

27

2.8 Acknowledgments

27

3. CREATION OF SYNTHETIC PHOTOSYNTHETIC CONSORTIA

29

3.1 Abstract

31

3.2 Introduction

33

3.3 Results

34

!v

3.3.1 Cyanobacteria consortia with heterotrophs

34

3.3.2 Emergent interactions

38

3.3.3 Robustness in designed photosynthetic consortia

42

3.3.4 Bioproduction from functionalized co-cultures

46

3.3.5 Mathematical framework summarizing interactions

48

3.4 Discussion

51

3.5 Materials and methods

57

3.5.1 Strains, media, and monoculture characterization

57

3.5.2 Batch co-cultivation & quantification

59

3.5.3 Heterotroph exposure to variable cyanobacteria densities

60

3.5.4 Heterotroph spotting on cyanobacterial lawns

61

3.5.5 Long-term continuous co-cultivation

61

3.5.6 Structured growth perturbation

62

3.5.7 α-Amylase production and quantification

62

3.5.8 PHB production & quantification

63

3.5.9 Mathematical framework, statistics, and figures

64

3.6 Acknowledgments

64

4. PROGRESS AND FUTURE WORK UNDERSTANDING SYNTHETIC
PHOTOSYNTHETIC CONSORTIA

66

4.1 Abstract

68

4.2 Introduction

68

4.3 Genome-scale metabolic models

71

4.4 Results

73

4.4.1 Mono- and co-culture characterizations

73

4.4.2 Transcriptomic investigation of S. elongatus and W E. coli

77

4.5 Discussion

77

4.6 Materials and methods

79

!vi

4.6.1 Strains and media

79

4.6.2 Growth

80

4.6.3 RNA extraction

80

4.6.4 rRNA depletion

81

4.6.5 Library construction and RNA-Seq analysis

81

4.7 Acknowledgments

82

5. HUMAN COMMUNITIES, MICROBIAL COMMUNITIES, AND 3D PRINTING

84

5.1 Abstract

86

5.2 Introduction

86

5.3 Mushtari: A 3D printed wearable for housing microbial consortia in space

89

5.4 Printing chitosan, microbial growth, and nitrogen availability in The Ocean
Pavilion

95

5.5 Discussion

102

5.6 Materials and methods

103

5.6.1 Strains and media

103

5.6.2 Cytotoxicity of 3D printed tubes for Mushtari

103

5.6.3 Preparation and sterilization of chitosan

104

5.6.4 Growth of S. elongatus

105

5.6.5 Nitrite and nitrate measurements

105

5.7 Acknowledgments

105

6. CONCLUSIONS

107

APPENDIX 1: CROSSWORD SOLUTION

113

APPENDIX 2: CHAPTER 3 SUPPLEMENTAL DATA

114

APPENDIX 3: MATHEMATICAL FRAMEWORK SUMMARY OF INTERACTIONS

121

A3.1 Initial framework

121

A3.2 Co-culture framework

124

A3.3 Exploration of parameter space

125

!vii

REFERENCES

127

!viii

ACKNOWELEDGMENTS
Interaction is unavoidable in life. We do not live alone – we would not be ourselves
without our microbiomes, pets, predators, prey, friends, and family. A PhD is much the same – it
would not be possible without all the disparate personalities that influence it. I have to explicitly
thank Pamela A. Silver and her lab for giving me the space and environment to explore
photosynthetic communities. Within her lab, I need to thank Kathy Buhl for making things
function. Additionally, I have to thank Danny Ducat for being my first mentor and continuing to
be my collaborator and friend. My collaborators on specific projects will be listed by their
contributions in acknowledgments at the beginning and end of each chapter and for their help I
am very grateful. I would also like to thank the members of my dissertation advisory committee
(Andrew Murray, Fred Winston, and Jeff Gore) as well as Colleen Cavanaugh and Daniel Segre,
who, in addition to members of my dissertation advisory committee, served as examiners during
my thesis defense. There is, however, no way for me to adequately thank all the other people
who made my PhD possible. Because interactions are key in crosswords the same way they are
in PhDs and in the microbial communities presented in this thesis, I have included a crossword
puzzle of acknowledgments. The clues and crossword follow. The solution can be found in
Appendix 1.

!ix

Crossword hints:
ACROSS
2
Pleasant roomies
5
Engineer co-author
7
Guide, mentor, and campfire friend
8
Father that laid my foundations
18
Computational collaborator
19
Oleaginous yeasts
21
Lady RPI roommates
29
Bravery
31
DAC buddy
33
The best detective around
36
A light and reorganizer
38
Movement, sound, and philosophy
41
Best hugs, inspirational friend, and pup
44
Scientist Wannanosaurus
45
Mouth pipetting and phage guidance
46
Monster hands and morals
47
Banjo touting biologist
48
Other Cyano Princess
53
PHB
55
Warrior, red, and baby boy!
56
Models and drinks
57
Yeast bioreactor
60
Sisterly support
62
Camping, car rides, and Beyonce
63
The guidance behind the scenes at SysBio
65
Mouse poop, memory, and eye exams
66
Light of the lab
67
Living stained class and perspective
68
Cultured confidante
69
Leaders of the artificial lichens
70
Dream team teacher and guac gentleman
71
Model maker
72
Cray Bay bear

DOWN
1
3
4
6
9
10
11
12
13
14
15
16
17
20
22
23
24
25
26
27
28
30
32
34
35
37
39
40
42
43
49
50
51
52
54
58
59
61
64

!x

Organization co-author
Metabolic networks examiner
Foundation and examples
Quiet hardworking team
Lone ranger DAC chair
Original lab crew
The artist architect
Mother hen of the house
Old bestie
Best friend and partner
PI and queen of synthetic biology
Top tier kickball heroes
The lab would fall apart without you
Grandma's Grit
Brotherly humor
Not a western-blot-a-ma-tologist
Behind the scenes
Proponent of teaching and thoroughness
DAC member
The linchpin of SysBio
Synthetic co-author
Gentlemen roommates from back in the day
Them postdoc gents
Inspirational mother
Transcriptomics
Perspective
Ambition
Best drinking buddy and padawan
Captain of the news and my editor friend
DIIIIIIAAAAANNNNE
The best labmates around
Symbiosis examiner
Chitosan crafters
First year roommates
Coffee maker, teacher, and friend
Role model for science, outreach, and
involvement
We hug in the Navy
Cray Bay leaf
Interventionist and drinking buddy
Synthetic ecology specialist DAC member

!

!xi

CHAPTER 1.
INTRODUCTION

!1

Portions of “Better together: engineering and application of microbial symbioses” (Hays et al.,
2015) and “Engineering cyanobacteria as photosynthetic feedstock factories” (Hays and Ducat,
2014) I wrote have been edited with additional examples to form CHAPTER 1.
INTRODUCTION. Applied synthetic communities and engineering interventions for microbial
communities are expanded on by Marika Ziesack and William Patrick, respectively, in “Better
together: engineering and application of microbial symbioses”. Daniel Ducat expands upon
bioindustrial feedstocks and biotechnology in “Engineering cyanobacteria as photosynthetic
feedstock factories” and was instrumental in my writing.
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1. INTRODUCTION
1.1 Abstract
Microbes are constantly communicating; whether within cultures derived from clonal
populations or in complex consortia with multitudes of species, cellular conversations are
happening. The ability to divvy up tasks and survive perturbation emerges from this
communication and confers advantages to communicators. To lay a foundation for
understanding, characterizing, and applying different modes of microbial interaction, we first
look closely at natural symbioses that demonstrate these properties. From there, we move to
engineered consortia including both artificial and synthetic communities, what can be learned
from these systems, and finally the application of consortia to biotechnology. This introductory
information focuses on the nature of microbial communication and the advantages of working
and growing within consortia–both of which we need a handle on if we hope to understand the
complex world conversing around us.

1.2 Emergent properties of natural symbioses
Microbial conversations are occurring around–and inside of–us. The brilliantly lit conversations
of Vibrio fischeri are a visually stunning example of such communication: the bacteria V. fischeri
colonize a specialized organ of a squid, Euprymna scolopes, where dense communities of
bacteria glow (Fig. 1.1). This bioluminescence lights up the squid, camouflaging it within the
water column. The interaction between bacterium and squid is mediated by metabolites, physical
connection, and environmental change while the light from the bacteria is the result of a
conversation held by the V. fischeri via quorum sensing (density-dependent signaling)
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demonstrating communication between different organisms as well as individuals of the same
species1–3.

!
Figure 1.1 Bobtail squid and light organ containing V. fischeri. This juvenile squid (A) is already inhabited by its
microbial symbiont V. fischeri. V. fischeri reside in the light organ (B) where they are bioluminescent at high
densities. Images modified from Hawaiian Bobtail Squid Theme: Research by Dr. Spencer Nyholm4,5.

But why go through the trouble of symbiosis and all of this communication? Assuming
that information exchange has some cost to an organism and/or that multiple species depending
on another can result in decreased fitness if not all species are present, how can evolution select
for complex interactions? Communication is pervasive because it establishes relationships
through which labor can be divided and mediates robustness to certain perturbations. These
emergent properties allow organisms to efficiently use available resources, survive in different
environments, and establish themselves in the ecosystems they reside in.

1.2.1 Division of labor
Division of labor is the process of creating specialists such that not every member of a
community must complete all tasks to survive and prosper. Civilization is thought to have risen
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Figure 1.2 Division of labor in heterocystous
cyanobacteria. (A) Cyanobacteria complete
oxygenic photosynthesis in the thylakoid membrane
(teal thylakoid membrane, grey photosynthetic
machinery, light as yellow arrows). However, some
species of cyanobacteria also fix nitrogen (B); a
process dependent on oxygen-sensitive nitrogenases
(blue). To do this, some filamentous cyanobacteria
form vegetative cells (green) that do photosynthesis
and heterocysts (orange) that fix nitrogen.
Compounds can then be shared between the
differentiated cells without oxygen poisoning the
nitrogen fixation process (C). Figure modified from
Hays et al7.

only after technological advancement enabled division of labor between people6. This makes
intuitive sense because modern society capitalizes on specialization; no person is expected to
grow their own food, make their own machinery and tools, clothe themselves, raise their
children, run a company, teach science, and train their dog all alone. Similar to the rise of
civilization, symbioses and the consequential division of labor starts with benefits found in
specialization7–10. For example, even within the same species there can be substantial benefits to
optimizing different functions in different places. Consider some cyanobacteria that fix both
carbon and nitrogen (Fig. 1.2). Nitrogen fixation is completed by nitrogenases. However,
nitrogenases are sensitive to oxygen. Photosynthesis in cyanobacteria releases oxygen, making
nitrogen and carbon fixation ill-suited to occur within the same cell. Cyanobacteria can get
around this by forming differentiated cells: the majority of cells (termed vegetative) complete
oxygenic photosynthesis while a small fraction of cells form an isolated region called a
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heterocyst where nitrogen
fixation occurs protected from
oxygen.
Division of labor allows
access to expanded metabolic
capacities in heterocystous
cyanobacteria and it can also
extend niches available to
communities7,10–12. Niche
expansion is clear in

Figure 1.3 Chlorochromatium aggregatum niche occupation.
Chlorochromatium aggregatum is composed of green sulfur bacterial
epibionts (green) that can complete photosynthesis and ß-proteobacteria
(black) that are motile and light sensitive. Together these organisms can
occupy niches that require both motility and capacity to do photosynthesis.
Figure modified from Hays et al.7

Chlorochromatium aggregatum, a motile community in which photosynthetic symbionts live on
the surface of their partner, a central ß-proteobacterium, as epibionts (Fig. 1.3). These green
sulfur bacterial epibionts hitch a ride on the ß-proteobacterium for chemo-taxis and
scotophobotaxis (movement away from the dark)13. The non-photosynthetic ß-proteobacterium,
on the other hand, depends largely on the photosynthetic epibionts for energy through metabolic
coupling and, potentially, electron transfer. When complete, this microbial consortium can live in
places where the environment is variable and energy poor because together the organisms can
move to ideal conditions and do photosynthesis; neither organism can do both on their own.
Interestingly, the ß-proteobacterium has a reduced genome in comparison to free-living relatives
but gains photosensitive motility despite its inability to do photosynthesis–indicating increased
evolutionary fitness when paired with its epibionts14.
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Similar to many functional human relationships, the roles in microbial communities are
not always well defined (though we assume division of labor is happening). ‘Omics approaches
enable the determination of organisms present in communities and are beginning to help assign
functions to those microbes15,16. Two recent examples include Grube et al.’s look at lichen and
Embree et al.’s investigation of methanotrophic communities17,18. Both consortia are complex.
They contain many species and can be hard to tease apart because many isolated microbes are
not readily culturable19. Grube and colleagues collected metagenomic and proteomic data for the
lichen Lobaria pulmonaria and showed bacteria support lichen with increased nutrient access
and resistance to external factors17. Embree et al. used single-cell genomics and
metatranscriptomics under different growth conditions to reveal the functions and interactions of
Smithella species, Methanosaeta consilii, and other consortia members during methanogenic
alkane degradation18. While these approaches allow us interesting new insights, it is important to
remember that we do not yet understand how microbes within communities divvy up tasks or if
they do so in a predictable way given variation in metabolism, environment, or species
composition.
Not only are there advantages to dividing labor; there can also be additive benefits from
sharing labor with diverse partners. Ho and colleagues observed this in methanogenic
communities composed of Methylomonas methanica and various heterotrophs seeing increased
methane oxidation rates correlated with heterotrophic diversity20. While this supports ecological
theory and examples in higher organisms, experiments showing the importance of diversity have
yielded varying results highlighting the need for further investigation21,22. This aspect of study is
particularly interesting when we consider that man-made interventions decrease microbial
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diversity in certain areas. Might we be able to augment some biotechnological and agricultural
practices by increasing diversity and allowing for more varied sharing of metabolic load?

1.2.2 Robustness
Robustness is another emergent property of microbial communities and is necessary for survival
in the wildly fluctuating world10,23–26. While “robustness” can be described in many nuanced
ways (including resilience, stability, vulnerability, resistance, and so on27), let’s set the bar for the
term in this context: a community’s ability to survive through challenges like stresses, dilutions,
or varying environmental conditions that we call perturbations.
Such robustness is beautifully demonstrated by both lichen and biofilms (Fig. 1.4).
Lichens are collections of bacterial, fungal, and algal symbionts that can survive desiccation,
irradiation, and starvation better together
than as isolated organisms25,26. This has
enabled them to colonize nearly every
environment on this planet28 as well as
survive in space29,30. Biofilms, microbial
communities that adhere to surfaces, can
exhibit similar community
robustness31,32. As a prevalent form of
bacterial growth, biofilms directly impact
our lives and health as they coat our bodies
and medical devices, contributing to

Figure 1.4 Robustness in lichen and biofilms. Mixed
populations of microbes in lichen (top) and biofilms
(bottom) exhibit robustness to different perturbations better
than isolated microbes. Living microbes are designated by
solid shapes; dashed outlines represent dead cells. Figure
modified from Hays et al.7
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biofouling, virulence, and pathogenesis. In a model of ear infections, Perez et al. shows biofilms
of Moraxella catarrhalis and Streptococcus pneumoniae are more robust to antibiotic exposure
than mono-species films. This results from M. catarrhalis protecting S. pneumoniae from ßlactam antibiotics and S. pneumoniae protecting M. catarrhalis from macrolide drugs32. It is
interesting to consider that the robustness we see may often be related to the sharing of a task, in
this case resistance to antibiotics, across species. Either way, the steadfastness of microbial
communities in films may be one fundamental reason why biofilms form and are ubiquitous33.

1.3 Engineered consortia
Natural microbial communities have been characterized with varying success. Some naturally
occurring mutualistic systems have been modeled (e.g., Stolyar et al.34) while others have been
carefully observed and perturbed, sometimes revealing previously overlooked
communication35,36, organisms37, or functions38. But often these conversations are complex and
difficult to tease apart. Therefore, researchers are beginning to explore communication in
simplified, engineered systems39. Designed microbial communities can be sorted into two rough
categories: artificial consortia and synthetic consortia.
Artificial consortia consist of wild-type microbes with naturally synergistic interactions40.
For example, one application for microbial consortia is bioremediation of oil-contaminated soil.
Communities of microbes can degrade diesel better than isolated species41–43. An interesting
aspect of this increased activity is the natural production of surfactants by one species that
benefits the entire consortium41. However, because artificial consortia interact based on
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endogenous pathways, often in genetically intractable strains, tuning interactions to explore
different questions or program new functions is difficult.
In contrast to artificial consortia composed of un-engineered symbionts, synthetic
consortia are microbial communities engineered to interact where the introduced communication
and/or species are not found in nature40. Indeed, tunable designs within the nascent field of
synthetic consortium engineering provide bottom-up insights into complex dynamics including
population behavior, game theory, pattern formation, and cross-feeding44–49. Despite their
promise, synthetic systems have often been limited in construction to engineered signals (e.g.,
quorum sensing) or complementary auxotrophies within highly-related organisms49–53. The
inflexibility of most consortia designs result in engineered interactions that are highly
contextualized to a limited number of species, confounding identification of general trends rather
than scenario-specific observations. Additionally, species with different growth modes (i.e.,
autotrophs and heterotrophs) are relatively rare in synthetic designs in contrast to natural
consortia54–56. Finally, contrary to the robustness seen in natural microbial communities,
synthetic consortia are frequently fragile, functioning only for short timeframes or requiring
artificially structured environments27,57. Because of these limitations in scope, as well as the
scarcity of synthetic communities, academic and industrial application of such consortia is
restricted.
Studies of natural communities allow us to eavesdrop on microbes, while artificial and
synthetic consortia enable us to begin engineering microbial interaction. Yet this research
inspires more questions. How variable are the interactions between any two (or more) partners?
How do conversations evolve from what we begin in the lab and the interdependence we see in
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nature? How well do communities tolerate perturbations? Can we understand what imparts
robustness? How well can we use knowledge of existing monocultures to engineer novel cocultures? Finally, what do engineered populations teach us with regard to natural systems, and
can we apply this to biotechnology?
Towards addressing some of these questions, this thesis presents engineered
photosynthetic communities composed of the cyanobacterium, Synechococcus elongatus, and
one of three model heterotrophs: Bacillus subtilis, Escherichia coli, and Saccharomyces
cerevisiae. These communities are synthetic in nature because S. elongatus has been engineered
to feed the heterotrophs fixed carbon in the form of sucrose58. However, we see un-engineered
interactions akin to those seen in artificial consortia. The use of three different heterotrophs,
spanning various phyla, allows us to look into general interactions between phototrophs and
heterotrophs as well as species specific communication between the microbes. While the
interactions between the microbes and the implications those conversations may have on the
evolution of microbial communities are the most interesting aspect of this work, using S.
elongatus also positions these consortia to inform efforts to generate compounds from solar
energy and carbon dioxide.
Constructing these consortia began with choosing a phototroph. As the primary producers
in these communities, the phototroph’s requirements set the conditions for the rest of the
community. Cyanobacteria are a natural choice, as explained in Chapter 2. After characterization
of the cyanobacteria alone, communities were initiated, characterized, and functionalized for
proof-of-principle bioproduction (Chapter 3). While high-level investigations reveal general
interaction principles, we want to dig into the mechanisms behind microbial interactions by
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beginning various ‘omics level investigations (Chapter 4). Finally, in an effort to engage with the
general public regarding the prevalence of microbes in everyday life, what microbes can do for
them, and the importance of biological research, photosynthetic communities were incorporated
(physically or theoretically) into two 3D printed exhibits (Chapter 5).
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CHAPTER 2.
CYANOBACTERIA AS
FEEDSTOCKS
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“Engineering cyanobacteria as photosynthetic feedstock factories” (Hays and Ducat, 2014) was
cut down to form CHAPTER 2. CYANOBACTERIA AS FEEDSTOCKS. Daniel Ducat’s
writing emphasizes biotechnology and carbohydrate accessibility while I focus on basic biology.
Ducat’s editing and review of figures was invaluable to the creation of this review, and
subsequently, this chapter. I completed the EPS extraction and quantification experiments.
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2. CYANOBACTERIA AS FEEDSTOCKS
2.1 Abstract
Carbohydrate feedstocks are at the root of bioindustrial production and are increasingly
important as we move towards green(er) economies and energy. Cyanobacteria possess a number
of features that make them well suited as alternative feedstocks in comparison to traditional
terrestrial plants. Advances in genetic engineering, as well as promising preliminary
investigations of cyanobacteria in a number of production regimes, illustrate the potential of
these aquatic phototrophs59–62. This chapter focuses on the use of cyanobacteria for the
production of feedstock carbohydrates—a flexible intermediate for the downstream production
of other commodities from the microbial consortia engineered in Chapter 3. We introduce
pertinent points of basic biology that make cyanobacteria ideal for this process, touch upon some
exciting advances in this field, and discuss the prospects and challenges facing this technology.
2.2 Carbohydrate feedstocks
Currently, nearly all scaled, commercially-viable bioindustrial efforts utilize heterotrophic
organisms that convert carbohydrate feedstocks into value-added compounds. The dominant
sources of carbohydrate feedstocks are traditional terrestrial crops (e.g., corn, sugarcane). While
the cost of carbon feedstocks is marginal for some biologically-produced, high-value products
(e.g., nutritional supplements, pharmaceuticals), it is a significant factor in bioindustrial
production of commodities (e.g., biofuels).
The use of terrestrial plants for feedstocks raises considerable concerns about land use,
sustainability, and food price instability63–66. Furthermore, even by optimistic calculations, the
amount of forest or converted agricultural lands necessary to replace a significant fraction of
!15

petroleum-derived transportation fuels with plant-based biofuels is substantial67. These points
considered, it is clear that alternative carbohydrate sources will be required if biologically
produced commodities including biofuels are to become a substantial portion of a given market
in a manner that is both economically and environmentally viable.
The most actively pursued alternative carbohydrate source for microbial growth is sugar
recovered from cellulosic materials that are normally inedible. The primary obstacle in this field
is the recalcitrant nature of lignocellulose and the need to treat biomass to release fermentable
sugars68. From an economic perspective, sugars can only realistically be derived from
photosynthetic organisms; non-terrestrial options include aquatic plants, algae, and
cyanobacteria.
Cyanobacteria are particularly interesting because they can amass carbohydrates suitable
for bioindustry (e.g., glucose, fructose, glycerol) with higher solar conversion efficiencies than
terrestrial crops under some conditions. Furthermore, cyanobacteria can be grown on degraded
land or non-potable water sources (e.g., municipal waste or brackish water) not suitable for plant
agriculture69,70. Still, effective aquaculture of cyanobacteria requires identifying and engineering
strains that possess features necessary for high productivities and reduced costs in scaled
reactors. These include the capacity for rapid, robust growth under dynamic environmental
conditions (e.g., temperature/light changes) with minimal and inexpensive inputs and maximized
photosynthetic efficiencies. Genetic tractability, advanced molecular biology toolkits, and the
capacity to rapidly recover modified strains are also important features. The capacity to
flocculate into larger cell masses in an inducible fashion, for instance, would permit cell recovery
by inexpensive means, such as gravity sedimentation71. Additionally, strain resistance to grazing
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by predatory microbes72, invasion by contaminants, and lysis by phages are of interest for
industrial application. Many of the above features are found in individual species (high growth
rates relative to plants/algae, nitrogen fixation for reduced fertilizer inputs, use of brackish water,
etc.), but combining and improving these traits in a relevant strain through breeding or
engineering has yet to be accomplished. These “ideal phototroph characteristics” are summarized
in Fig. 2.1

!
Figure 2.1 Characteristics of the ideal microbial feedstock phototroph. The ideal phototroph would first and
foremost (i) amass large quantities of feedstocks despite (ii) utilizing non-potable water sources. Cells would also
have (iii) fast doubling times (iv) that persist through light, temperature, and other environmental changes. The
microbe’s nutritional requirements (v) would ideally be minimal to reduce fertilization costs. (vi) High efficiency
light capture and solar conversion are also important. For industrial applications (vii) genetic toolkits to control
expression would enable switching (viii) from one growth mode to another to ease processing by potentially
controlling product export, flocculation dynamics, or lysis for improved product recovery. Finally, (ix) ideal strains
must be highly resistant to predators, phages, and contamination.
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2.3 Carbohydrate content in and sugars from cyanobacteria
Because of the huge variety within the phylum, cyanobacteria exhibit considerable variation with
respect to chemical composition73,74. Nonetheless, there are useful general distinctions in the
cellular content of cyanobacteria compared to algae and plants. Under ideal growth conditions,
cyanobacteria tend to be composed of relatively low carbohydrate (10-30%), intermediate lipid
(5-10%) and high protein levels (40-79%), in comparison to algae (5-60% carbohydrate, 1-40%
lipid, 20-50% protein) and plants (70-80% carbohydrate, 1-15% lipid, 1-10% protein)75,76. With
regard to carbohydrates, the dominant carbon sinks for cyanobacteria are glycogen and
exopolysaccharide layers. In contrast, plants and algae both store intracellular glucose as starch,
and also invest major carbohydrate resources in a cellulose-based cell wall.
While many species of cyanobacteria have relatively low carbohydrate levels when
growing rapidly in rich media, the total sugar composition can vary greatly depending on
nutrient availability. Generally, carbohydrates can be ascribed as photosynthesis “carbon
overflow” products in cyanobacteria77. That is to say, excess fixed carbon can be stored as sugars
and polysaccharides when nitrogen, sulfur, phosphate, or other nutrients required for the
production of proteins, nucleic acids, or other biomolecules are limiting. In a variety of nutrientlimited media, cyanobacteria accumulate glycogen (Fig 2.2)78,79 ; this is in contrast to many algal
species that use lipids as photosynthetic overflow products80. Growth of cyanobacteria in media
limited in specific nutrients can result in 50% of dry weight being stored as carbohydrates81,82,
but these conditions are generally accompanied by a decrease in the growth rate and
photosynthetic efficiency that worsens with the duration of cultivation.
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Salinity is an additional abiotic factor that engages distinct signaling pathways leading to
increases of soluble sugars in cyanobacteria. Following an increase in external salt concentration,
cells rapidly up-regulate activities for non-compatible ion (e.g., Na+) transporters within minutes,
while other ions (e.g., K+) may be accumulated intracellularly83. Changes in the composition of
cytosolic ions generally decrease the stability or activity of many cellular proteins, but other
enzymatic activities are directly activated by ions such as Na+ in a process that is independent of
transcriptional changes84–86. Transcriptional changes are evident 30 minutes following salt shock,
although it is becoming apparent that the salt stress, ionic stress, and osmotic stress, are sensed
by separable factors and therefore the exact response depends on the specific ions/osmoticum
used85. Both the transcription-independent and sensor kinase strategies are involved in upregulating the capacity of cyanobacteria to accumulate a subset of soluble, cytoplasmic sugars as
compatible solutes (Fig. 2.2).
Cyanobacterial sugars that are accumulated as compatible solutes include sucrose,
trehalose, glucosylglycerol, glucosylglycerate, and glycine betaine (Fig. 2.2). These sugars are
part of a universal “salt out” strategy, whereby osmotic imbalance is corrected by accumulating
compatible solutes so active export systems can remove damaging ions (e.g., Na+) while still
preventing cellular dehydration86,87. Furthermore, some compatible solutes, sucrose and
trehalose, act to stabilize proteins and lipids through direct interactions, substituting sugar
hydroxyl groups for water in the hydration shell88. The dominant compatible solute accumulated
depends on the species of the cyanobacteria, with some osmoprotectants conferring tolerance to
more saline environments (Fig. 2.2). Regardless of the final dominant compatible solute utilized
at steady-state, sucrose is nearly always synthesized in a pulse ~30 min following the application
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of salt stress. It is thought that sucrose plays a buffering role in this context, but others have
suggested that it may also act as a signaling molecule89.

!
Fig. 2.2 Compatible solute biosynthesis. This representative map illustrates reactions from representative
freshwater, marine, and halophilic strains (S. elongatus 7942, S. elongatus 7002, Synechocystis 6803 and
Aphanothece halophytica) to show the metabolism of compatible solutes and glycogen (purple) as a function of
triose phosphates exiting from the Calvin Cycle (green)90–92. The major compatible solutes for freshwater (sucrose
and trehalose), marine (glucosylglycerol and glucosylglycerate), and halophilic cyanobacteria (glycine betaine) are
shown. Abbreviations: 3HP 3-phosphohydroxypyruvate, 3PG 3-phosphoglyceric acid, ADP- GLC ADP-glucose,
DHAP dihydroxyacetone phosphate, DMG N,N- dimethylglycine, F6P fructose-6-phosphate, FBP fructose-1,6-bisphosphate, FRU fructose, G1P glucose-1-phosphate, G3P glycerol-3- phosphate, G6P glucose-6-phosphate, GAP
glyceraldehyde-3-phosphate, GG glucosylglycerol, GGA glucosylglycerate, GG-P glucosylglycerol-phosphate,
GGA-P glucosylglycerate phosphate, GLB glycine betaine, GLC glucose, GLG glycogen, GLY glycine, MTH
maltooligosyl-trehalose, P-SER 3-phosphoserine, S6P sucrose-6- phosphate, SAR sarcosine, SER serine, SUC
sucrose, T6P trehalose 6-phosphate, TRE trehalose, UDP-GLC UDP-glucose
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Extracellular polymeric substances (EPS) are also up-regulated in response to increased
salinity93. Cyanobacterial EPS can be associated with the cell surface as a capsule (thick layer
attached to cells), sheath (thin, loosely associated layer), or slime (EPS that is spread out
engulfing cells)93. Additionally, EPS can be released into the environment (termed ‘released
polysaccharides’; RPS). Generally, EPS is thought to perform an array of functions including
assisting with adherence, dispersal94, and protection from desiccation, freezing95, UV irradiation,
toxic metals, and osmotic stress.
When Synechococcus elongatus PCC 7942 is exposed to salt stress, we found no RPS as
measured by phenol/sulphuric acid quantification96. However, when we grew S. elongatus
PCC7942 in media with varying salinities, we observed the expected rise in cell-associated EPS
as measured by carbohydrate quantification in EPS stripped from cells. This trend becomes
apparent after 250mM sodium chloride (Fig. 2.3). This is consistent with the literature97.
Glucose, galactose, mannose, fructose, ribose, xylose, arabinose, fucose, rhamnose, methyl
rhamnose, glucuronic acid and galacturonic acid have all been found in the EPS of other
cyanobacteria93, however previous literature suggests that carbohydrates present in S. elongatus
EPS are glucose, galactose, and mannose in a 60:14:20 ratio98.

2.4 Accessibility and use of cyanobacteria-derived carbohydrates
In addition to manipulating growth conditions, directed engineering approaches can improve
cyanobacterial composition, accessibility, and accumulation of carbohydrates. Because of the
cost of harvesting and lysing cells, the recovery and purification of cytosolic sugars (low market
value) from cyanobacteria is unlikely to be an economically viable option. Instead, two dominant
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strategies exist for processing internal cyanobacterial carbohydrates: autofermentation of
cytosolic sugars and bulk digestion of total cyanobacterial biomass.
Autofermentation occurs when photosynthetically-generated carbohydrates are
catabolized in the dark where prolonged periods of respiration lead to anaerobic conditions. This
allows for production of useful reduced compounds that are not normally generated in significant
quantities81. Therefore, cycling cyanobacterial cultures from periods of oxygenic carbohydrate
accumulation to anaerobic carbohydrate catabolism has been proposed for the production of a
variety of compounds, including hydrogen, ethanol, and organic acids99,100, though generally
over relatively long periods of fermentation.
Alternatively, cyanobacteria biomass can be collected and subsequently processed by
heterotrophic microorganisms via bulk digestion. Cyanobacteria are collected, partially
dewatered, and are sometimes broken open to increase carbohydrate, lipid, and protein
bioavailability101. The digestion of cyanobacteria compares favorably with algal and plant
biomass in that it can be demonstrated to have fairly high yields (75% of theoretical102).
However, digestion of all biomass source streams suffers from the need for long incubations
(30-60 days). Though cyanobacteria are naturally less recalcitrant than plants due to the lack of
cellulosic walls, engineering cyanobacteria strains with increased accessibility and higher
carbohydrate content103 could cut down on incubation times eliminating a major barrier to
scalability. Similarly, engineering heterotrophic species or consortia to more efficiently
breakdown cyanobacterial biomass would be of interest, yet most published engineering research
has been done to engineer strains for faster gasification of cellulosic biomass or algae104.
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A promising third strategy for cyanobacterial sugar production is the export of soluble
carbon feedstocks from cyanobacteria. One example of excretion by cyanobacteria was reported
independently by four research groups and involves inactivation of pathways leading to glycogen
synthesis in cyanobacteria. In multiple model strains (Synechococcus sp. strain PCC 7002,
Synechococcus elongatus PCC 7942, and Synechocystis sp. PCC 6803) knockout of the enzymes
necessary for polymerization of glucose into glycogen (glucose-1-phosphate adenylyl transferase
or glycogen synthase) leads to increased export of a number of metabolites, including key
intermediates of core carbon metabolism and compatible solutes92,105–107. Growth of glycogen
deficient strains under stress conditions (where wild type cells would normally accumulate
glycogen) exacerbates this non-specific “leakage” of carbohydrates and organic acids, and results
in significant changes in intracellular metabolite concentrations consistent with major changes in
global carbon partitioning. Similarly, bulk export of many soluble factors from cyanobacteria can
be achieved by hypoionic shock108,109, presumably as part of a system to rapidly shed cytosolic
osmoticum and reduce water uptake. This approach is being used to achieve high rates of sucrose
efflux from Synechocystis through repeated cycling of hyper- and hypo-ionic stress110. Apart
from export, hypo-osmotic shock can accelerate carbon partitioning into other metabolic
pathways, such as glycogen synthesis108 or autofermentation82. However, some of the
aforementioned abiotic stress treatments and mutations can have ramifications on the viability
and/or photosynthetic activity of the culture; as is the case in glycogen synthesis mutants92,111–113.
Additionally, it has been demonstrated that transporters can be used to export specific
carbohydrates from cyanobacteria, including glucose, fructose, lactose, and sucrose56,58,114,115.
Expression of heterologous transporters allows the export process to be continual, does not
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require cycling of cultures between stress or recovery conditions, and leads to efflux of a defined
carbohydrate pool rather than a complex mix. Achieving significant rates of carbohydrate efflux
in transporter-bearing strains requires increasing the concentration of available cytosolic sugars,
through abiotic stressors or genetic mutations. For example, application of osmotic stress to
sucrose transporter-bearing cyanobacteria greatly increases sugar efflux, and allows for tuning of
the amount of fixed carbon that is ultimately exported as sugar58,114,115.
An interesting phenomenon emerged in recent articles related to engineered
cyanobacteria: enhanced rates of photosynthetic activity can be seen under conditions of
continual export of target metabolites. Our lab observed a 20-25% gain in the oxygen evolution,
carbon fixation, and biomass energy content of S. elongatus PCC 7942 when it was induced to
export high levels of sucrose58. Other studies have seen similar enhancements when other
products (ethylene or 2, 3-butanediol) were exported from S. elongatus or Synechocystis sp.
PCC680377,116,117, suggesting that this observation may be a more general outcome of high levels
of target product export under phototrophic conditions. One interpretation that is consistent with
this data is that the cyanobacterial photosynthesis can become “sink limited” when grown in rich
media with elevated CO2. By this interpretation, efficient product export provides an additional
metabolic sink to balance source/sink energies and relieves photosynthetic inhibition caused by
insufficient end-product synthesis77, analogous to processes better-studied in plants118. However,
the precise nature of this counterintuitive effect remains to be elucidated.
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2.5 Results
2.5.1 S. elongatus EPS extraction and quantification
Cell-associated EPS was extracted from S. elongatus cultures after one week of growth in media
with different salinities. There is a trend of increased EPS present in high salinity medium.
Fig. 2.3 Cell-associated EPS extracted from cyanobacteria. To
determine the amount of EPS produced by and attached to
cyanobacteria when exposed to different media, cultures of S.
elongatus were seeded at an OD750 of 0.5 and allowed to grow in
constant light for ~1 week at which point cells were rinsed and EPS
was extracted and quantified. Circles represent cultures that were
grown for 7 days. Squares represent cultures that grew for 8 days.
Thick lines represent the average value. Thin lines denote standard
deviation. The materials for this singular result can be found in the
materials and methods section.
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2.6 Discussion
Cyanobacteria are ideally poised as feedstocks; they are photosynthetic, fast growing, engineerable, and more (Fig. 2.1). While many strains naturally produce various carbohydrates (either
secreted or in the form of EPS), there is more to be learned about the basic biology, engineering,
and use of these microbes in biotechnological applications. One avenue, the use of cyanobacteria
as a carbon dioxide/solar energy conversion module for microbial communities, takes advantage
of the information summarized in this chapter and is the focus of the next two chapters.
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2.7 Materials and methods
2.7.1 Strains and media
S. elongatus PCC7942 was obtained from ATCC #33912. S. elongatus was propagated in BG-11
(Sigma-Aldrich) plus 4g/L HEPES, pH 8 in constant light at 35°C. Cyanobacteria were checked
for contamination via plating on rich media. Experimental medium was composed of BG-11 with
4g/L HEPES plus additional sodium chloride at 50mM, 100mM, and 250mM concentrations.

2.7.2 EPS production
S. elongatus was diluted in BG-11 48 hours before experiments to ensure cells were growing
exponentially. This was followed by dilution in experimental media with varying salt
concentrations (BG-11 as prepared as above with additional sodium chloride to final
concentrations of 50, 100, or 250mM) 24 hours before experiments to give cells time to
acclimate to the new osmotic pressure of their environment. At time 0, cells were diluted to
25mL in experimental medium in baffled culture flasks. The starting OD750 of cultures was equal
to 0.5. These were grown for one week in constant light, 2% CO2, at 35°C. At the end of the
week, any water lost to evaporation during the week was replaced with double distilled water and
OD750 measurements were taken. Five milliliters of culture were then pelleted.

2.7.3 EPS extraction
Cell pellets were suspended in ZE buffer (1µM Zwittergent 3-12 and 1mM EGTA) and incubated
at room temperature for 45 minutes. This was followed by 15 minutes of vortexing and then
pelleting119. The supernatant was then used for EPS quantification.!
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2.7.4 Phenol/sulfuric acid EPS quantification
Extracted EPS in supernatants was quantified using a modified phenol/sulfuric acid assay96,119.
Briefly, 100µL of extracted EPS was placed in cuvettes resistant to phenol and sulfuric acid
(glass or BRAND UV cuvettes Sigma-Aldrich). 100µL of phenol solution (50g/L) was added
followed rapidly by 500µL of concentrated sulfuric acid. After mixing, reactions were allowed to
stand for ten minutes at room temperature before absorbance at 488nm was recorded on BioRad
SmartSpec™ 3000 spectrophotometer. Sucrose solutions prepared in ZE extraction buffer were
used to make standard curves.
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3. CREATION OF SYNTHETIC PHOTOSYNTHETIC CONSORTIA
3.1 Abstract
Photosynthetic microbial communities can be engineered to shed light on microbial interactions,
division of labor, robustness, and photoproduction. Consortia composed of autotrophic and
heterotrophic species abound in nature, yet examples of synthetic communities with mixed
metabolism are limited in the laboratory. In this chapter, we construct synthetic consortia
consisting of the sucrose-secreting cyanobacteria, Synechococcus elongatus PCC7942,
individually paired with three disparate heterotrophs: Bacillus subtilis, Escherichia coli, or
Saccharomyces cerevisiae. Comparison of these different dyads highlights the underlying
interactions in co-culture. We observe both engineered and emergent interactions across
consortia. Heterotrophs consume carbon fixed by cyanobacteria in an engineered interaction.
One emergent destabilizing interaction we observed was that non-sucrose byproducts of
oxygenic photosynthesis negatively impacted heterotroph growth. Conversely, inoculation of
each heterotrophic species enhanced cyanobacterial growth in comparison to monocultures.
Growth of co-cultures was observed in batch and continuous culture as well as on agar plates.
Co-cultures persist long-term and can survive perturbation, particularly when heterotrophic
sucrose uptake is enhanced and/or heterotrophic sensitivity to light-related metabolism is
mitigated. Furthermore, by exchanging partner heterotrophs, we demonstrate flexible,
phototrophic production of α-amylase and polyhydroxybutyrate (PHB) in co-cultures containing
specialized strains of B. subtilis and E. coli, respectively. PHB production was improved via
engineered intervention (i.e., increased efficiency growing on sucrose) showing promise for
future tuning of these communities as production platforms. Altogether these synthetic microbial
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consortia provide a platform to study autotroph-heterotroph interactions, while demonstrating
promising flexibility and stability for potential photoproduction strategies that capitalize on
multi-species interactions.

3.2 Introduction
Microbial communities dominate natural environments while, historically, monoculture
experiments monopolize laboratories. In Chapter 1 of this work, microbial communities were
introduced demonstrating how consortia divide metabolic labor across microbes in a community
and are more robust to perturbations, or changes, than monocultures7,9,40. Chapter 2 focused on
interesting characteristics of cyanobacteria as potential members of microbial communities. In
review, though there are natural symbioses containing cyanobacteria28, evolved communities
often contain multiple species that are highly integrated; disentangling the interactions and
functions within a community can be difficult16–18,120. Instead of looking at natural systems, we
take a model strain of cyanobacteria and explore its interaction in engineered communities with
model heterotrophic microbes. This lays the foundation for photoproduction platforms that avoid
processing and contamination costs by simultaneous conversion of solar energy through
cyanobacterial feedstocks into high-value compounds by co-existing microbes in a “one-pot”
reaction55.
To provide organic carbon to engineered consortia, communities contain a Synechococcus
elongatus PCC7942 strain previously engineered to export up to 85% of the carbon it fixes in the
form of sucrose58, a simple sugar readily consumed by many microbes. S. elongatus naturally
accumulates sucrose as a compatible solute59,74, and can export this carbohydrate through
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heterologous expression of the proton/sucrose symporter, cscB (hereafter cscB+)58,121. Under
mild osmotic shock and slightly alkaline conditions, cscB+ S. elongatus continuously generate
sucrose at up to 36mg sucrose L-1 hr-1, a rate predicted to substantially exceed that of sugarcane,
if successfully cultivated to scale58. This strain therefore demonstrates great promise as the basis
for our flexible photosynthetic microbial communities.
Our approach to construct cyanobacteria/heterotroph consortia utilized an inherently
modular design: i) the “autotrophic module” (cscB+ S. elongatus) fixed carbon and secreted
sucrose; while ii) a variety of species (i.e. the “heterotrophic module”) were examined for growth
and productivity in pairwise co-cultures (Fig. 3.1A). Specifically, we examined a number of
workhorse model microbes (Escherichia coli, Bacillus subtilis, or Saccharomyces cerevisiae) for
their capacity to persist and grow using only cyanobacteria-derived organic products. We chose
these species because they are well-researched, phylogenetically well-distributed (i.e., bacterial
or eukaryotic), possess excellent genetic toolkits, a variety of engineered and mutant lines are
readily available, and are frequently researched for bioindustrial applications. Finally, these
species are not isolated from environments where cyanobacteria dominate, therefore it is
expected that no pre-existing evolutionary relationship with cyanobacteria exists.
Taken together, this modular framework permitted us to survey the capacity of the cscB+
S. elongatus strain for construction of diverse synthetic consortia with distinct composition and
functions, as well as enabled between-species comparison of consortia features. For example,
there may be constraints to coexistence of cyanobacteria and heterotrophs that are shared across
different microbial species and would be expected to impair co-culture stability. By identifying
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such bottlenecks, it is then possible to optimize the system for improved performance and
bioproduction through strain engineering or culturing techniques.
In this chapter, we demonstrate that cscB+ S. elongatus can promote growth of all tested
heterotrophic species in pairwise co-cultures without the addition of external carbohydrates. We
identify non-programmed interactions between cyanobacteria and heterotrophic microbes,
including phenomena that are shared across all species. In some cases, these emergent
interactions limited heterotrophic growth and/or stability. By mitigating bottlenecks to
heterotrophic growth, we demonstrated that each of our co-cultures can persist over the longterm (days to months): an important feature that is often missing in synthetic cross-feeding
consortia11,27,53,122. We also observed that the presence of each tested heterotroph species
promoted the growth of S. elongatus. Next, we took advantage of the modular composition of
consortia which allowed these communities to be flexibly functionalized for photoproduction of
a target metabolite (polyhydroxybutyrate, PHB) or a target enzyme (α-amylase) with appropriate
E. coli and B. subtilis strains, respectively. We also examined our results for general interaction
principles in cyanobacteria/heterotroph consortia as summarized in a mathematical framework.

3.3 Results
3.3.1 Cyanobacteria consortia with heterotrophs
We designed pairwise consortia where cscB+ S. elongatus secrete sucrose in response to osmotic
pressure and isopropyl β-D-1-thiogalactopyranoside-induced (IPTG) cscB expression58. Carbon
secreted by cyanobacteria was designed to promote growth of co-cultured heterotrophs (Fig.
3.1A). Media with optimized compositions of nitrogen, salt, and buffer were developed: termed
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CoBBG-11

for use in cyanobacteria/bacteria consortia and CoYBG-11 for cyanobacteria/yeast co-

culture. We verified that S. elongatus grows and produces sucrose in both CoBBG-11 and
CoYBG-11

(Fig. 3.1B, A2.1). As previously reported58, induction of cscB greatly enhanced the

rate of sucrose export, and this redirection of carbon resources led to slower growth (Fig.
3.1B&C, A2.1). We also verified that all heterotrophs were capable of growth as monocultures in
these defined media with exogenous sucrose (2%) as the sole carbon source (Fig. 3.1D).

!
Figure 3.1. Monoculture characterizations of candidate strains. (A) This schematic shows the engineered
microbial community design. CscB+ S. elongatus (green) capture light and CO2 via photosynthesis. Fixed carbon is
then secreted as sucrose (black arrows) to support the growth of B. subtilis (blue), S. cerevisiae (purple), or E. coli
(orange). Monocultures of cscB+ S. elongatus were grown in CoBBG-11 with (solid line) and without IPTG (dashed
line) to induce sucrose secretion. (B) Cell density and (C) sucrose levels in culture supernatants were measured.
Error bars are standard deviation of 8 biological replicates. For characterization of cyanobacteria in CoYBG-11 see
Fig. A2.1. (D) Heterotroph growth in isolation was characterized via growth rate in co-culture buffer supplemented
with 2% sucrose. Error is standard deviation of ≥ 3 replicates.

CscB+ S. elongatus directly supported heterotroph growth in co-cultures that contained no
external carbon sources (Fig. 3.2, A2.2). In all consortia, cscB+ S. elongatus was inoculated with
a heterotrophic microbe in the appropriate co-culture medium (with or without the addition of
1mM IPTG to induce cscB expression) and grown over 48 hours in constant light. We tracked the
growth of cscB+ S. elongatus in co-culture through the use of flow cytometry. Viable
heterotrophs were tracked by analyzing the number of colony forming units (CFUs) when plated
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on the appropriate solid medium. More than one strain of E. coli and S. cerevisiae were analyzed
in co-culture to determine the effects of a particular genetic background on growth kinetics.

!
Figure 3.2 S. elongatus supports microbial communities in batch culture. Batch cultures of cscB+ S. elongatus in
co-culture with B. subtilis (blue), S. cerevisiae (purple), or E. coli (orange) were grown in constant light. CscB+ S.
elongatus counts/mL were determined by flow cytometry every 12 hours for co-cultures containing B. subtilis (A;
green), S. cerevisiae (B, D; green), and E. coli (E, F; green). Co-cultures with uninduced (dashed lines) or induced
CscB expression (solid lines) were tested. Heterotroph viability was monitored by colony forming unit (CFU) for all
B. subtilis (A; blue), S. cerevisiae (B strain W303, D strain W303Clump; purple), and E. coli (E strain W, F strain W
ΔcscR; orange) co-cultures. Data for A, B, D, E, and F, are representative, same-day experiments where error bars
are the standard deviation in 3 biological replicates completed on the same day. Additional replicates in Fig. A2.2
(C) Monoculture heterotroph growth was tested in defined medium with varying concentrations; the range of
sucrose that cscB+ S. elongatus can secrete in 48 hours is denoted by a green box. Average OD600 is shown as a
metric of growth for ≥ 6 biological replicates). Color-to-OD600 maps for each organism are shown in the leftmost
column of the panel. OD600 was correlated to viable colony forming units (CFU) in Fig. A2.3. No contaminants/
heterotrophic colonies grew from monoculture cyanobacteria controls.

B. subtilis growth in co-culture was dependent on IPTG-induced sucrose secretion from
cscB+ S. elongatus (Fig. 3.2A, A2.2A). Without induction of cscB to enable sucrose secretion, B.
subtilis failed to grow, indicating that sucrose availability was limiting at basal levels of sucrose
export. However, when IPTG was added to increase sucrose availability, B. subtilis growth was
non-monotonic: after an initial increase viability decreased during the second 24 hours of coculture (Fig. 3.2A, A2.2A).
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S. cerevisiae growth in co-culture was dependent on genetic engineering to improve
sucrose utilization. Wild type (WT) S. cerevisiae W303 did not grow in co-culture with or
without IPTG induction (Fig. 3.2B, A2.2B). We examined the capacity of WT S. cerevisiae
W303 to grow alone at low sucrose concentrations and saw poor/no growth below 2.5g/L sucrose
(Fig. 3.2C), a higher concentration of sucrose than is produced by cscB+ S. elongatus at 48 hours
(Fig. 3.1C). We then turned to an engineered strain, hereafter referred to as W303Clump, derived
from previous directed evolution experiments of S. cerevisiae W303 in low sucrose medium123.
W303Clump (originally called Recreated02 in Koschwanez et al. 2013) contains mutations in
genes CSE2, IRA1, MTH1, and UBR1 that enhance fitness in dilute sucrose, and also contains a
nonsense mutation in ACE2 that compromises the full septation of budding daughter cells from
the mother, resulting in small clonal cell aggregates (~6.6 cells per clump on average). These
aggregates grow in low sucrose due to increased local cell concentration and increased hexose
availability after extracellular cleavage of sucrose by an invertase124. Unlike the parental strain,
monocultures of W303Clump exhibited some growth at all tested sucrose concentrations ≥0.156g/L
(Fig. 3.2C), as well as when co-cultured with IPTG-induced cscB+ S. elongatus (Fig. 3.2D,
A2.2C). Similar to B. subtilis, in co-culture W303Clump S. cerevisiae demonstrated declining
viability after an initial period of growth.
Finally, E. coli W grew in co-culture independently of induced sucrose secretion from
cscB+ S. elongatus (Fig. 3.2E, A2.2D). In monoculture culture, WT E. coli W exhibited growth
only when supplemented with >5g/L sucrose (Fig. 3.2C), well above the levels cscB+ S.
elongatus secrete during 48 hours of growth (Fig. 3.1C). We therefore tested the growth of an E.
coli W strain engineered for growth on sucrose. In this strain the sucrose catabolism repressor,
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cscR, was deleted (the strain is hereafter referred to as ΔcscR E. coli), resulting in more rapid
growth at lower sucrose concentrations125–127. Indeed, monocultures of ΔcscR E. coli exhibited
the capacity to grow on lower concentrations of sucrose (≥1.25g/L; Fig. 3.2C), yet they still had
a relatively low capacity to utilize dilute sucrose in comparison to S. cerevisiae and B. subtilis
(Fig 3.2C), and demonstrated no growth at sucrose concentrations in the range that cscB+ S.
elongatus can secrete in 48 hours (Fig. 3.1C, green box Fig. 3.2C). In co-culture, ΔcscR E. coli
exhibited the same monotonic growth pattern as the unmodified strain (Fig. 3.2F, A2.2E). This
suggests that in the first days of co-culture, while exported sucrose concentrations were low
(≤1g/L), E. coli strains could not utilize sucrose effectively and dominantly depended on other
metabolites from S. elongatus; perhaps extracellular polymeric substances128,129.

3.3.2 Emergent interactions
Light driven cyanobacterial metabolism inhibits heterotroph viability
Cyanobacterial light driven metabolism inhibited heterotroph growth when sucrose was not
limiting (Fig. 3.3A). The lack of monotonic growth in B. subtilis and S. cerevisiae co-cultures
indicate that interactions beyond sucrose feeding occurred between heterotrophs and
cyanobacteria (Fig. 3.2A, 3.2D). To focus on products other than fixed carbon that influenced
heterotrophic viability and eliminate the confounding factor that cscB+ S. elongatus only
generate sucrose in the light58, co-cultures were supplemented with exogenous sucrose and
cultivated in the light or dark. After 12 hours of co-cultivation, heterotroph viability of each of
the three species was determined, revealing decreased growth or death correlated with increasing
concentrations of cyanobacteria solely in illuminated cultures (Fig. 3.3B-D, A2.4). This effect
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was most apparent in strains of B. subtilis (Fig. 3.3B, A2.4A) where the viability of heterotrophic
species decreased by orders of magnitude when co-cultured in the light with high concentrations
of S. elongatus. The inhibition of B. subtilis growth while in co-culture with S. elongatus was
mitigated when cells were incubated with DCMU, an inhibitor of oxygen evolution from
Photosystem II, or thiosulfate, a potent antioxidant (Fig. A2.9A&B). Likewise, B. subtilis also
persisted in the presence of dense S. elongatus when oxygen was sparged from the headspace of
co-cultures (Fig. A2.9C).
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Figure 3.3 Emergent microbial interactions. Engineered consortia demonstrated un-engineered interactions that
can be classified into two categories: negative effects that cyanobacteria had on heterotrophs (A) and positive effects
heterotrophs had on cyanobacteria (E). B. subtilis 3610 (B), W303Clump S. cerevisiae (C), and E. coli W ΔcscR (D)
were co-cultured with various concentrations of S. elongatus and heterotroph CFU/mL were determined after 12
hours of cultivation in either light or dark. Ratios of CFU in light compared to CFU in dark are reported (B-D).
Additional strains were tested in Fig A2.4. P-values of two-tailed t-tests with Welch’s correction are denoted with
asterisks: * 0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001, **** <0.0001. Positive effects of heterotrophs on
cyanobacteria (E) were observed in liquid (F), evidenced by the number of cyanobacteria cells measured in cocultures relative to axenic controls after 48 hours in constant light. These co-cultures were inoculated with two
orders of magnitude fewer cscB+ S. elongatus (~1.7x106cells/mL) than the co-cultures depicted in Fig. 2
(~1.7x108cells/mL), and 1mM IPTG was added to all cultures to induce sucrose export. Thick horizontal lines
represent the average measurement for each condition while thin horizontal lines represent one standard deviation
from the mean. Positive effects of heterotrophs on cyanobacteria in previous liquid batch experiments is summarized
in Fig. A2.5. The influence of heterotrophs on cyanobacterial growth on solid media (G) was determined by plating a
dilute lawn of cscB+ S. elongatus on CoBBG-11 agar plates. The cyanobacterial lawn was overlaid with the specified
strain in ten-fold serial dilutions of heterotroph and in constant light with or without IPTG.

Heterotrophic species stimulate cyanobacterial growth
Conversely, co-culture with heterotrophs stimulated growth of S. elongatus (Fig. 3.3E, A2.5).
This was observed during batch cultures when cyanobacteria counts were higher in co-cultures
then in control monocultures of cyanobacteria at various time points (Fig. A2.5). Because the
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presence of relatively dense S. elongatus can negatively impact heterotrophic viability (Fig.
3.2A&D, 3.3A-D), and also lead to significant self-shading, we inoculated low concentrations of
cscB+ S. elongatus induced with IPTG in co-culture with heterotrophs. After 48 hours of coculture, cyanobacteria numbers in co-culture were normalized to cyanobacteria monoculture
controls. We observed significant increases in cyanobacterial growth in the presence of
heterotrophic microbes, with total cyanobacterial cell counts increasing by between 80 and 250%
on average (Fig. 3.3F).
The growth-promoting effect of heterotrophs on cyanobacteria persisted when cocultivated on solid medium. We spotted dilutions of B. subtilis or E. coli on a lawn of dilute
cyanobacteria with or without IPTG (Fig. 3.3G). Areas of the cyanobacterial lawn overlaid with
E. coli exhibited more rapid growth than the surrounding lawn of S. elongatus. The growthpromoting effect of B. subtilis on cscB+ S. elongatus was dependent upon induction of sucrose
export. Without IPTG, spots of B. subtilis inhibited cyanobacterial growth. However, in the
presence of IPTG, B. subtilis stimulated cyanobacterial growth; cyanobacterial colonies emerged
variability either throughout, or at the periphery of the spot B. subtilis was plated (Fig. 3.3G
“3610” top and bottom panels, respectively). S. cerevisiae was not assayed in this manner
because of poor growth of cscB+ S. elongatus on CoYBG-11 solid agar plates. Collectively, these
experiments indicate that all three evolutionarily unrelated heterotrophs can significantly
increase cyanobacterial growth under a range of growth conditions.
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3.3.3 Robustness in designed photosynthetic consortia
As the inhibitory effects of cyanobacteria on the viability of heterotrophs were only observed at
relatively high density and in the light (Fig. 3.3A-D), we evaluated co-cultivation strategies that
would prevent overgrowth of cyanobacteria to determine if heterotrophic viability could be
maintained in the long-term. We first turned to Phenometrics Environmental Photobioreactors
(ePBRs), which have turbidostat capabilities in addition to control of light, temperature, and
culture stirring130.
When cultivated at a constant density, E. coli/cscB+ S. elongatus co-cultures persisted
over time and heterotrophic viability was maintained. Co-cultures of induced cscB+ S. elongatus
and W ΔcscR E. coli were grown continuously in ePBRs under constant light (Fig. 3.4A). By
monitoring cscB+ S. elongatus cell counts and E. coli CFUs, we determined that co-cultures
maintain stable ratios for more than two weeks (Fig. 3.4A, A2.6).
Similarly, when cultured in ePBRs, S. cerevisiae W303Clump maintained viability in coculture with cscB+ S. elongatus and persisted through variable light conditions. We induced cscB
+

S. elongatus to secrete sucrose and inoculated S. cerevisiae W303Clump into ePBRs programmed

with an alternating diurnal illumination regime (16 hours light: 8 hours dark, Fig. 3.4B).
Sustained growth in these continuous cultures indicates that yeast persist through periods of
darkness when cyanobacteria are unable to supply sucrose or other photosynthates (Fig. 3.4B,
A2.7). In similar experiments that were extended over longer time periods, S. cerevisiae
W303Clump maintained viability in continuous culture with sucrose-secreting S. elongatus for
greater than two months (Fig. A2.8).
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Prokaryotic co-cultures with cyanobacteria persisted through population bottlenecks and
changes in environmental structure. B. subtilis/cscB+ S. elongatus and W ΔcscR E. coli/cscB+ S.
elongatus co-cultures were subjected to large dilutions (1 to 10 or 1 to 100) to determine viability
following the introduction of a population bottleneck. Cyanobacterial growth was monitored via
flow cytometry following dilution, while heterotroph growth was measured via CFU. In
perturbed cultures, heterotrophs returned to pre-dilution levels within three days (Fig. 3.4C&D).
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Fig. 3.4 Co-cultures persist through time and perturbation. Representative continuous co-cultures of (A) E. coli
W ΔcscR/cscB+ S. elongatus and (B) W303Clump S. cerevisiae/cscB+ S. elongatus were cultured in photobioreactors
with 1mM IPTG. E. coli consortia were grown in constant light. S. cerevisiae communities were exposed to 16:8
hour light/dark photo periods (light/grey spaces). Optical density of the entire culture (black points) as well as
counts for the individual cell types were tracked (green S. elongatus, orange E. coli W ΔcscR, purple W303Clump S.
cerevisiae). Additional photobioreactor cultures for E. coli W ΔcscR and W303Clump S. cerevisiae are presented in
Fig. A2.6 and Fig. A2.7, respectively. Extended W303Clump S. cerevisiae/cscB+ S. elongatus co-cultures are presented
in Fig. A2.8. Recovery of batch co-cultures (C) B subtilis 3610/cscB+ S. elongatus or (D) E. coli W ΔcscR /cscB+ S.
elongatus following dilution (1:10 or 1:100) were monitored by heterotroph CFU and cyanobacteria per mL as
measured by flow cytometry.
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We also examined the persistence of heterotrophs from communities following plating
onto solid medium after growth in liquid co-culture. Co-cultures containing cscB+ S. elongatus
and B. subtilis 3610 or W ΔcscR E. coli were moved from liquid to solid environments and back
again (Fig. 3.5). This transfer was expected to disrupt the ratio of different species within coculture and alter any interactions dependent on the co-culture constituents being in well-mixed
environments. After incubating co-cultures in the light on agar plates, green growths from the
agar plates were picked into liquid CoBBG-11. Picked co-cultures were recovered in constant light
for 2-5 days; wells with cyanobacterial growth were determined qualitatively by presence of
green coloration, and heterotroph persistence was evaluated by plating onto rich medium (Fig
3.5A). In the majority of cultures, both cyanobacteria and the corresponding heterotroph
persisted through these perturbations, although B. subtilis was lost from the co-culture somewhat
more frequently than E. coli (Fig 3.5B).
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Fig. 3.5 Persistence of prokaryotic co-cultures through environmental structure perturbation. (A) Liquid cocultures of cscB+ S. elongatus/B. subtilis strain 3610 or cscB+ S. elongatus/E. coli W ΔcscR were grown for 24
hours, and plated on solid COBBG-11. Plates were incubated in constant light until green was apparent, whereupon
growth was picked into wells with liquid medium. After (3-5) days, cultures were visibly scored for the presence of
cyanobacteria and plated on rich medium to determine the presence or absence of heterotrophs (e.g., lower left
panel: “X” mark wells containing cyanobacteria with no heterotrophs). (B) Percentages of the wells containing one
or both prokaryote(s) are shown from 387 wells and 442 wells for B. subtilis and E. coli, respectively.

3.3.4 Bioproduction from functionalized co-cultures
As multiple species can be co-cultured with cscB+ S. elongatus, it is possible to swap
heterotrophs to functionalize consortia for desired activity. In this design, the heterotrophic
species in the community acted as a “conversion module” to metabolize the products of
photosynthesis into target bioproducts in a “one-pot reaction” (Fig. 3.6A). We tested two
heterotrophic strains capable of producing distinct products: enzymes (Fig. 3.6B&C) and
chemical precursors (Fig. 3.6D).
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Fig. 3.6 Photoproduction of enzymes and metabolites from co-culture. (A) Flexible functionalization of cocultures was accomplished via the addition of heterotrophs capable of producing target compounds. α-amylase is
naturally produced and secreted by B. subtilis strain 168. (B) Supernatants from 24hr cultures of B. subtilis 168
alone or in co-culture with cscB+ S. elongatus were tested for enzymatic activity. (C) Western blots also reveal the
presence of α-amylase in co-cultures containing IPTG. E. coli is capable of making PHB when carrying the pAET41
plasmid. Batch co-cultures of E. coli (with or without pAET41 to enable PHB production) and cscB+ S. elongatus
were cultivated for one week with or without IPTG to induce sugar. (D) PHB content of the total culture was
analyzed. Filled circles represent measured values; hollow circles placed on the x-axis represent cultures in which no
PHB was formed or was produced at levels below the detection limit. Thick horizontal lines represent the average
measurement for each condition while thin horizontal lines represent one standard deviation from the mean.

α-Amylase was

produced in co-cultures of B. subtilis strain 168 and cscB+ S. elongatus.

B. subtilis is a chassis for enzyme production131 and strain 168 naturally produces active αamylase132. In consortia with S. elongatus, B. subtilis 168 produced α-amylase after 24 hours in
constant light (Fig. 3.6B&C). The resulting α-amylase was functional as determined by
enzymatic assay, and accumulated at significantly higher levels in co-cultures with cscB+ S.
elongatus induced to secrete sucrose (Fig. 3.6B) in comparison to other co-cultures.
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Engineered E. coli/S. elongatus communities produce PHB. We co-cultured E. coli strains
harboring a previously described PHB production plasmid, pAET41133 with cscB+ S. elongatus
for one week in constant light and measured PHB in the total biomass by liquid chromatography
(Fig. 3.6D). While production from the WT E. coli W strain was similar with and without IPTG,
the ΔcscR E. coli W mutants that utilized sucrose more effectively produced significantly more
PHB (Fig. 3.2C, Fig. 3.6D)127. Furthermore, upon the addition of IPTG, the ΔcscR E. coli W
strain produced three times as much PHB in co-culture than in un-induced consortia. Taken
together, these results demonstrate that consortia can be flexibly programmed for
photoproduction of different bioproducts by employing different heterotrophic organisms.

3.3.5 Mathematical framework summarizing interactions
We summarized the interactions that were deliberately programmed in our synthetic co-cultures
into a simple mathematical framework, illustrated in Fig. 3.7A and described in Appendix 3.
Briefly, the population of phototrophs, P(t), at time t was approximated with a linear growth rate
of µP, based on the experimental data in Fig. 3.1B. The sucrose concentration, S(t), was
dependent both upon the production from cyanobacteria, α, and the consumption of sucrose by
the heterotrophs, β. The heterotroph population, H(t), was dependent on the maximal growth rate
of each heterotroph on sucrose (µmax), the sucrose concentration at which the growth rate is half
maximal (Shalfmax), and the sucrose concentration (S(t))134,135.
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Fig. 3.7 Mathematical Framework Describing Co-culture Interactions. (A, C) A mathematical framework
summarizing consortia interactions we observe in this work is made up of: phototroph population (P(t)), phototroph
growth rate (µP), sucrose production rate by the phototroph (α), sucrose necessary for a heterotroph cell to double
(β), the heterotroph population (H(t)), the heterotroph growth rate (µH) which depends on the maximal growth rate
when sucrose is not limiting (µmax) and the sucrose concentration at which the growth rate is half maximal
(Shalfmax), and the interaction terms describing the effects phototrophs haves on heterotrophs (γP⊣H), and
heterotrophs have phototrophs (γH→P). (A, B) When interaction terms are set to zero, and all other variables are
held constant, decreases in increase growth and decrease time before the onset of heterotrophic growth. (C, D)
Adding and tuning the interaction term stops the monotonically increasing heterotroph growth when other variables
are held constant; at high enough values, the heterotrophic population can decrease and/or growth is entirely
eliminated. Changes in (grey arrows in C, set to a value of ‘0’ in panel D) can also lead to feedback that increases
the complexity of heterotrophic growth when other variables are held constant. As increases there is a more
pronounced drop in heterotroph concentration after the initial rise.

We added variables to this framework to represent the additional observed interactions
between phototrophs and heterotrophs: cyanobacterial inhibition of heterotrophic viability (Fig.
3.3A) and heterotrophic stimulation of cyanobacterial growth (Fig. 3.3E). The inhibitory effect
of cyanobacteria on heterotroph, γP⊣H, scaled as a function of the phototroph density P(t), and
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negatively influenced the heterotroph population H(t). The growth-promoting effect of
heterotrophs on cyanobacterial growth, γH→P, was represented as a constant that influences the
cyanobacterial growth rate, µP, as we have not shown this effect to be density-dependent.
Although limited to being a conceptual tool, this simplistic mathematical framework
recapitulated aspects of the complex interactions we observed in experiments (Fig. 3.7). For
example, when the interaction terms, γP⊣H and γH→P, are set to 0 and all other parameters were
held constant (see Appendix 3), increasing sucrose utilization (i.e., decreasing Shalfmax) resulted in
an earlier rise in heterotrophic population (Fig. 3.7B). This is consistent with data from S.
cerevisiae co-cultures, as the W303Clump strain exhibited better growth on low sucrose
concentrations suggesting lower Shalfmax (Fig. 3.2C) than WT W303. In this vein, WT W303 did
not exhibit growth within co-culture (Fig. 3.2B) while the W303Clump strain, with its’ assumed
lower Shalfmax (Fig. 3.2C), demonstrated growth within co-cultures (Fig. 3.2D).
More interestingly, the addition of the interaction term γP⊣H changed the shape of the
heterotroph population function when all other parameters were constant; at higher values the
model predicted an initial rise in heterotrophic density followed by a subsequent decline (Fig.
3.7D). This is consistent with instances in which heterotroph species are fairly sensitive to the
inhibitory effects of cyanobacterial metabolism in the light (demonstrated in Fig. 3.3A-D), and
recapitulated experimental co-culture dynamics we observed with S. cerevisiae and B. subtilis
(Fig. 3.2A&D).
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3.4 Discussion
We show that cscB+ S. elongatus support diverse heterotrophic microbes in co-culture,
demonstrating a flexible autotroph/heterotroph consortia platform. In comparison to other
synthetic communities that have been constructed by cross-feeding11,27,53,122,136, sucrose is a
metabolite that is naturally bioavailable to many microbes, and therefore the diversity of species
that can be supported by cscB+ S. elongatus is broad. In constructing these consortia, we
observed unforeseen interactions with common features shared across different heterotrophic
species. Namely, we observed that light-driven processes of cyanobacteria had negative impacts
on all tested heterotrophic species while, conversely, growth of all heterotrophic species
simulated cyanobacterial growth. By taking measures to mitigate deleterious interactions, we
were able to stabilize consortia over time and demonstrate consortia persistence in the face of
fluctuations in light availability, population density, and composition. Finally, we showed that
these consortia could be functionalized to produce target compounds, where the end product was
dictated by the heterotrophic partner.
Although the conceptual design of this platform is modular, we identified desirable
features in a heterotrophic partner that could be important to maximize the stability and
productivity of the co-culture. A straightforward engineering target to improve stability and
product output from cyanobacterial/heterotroph consortia is to enhance the efficiency of sucrose
utilization in the heterotrophic partner. While the sucrose production of cscB+ S. elongatus is
significant in comparison to traditional plant based feedstocks58, it is produced continuously and
the concentration remains low relative to standard laboratory media (frequently ~2%
carbohydrate by volume). We see that use of a derivative yeast strain with mutations conferring
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enhanced utilization of sucrose (W303Clump S. cerevisiae) greatly improves growth relative to the
WT in co-culture with cscB+ S. elongatus (Fig. 3.2C), ultimately permitting stable co-culture
over months in ePBRs (Fig. 3.4B, A2.7&8). Similarly, the deletion of the sucrose catabolism
operon repressor cscR from the W strain of E. coli improved growth on low sucrose as expected
(Fig. 3.2C)127, and also greatly increased PHB production during week-long co-culture
experiments (Fig. 3.6D). However, there is still room for further improvement of sucrose uptake
in ΔcscR E. coli, as evidenced by its insensitivity to cscB+ S. elongatus sucrose export during 48
hour batch cultures where sucrose concentrations remained <1g/L (Fig. 3.2A, A2.2). It is likely
that the relative success of production and long-term stability of ΔcscR E. coli in co-culture with
cscB+ S. elongatus (Fig. 3.4A, A2.6) was due to an intrinsic capacity of this strain of E. coli to
utilize other products cyanobacteria secreted that were not engineered as part of the consortia
design.
Similarly, other emergent interactions that we consistently observed between cscB+ S.
elongatus and all three heterotrophic species likely influenced stability and productivity of a
given co-culture pair. All three heterotrophs demonstrated decreased growth and viability when
exposed to high densities of cyanobacteria in the light (Fig. 3.3A-D), suggesting that a
cyanobacterially-derived product from active photosynthetic metabolism was the underlying
cause. One possibility is that unavoidable byproducts of photosynthesis itself (e.g., oxygenation
and/or reactive oxygen species) may be key128. We hypothesize that unavoidable byproducts of
photosynthetic light reactions (e.g. O2 and/or reactive oxygen species) may be a large component
of this toxicity effect as hyperbaric concentrations of oxygen have previously been shown to
detrimentally influence growth of all three of the model organisms we utilize for co-culture in
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this study137–140. Consistent with this hypothesis, we observed that the addition of the herbicide
DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea; which stops oxygen evolution through
inhibition of photosystem II – but does not prevent ROS formation or cyclic electron flow141)
rescued growth of B. subtilis, the heterotroph most sensitive to cyanobacteria, when co-cultured
with dense cyanobacteria in the light (Fig. A2.9A). Similarly, supplementing co-cultures with
thiosulfate, a potent antioxidant, partially protected B. subtilis in co-culture (Fig. A2.9B). Finally,
sparging oxygen from the media and headspace of co-cultures also increased the viability of B.
subtilis when grown with dense S. elongatus cultures in the light (A2.9C).
The repressive effect of oxygen, or other toxic cyanobacterial byproducts, likely
contributed to the complex growth patterns of heterotrophic microbes in batch co-cultures (i.e.,
growth followed by decline Fig. 3.2A&D). If cscB+ S. elongatus density exceeds a threshold, the
net effect may suppress heterotrophic growth despite increased total production of sucrose.
Indeed, in the simplistic mathematical framework we designed to model our co-culture platform
(Fig. 3.7, Appendix 3), inclusion of a single negative feedback variable representing the negative
influence of cyanobacteria on heterotrophic growth led the framework to predict a pattern of
heterotrophic growth followed by decline. In this context, it is interesting to note that many
naturally evolved consortia or symbioses that contain oxygenic phototrophs also have partners
with many mechanisms to mitigate reactive oxygen species produced by the phototroph, or
within the symbiont due to elevated local oxygen levels 128,142–145. As in natural systems, it is
likely that imbuing heterotrophic partners with improved oxidative stress mitigation pathways
would be one engineering approach to further improve the stability of synthetic consortia. We
note that we cannot exclude other pathways that may negatively impact heterotrophic viability in
co-culture with dense cscB+ S. elongatus: for example some cyanobacterial strains produce
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protective cyanotoxins146. Additionally, cyanobacteria compete for media components and may
deplete important nutrients, although we consider this to be a relatively minor factor under our
conditions since heterotrophs readily grow in media conditioned by cscB+ S. elongatus 56,58 (Fig.
A2.10).
The second emergent interaction that we observed in a species-independent manner was
the stimulation of cyanobacterial growth in the presence of each heterotrophic species. These
observations are analogous to stimulatory effects of heterotrophs on cyanobacteria and algae in
numerous natural examples, such as interactions between Prochlorococcus and “helper
heterotrophs”142, or experiments where microalgae accumulate more biomass in the presence of
other microbes than in isolation147. However, the generality of the positive effect we observed is
somewhat surprising, as the complement of secreted bioproducts from E. coli, B. subtilis, and S.
cerevisiae are likely different (and these species are not naturally prevalent in environments
dominated by cyanobacteria; therefore there is no expectation of evolutionarily-preexisting
interaction pathways). These results suggest that many different heterotrophs could boost yields
of S. elongatus, a prospect with significant implications for scaled cyanobacterial cultivation. All
aerobic heterotrophs can be expected to respire CO2, although the benefit of this additional
inorganic carbon to S. elongatus is questionable as these experiments were conducted under
CO2-enriched environments (2%). Instead, we hypothesize that these benefits arise from
emergent cross-feeding of metabolite(s) and/or absorption of byproducts, a division of labor
commonly observed in natural consortia; though this speculative interpretation requires
additional investigation as proposed in Chapter 4. We do note, however, that media conditioned
by heterotrophs does not, by itself, guarantee increased growth of cyanobacteria (Fig. A2.11),
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suggesting that if a cross-feeding interaction occurs it may involve an intermediate(s) that is
volatile or produced at ineffective levels by heterotrophic monocultures.
Our work represents an extension of multiple recent efforts in the design of synthetic
microbial consortia: defined here as communities of two or more unrelated microbes that have
been engineered to interact with one another through metabolic intermediates or molecular
signals7,40. For example, synthetic consortium engineering has been used as a bottom-up
approach to gain insight into complex dynamics including population behavior, game theory,
pattern formation, and cross-feeding44,46–49,148. The majority of described synthetic consortia
involve the exchange of engineered signals (e.g., quorum sensing) or co-cultivation of
complementary auxotrophs, frequently of the same microbial species49–52,149. These types of
engineered interactions are relatively inflexible; because of the specialized metabolic signals
such consortia designs are constrained to a limited number of species, confounding the
identification of species-independent phenomena. Additionally, synthetic consortia are frequently
fragile, functioning only for short time frames or requiring artificially structured
environments57,150. Continued advancement of synthetic consortia towards academic and
industrial application will likely require platforms that address some of these concerns.
The cscB+ S. elongatus consortia system exhibits flexibility in that it supported the
growth of three distinct “workhorse” model microbial organisms and these co-cultures could be
stabilized over time and through perturbation. This flexibility of design allows for modular
reconstruction of the consortia platform for a variety of light-driven applications: different
heterotrophic organisms can be inoculated with cscB+ S. elongatus to reprogram the population
for distinct functions. In this work, we showed proof-of-principle experiments in which co-
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cultures with cyanobacteria drove the production of α-amylase from B. subtilis and PHB from E.
coli, both commercially relevant products. Furthermore, while this manuscript was in
preparation, it was reported that cscB+ S. elongatus can also support the growth and nitrogen
fixation capacities of Azotobacter vinelandii151. To improve upon the productivity of these early
designs and more completely capitalize upon the high sucrose productivities of cscB+ S.
elongatus, it may be necessary to select or engineer heterotroph species with more favorable coculture properties (e.g., superior sucrose uptake, resistance to hyperoxyia, or ability to use other
cyanobacterial byproducts). Indeed, in related unpublished work, we have demonstrated that
cosortia PHB specific productivities can be boosted by nearly three orders of magnitude by
selection of a species with naturally favorable characteristics, Halimonas bolievensis (Weiss et
al., in preparation). Improved characteristics can also be engineered into a target heterotrophic
strain, as we demonstrate here, and the platform provides a methodology to identify genetic
determinants that would further improve consortia performance (e.g., laboratory evolution in
long-term co-culture populations). Finally, the flexibility of this system allows for the
determination of species-independent factors that promote cyanobacterial co-existence with other
microbes, which may be useful for determining generalized interactions that underlie the
formation and stabilization of natural cyanobacterial symbioses or more general phototroph/
heterotroph symbioses12,28,152–154.
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3.5 Materials and methods
3.5.1 Strains, media, and monoculture characterization
S. elongatus PCC7942 (obtained from ATCC #33912) was engineered to secrete sucrose through
the expression of the sucrose/proton symporter cscB58. E. coli W was obtained from ATCC
(#9637) and the corresponding W ΔcscR strain was generously provided by Dr. Claudia Vicker’s
laboratory127. B. subtilis 168 was obtained from ATCC (#23857) and B. subtilis 3610 ΔsinI was
generously provided by the lab of Dr. Richard Losick155. The ΔsinI mutant strain of 3610 was
used to minimize chained growth making CFU counts of the strain reproducible155. S. cerevisiae
strains, WT W303 and W303Clump (previously referred to as Ancestor and Recreated02 strains,
respectively) were generously provided by the lab of Dr. Andrew Murray123. All strains are listed
in Table 3.1.
Strain

Origin

Synechococcus elongatus PCC7942

ATCC 33912

Synechococcus elongatus trc-lac/cscB

58

Bacillus subtilis 168

ATCC 23857

Bacillus subtilis 3610 ΔsinI

155

Escherichia coli K-12 BW25113

156

Escherichia coli W

ATCC 9637

Escherichia coli W ΔcscR

127

Saccharomyces cerevisiae W303

Ancestor strain; 123

Saccharomyces cerevisiae W303Clump

Recreated02 strain; 123

Plasmid
pAET41

133

Table 3.1 Strain and plasmid collection.
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S. elongatus was propagated in BG-11 (Sigma-Aldrich) plus 1g/L HEPES, pH 8 in
constant light at 35°C. Cyanobacteria were checked for contamination via plating on rich media.
B. subtilis and E. coli were propagated in LB-Miller (EMD Millipore) while S. cerevisiae was
maintained in YEPD medium (MP Biomedical). E. coli, B. subtilis, and S. cerevisiae were
streaked from frozen stocks on rich media plates (LB for bacteria and YEPD for yeast). Coculture media were optimized for either prokaryotes (CoBBG-11) or S. cerevisiae (CoYBG-11).
CoBBG-11

consisted of BG-11 supplemented with 106mM NaCl, 4mM NH4Cl and 25mM

HEPPSO, pH 8.3-KOH. Indole (100µM) was added to B. subtilis 168 co-cultures as indicated
and in α-amylase experiments. CoYBG-11 consisted of BG-11 supplemented with 0.36g/L Yeast
Nitrogen Base without amino acids (Sigma Aldrich), 106mM NaCl, 25mM HEPPSO, pH 8.3KOH and 1mM KPO3. Solid co-culture plates were composed of CoBBG-11 medium with 1%
autoclaved noble agar (BD Biosciences). Where appropriate, media conditioned by S. elongatus
was acquired by taking CoBBG-11 or CoYBG-11 and inoculating it with OD750 0.5 of cscB+ S.
elongatus in baffled flasks. This was grown for 48 hours in constant light before filtration. Media
conditioned by prokaryotic heterotrophs was made by inoculating CoBBG-11 supplemented with
0.2% sucrose with B. subtilis 3610 or W ΔcscR E. coli at an OD600 of 0.01 and allowing growth
for 48 hours in a baffled flask before filtration.
For characterization of S. elongatus growth and sucrose production, S. elongatus was
cultured alone in baffled flasks of CoBBG-11 or CoYBG-11 and allowed to acclimate for ≥ 12
hours. Then cultures were adjusted to 25mL with a final density of 0.5 OD750. IPTG (1mM) was
added, as appropriate. This was the start of the experiment and is referred to as time 0. Cultures
were monitored at 24 hour intervals by withdrawal of 1mL culture. OD750 was measured via
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photospectrometer (ThermoScientific NanoDrop 2000c) and culture supernatant was analyzed
for sucrose content via a colorimetric Glucose-Sucrose Assay (Megazyme).
To prepare heterotrophic strains, single colonies were picked into their respective rich
media and grown until turbid at varying temperatures before co-culture (37 °C for E. coli and B.
subtilis; 30 °C for S. cerevisiae). Cells were diluted into the appropriate co-culture medium with
2% sucrose to acclimate to co-culture medium, and maintained within log phase growth (OD600 <
0.70) before use in co-cultures. All acclimating cultures and co-cultures were grown at 35°C,
150rpm, 2% CO2, in light (PAR = ~80µmol with 15W Gro-Lux Sylvania fluorescent bulbs)
within a Multitron Infors HT incubator. Heterotrophic growth was measured by inoculating
rinsed cells at 0.01 OD600 (bacteria) or 0.05 OD600 (yeast) into fresh co-culture media at the
indicated sucrose concentration. Data for growth rate was collected from 25mL flask cultures
while 96-well plates with 1mL culture volumes were used to assay growth in a gradient of
sucrose concentrations (.156mg/mL to 10mg/mL, Fig. 2C) as well as growth in conditioned
media; OD600 of plates were read on a BioTek Synergy Neo plate reader.

3.5.2 Batch co-cultivation & quantification
Flask co-cultures were completed in 25mL volumes in baffled flasks. Cyanobacteria and
heterotrophs were acclimated to CoBBG-11 or CoYBG-11 medium prior to inoculation into cocultures. All co-cultures were grown at 35°C, 150rpm, 2% CO2, in light (15W; Gro-Lux;
Sylvania) within a Multitron Infors HT incubator. 1mM IPTG was added when indicated.
Growth in co-cultures was monitored every 12 hours: S. elongatus was measured by the count of
gated red-fluorescent events on a quantitative flow cytometer (BD Accuri); heterotrophs were
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assayed by plating dilution series on rich medium to count colony forming units (CFU).
Estimates of W303Clump cell number were derived by counting CFUs, but numbers were adjusted
for the ~6.6cells/clump as previously reported123, and confirmed via microscopy under our
culture conditions. For dilution experiments, co-cultures containing E. coli or B. subtilis were
grown for 24 hours before 10 or 100 fold dilutions.

3.5.3 Heterotroph exposure to variable cyanobacteria densities
B. subtilis and E. coli were recovered from rich media as above, washed in CoBBG-11 and
inoculated at an OD600 of .01 in CoBBG-11 media + 2% sucrose with cyanobacteria at different
densities (OD750 0, 0.5, 1, and 2). S. cerevisiae was treated identically except they were
inoculated at ~3x105cells/mL (OD750 = 0.03) and CoYBG-11 was used. These samples were split
into two 36-well plates and incubated and exposed to either constant light or dark conditions
while maintaining the other growth parameters. Heterotroph counts were determined by plating
on rich media for colony counts as above after initial setup (time 0) and after 12 hours of culture.
Ratios of the viable cell counts from the light vs. dark cultures or log10 of these ratios after 12
hours are reported. Additional cultures of B. subtilis strain 3610 were set up as described above
before addition of DCMU (in ethanol) and thiosulfate (in water) to final concentrations of 40µM
and 190mM, respectively. Vehicle was added to control cultures. Treated cultures were grown
under light or dark conditions. Further cultures were split and sealed with septa. One was kept
with atmospheric gas. The other was sparged for 5 minutes with gas devoid of oxygen (12:10:82
H2:CO2:N2). Both sealed cultures were grown in constant light. Heterotroph counts were
determined by plating on rich media for colony counts as above after initial setup (time 0) and
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after 12 hours of culture. Ratios of the viable cell counts from the light vs. dark cultures or log10
of these ratios after 12 hours are reported.

3.5.4 Heterotroph spotting on cyanobacterial lawns
Lawns of cscB+ cyanobacteria were achieved via spreading of 250µL of cscB+ cyanobacteria
(OD750 0.5) on solid co-culture plates with or without 1mM IPTG. After the cyanobacteria had
absorbed on to the plate (>3 hours in the dark), 3µL drops of heterotrophs were spotted on to the
lawns. Heterotrophs had been previously grown up in rich media and washed three times to
remove any medium components before spotting. Media blanks and boiled cells were spotted as
negative controls. Plates were then grown at 35°C, 2% CO2, in constant light (15W; Gro-Lux;
Sylvania) within a Multitron Infors HT incubator.

3.5.5 Long-term continuous co-cultivation
Long-term co-cultures were incubated in Phenometrics Environmental Photo-Bioreactors130 with
150mL liquid volumes of a mix of cscB+ S. elongatus with either S. cerevisiae W303Clump or E.
coli W ΔcscR in the appropriate co-culture BG-11 medium + 1mM IPTG. Reactors were seeded
with ~1x108cells/mL of S. elongatus (OD750 ~0.5) and a final concentration of heterotroph
equivalent to ~1x106cells/mL S. cerevisiae W303Clump (final OD600 ~0.1) or ~5x107cells/mL E.
coli W ΔcscR (OD600 ~0.05). Light was provided by onboard white, high-power LEDs (400µmol
m2 s2) continuously for E. coli W ΔcscR co-cultures, and with a 16:8 light:dark photoperiod for S.
cerevisiae W303Clump co-cultures. The total density of co-cultures was monitored by onboard
infrared diodes, following a brief (3-12 hour) acclimation period where the time-averaged optical
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density was allowed to settle to a fixed point following culture initiation. This measurement was
used to control attached peristaltic pumps that eject fresh medium to maintain the set target OD
as previously described130. Co-culture temperature was maintained at 30°C by a heated jacket;
cells were agitated continuously by a stir bar. Daily, ~2mL of co-culture volume was withdrawn
and cyanobacterial and heterotrophic cell counts determined by flow cytometry and plating,
respectively (as described above).

3.5.6 Structured growth perturbation
To test the ability of co-cultures to withstand environmental structure perturbation (shifts from
liquid or solid environments), 25mL flask co-cultures were inoculated and grown as previously
described for 24 hours before plating of 100µL on solid co-culture Petri dishes. After five days,
uneven lawns of heterotrophs and cyanobacteria arose. Cells were picked from Petri dishes into
96-well plates and allowed to grow for 2-5 additional days. Any well that demonstrated
cyanobacterial growth (as judged visually by green appearance) at the end of 48 hours was
spotted on rich media to determine the presence or absence of heterotrophs. Solid culture and 96well plate growth was completed at 35°C, 0rpm, 2% CO2, in constant light (15W; Gro-Lux;
Sylvania) within a Multitron Infors HT incubator.

3.5.7 α-Amylase production and quantification
For the production of α-amylase, co-cultures of cscB+ S. elongatus and B. subtilis strain 168
were completed in 8mL volumes of CoBBG-11 supplemented with 100µM indole in 6 well dishes.
When specified, cyanobacteria were present (OD750 ~0.5) with or without 1mM IPTG. Control
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cultures did not contain cyanobacteria. α-Amylase production was measured after 24 hours of
culture at 35°C, 0rpm, 2% CO2, in constant light (15W; Gro-Lux; Sylvania) within a Multitron
Infors HT incubator. α-Amylase activity in supernatants was measured immediately after
pelleting of cultures with the EnzChek Ultra Amylase Assay Kit, Molecular Probes Life
Technologies using the manufacturer’s protocol. Western blots confirmed presence of α-amylase
in supernatants after addition of NuPAGE LDS sample buffer (Invitrogen) followed by 10
minutes at 100°C. Protein (10µL) was run on NuPage 4-12% Bis-Tris gels (Life Technologies)
for in MES SDS running buffer for 50 minutes at 185V. The iBlot 2 Dry Blot System
(ThermoScientific) was used to transfer protein to nitrocellulose membranes (iBlot 2 NC Regular
Transfer Stacks). Anti-α-amylase antibodies (polyclonal rabbit; LS-C147316; LifeSpan
BioSciences; 1:3,000 dilution) were used as the primary antibody followed by peroxidaseconjugated donkey anti-rabbit antibodies (AffiniPure 711-035-152 lot 92319; Jackson
ImmunoResearch; 1:5,000 dilution) as the secondary antibody. The western blot was visualized
via Western Lightning® Plus-ECL, Enhanced Chemiluminescence Substrate (PerkinElmer,
ProteinSimple FluorChem M). Purified α-amylase (Sigma Aldrich) was used as a control in all
assays.

3.5.8 PHB production & quantification
E. coli strains were transformed with pAET41 (Table 1) before use in co-cultures for PHB
production133. Co-cultures were set up as previously described in 25mL flasks. After one week of
growth, the entire culture was spun down, frozen, and stored at -80°C until PHB content was
quantified. PHB content was quantified by standard methods157,158. Briefly: cell pellets were
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digested with concentrated H2SO4 at 90°C for 60 min. The digestion solution was diluted with
H2O by 500 times and passed through 0.2µm filter. The solutions were subsequently analyzed by
a high performance liquid chromatography (HPLC, Agilent HPLC 1200) equipped with Aminex
HPX-87H column and UV absorption detector158. The volume of each sample injection was
100µL. The mobile phase was 2.5mM H2SO4 aqueous solution, with a flow rate of 0.5mL/min
for 60min. 5mM sodium acetate (Sigma Aldrich) was added as an internal standard. The
concentrations of PHB were determined by comparing the peak area with that in standard curves
from 0.1 to 30mM.

3.5.9 Mathematical framework, statistics, and figures
All equations were modeled in Mathematica (Wolfram Research, Inc., Mathematica, Version
11.0). Statistics were completed in GraphPad Prism version 7, GraphPad Software, La Jolla
California USA, www.graphpad.com
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The ongoing work by the Silver, Betenbaugh, Zengler, and Guarnieri labs is summarized as
CHAPTER 4. PROGRESS AND FUTURE WORK UNDERSTANDING SYNTHETIC
CONSORTIA. Of the work presented here, I completed all wet-lab experiments for which data
is shown. Cristal Zuniga is the lead computational biologist on this project responsible for all the
models and model descriptions presented. The text of this chapter is based off of her outline for a
manuscript in progress, “The systemic understanding and analysis of communities is plausible
through genome-scale metabolic modeling”. The author list also includes Geng Yu (responsible
for the experiments involving Chlorella vulgaris), Michael Guarnieri, Michael Betenbaugh, and
Karsten Zengler in a yet to be determined order. Guarnieri completed the preliminary
transcriptomic analysis (including rRNA depletion and library preparation through computational
analysis of results) after receiving samples of RNA extracted by myself. Consequently, his text is
used to describe the materials and methods used in those areas.
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4. PROGRESS AND FUTURE WORK UNDERSTANDING SYNTHETIC
PHOTOSYNTHETIC CONSORTIA
4.1 Abstract
Phototrophic engineered microbial consortia provide a platform to investigate simplified
communities and capture solar energy for use in biotechnology. While model synthetic
phototroph/heterotroph communities have been constructed and characterized, there has been
little analysis of these consortia for general rules of interaction at the level of complete organism
metabolomes and transcriptomes. To address this, we investigate five phototroph/heterotroph
pairs that are phylogenetically varied, model organisms with no evolutionary history of
interaction. We aim to present genome-scale metabolic models of the communities with
simulations compared to experimental data including growth rates, population ratios in coculture, interchanged metabolites analyzed by metabolomic analysis of supernatants, changes in
gene expression profiles, and alteration of interactions with the use of additional media
supplementation or gene knockouts. As this work is the ongoing focus of a large collaboration,
this chapter outlines the approaches used, initial experimental validation on a portion of
consortia, and current progress generally.

4.2 Introduction
The mechanisms underlying phototroph/heterotroph interactions are of interest because of their
presence in natural systems, their importance in the evolution of photosynthetic symbioses, and
the potential application of mixed-species photosynthetic systems for biotechnology. While
phototrophic microbial communities composed of model organisms to investigate these
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interactions have been made, few have been characterized at the level of genomes,
transcriptomes, proteomes, or metabolomes. Of those, none have included characterizations of
multiple photosynthetic consortia in an effort to find general rules of phototroph/heterotroph
interaction. Nor have many works capitalized on the existence of available knockout libraries to
alter interactions within communities72.
To this end, we aim to further characterize the communities presented in Hays et. al
201671 (Chapter 3; Synechococcus elongatus paired with Escherichia coli, Bacillus subtilis, or
Saccharomyces cerevisiae) as well as two additional phototroph/heterotroph pairs of model
organisms. The microbes used as symbiotic partners in these communities include prokaryotes
(S. elongatus, E. coli, and B. subtilis) and eukaryotes (Chlorella vulgaris, S. cerevisiae, and
Yarrowia lipolytica) with different complexity, doubling times, and origins (Fig. 4.1).

!
Fig. 4.1 Photosynthetic co-culture pairs. Five different synthetic photosynthetic co-cultures (blue) are being
investigated. C. vulgaris and cscB+ S. elongatus are the phototrophs (green) used to support heterotrophic growth.
Heterotrophs (yellow) used in these experiments include Y. lipolytica, S. cerevisiae, E. coli, and B. subtilis.
Eukaryotes are filled shapes. Prokaryotes are outlined shapes.

The two phototrophs investigated in consortia are Synechococcus elongatus and
Chlorella vulgaris. S. elongatus expressing CscB was our choice prokaryotic phototroph due to
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its’ engineered ability to secrete sucrose58 and the previous successful construction of synthetic
photosynthetic microbial communities in Chapter 3 as well as in additional literature128,151. The
unicellular algae C. vulgaris was chosen as an additional target phototroph because of its
potential as a chassis for biofuel production159–161 and the recent work by our collaborators using
metabolic models to predict organism growth162. Its eukaryotic nature also lays the groundwork
for us to probe whether the added complexity inherent to eukaryotes impacts co-culture.
Four model heterotrophs were investigated for growth when paired with phototrophs:
Escherichia coli, Bacillus subtilis, Saccharomyces cerevisiae, and Yarrowia lipolytica. E. coli, B.
subtilis, and S. cerevisiae were chosen as heterotroph co-culture partners because they are the
prototypical model organisms for eukaryotic and bacterial microbes163. Consequently, they are
also of interest for use in biotechnology for varied reasons131,164,165. Y. lipolytica was added as an
additional heterotroph because of its high lipid content which holds promise for the biofuel
industry166–168.
Exploration and characterization of these dyads at the level of metabolomes and
transcriptomes is the focus of this work in an effort to better understand growth in co-culture,
interactions between the specific species, and, ideally, general rules for phototroph/heterotroph
microbial communities. Using joint genome-scale metabolic models that include multiple
species, scientists can predict aspects of growth, conditions conducive to growth, and probe
potential interacts between organisms169–171. Data about tRNA levels can add further insight into
these interactions172. When whole transcriptomes are investigated, gene expression changes can
be used to better inform models or engineer the microbes in the community for different
outcomes (e.g., growth, production of a given target molecule, degradation of a substrate) as well
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as understand interactions better more generally143,173–176. Both genome-scale metabolic models
and transcriptomics will be investigated. These will ideally be followed up with metabolomics
and proteomics work to develop more complete pictures of what is going on within each
community however that work is a long way off.

4.3 Genome-scale metabolic models
Metabolic models of communities can be constructed from models of individual organisms. To
build community systems, models of individual microbes were gathered from previous literature
(Table 4.1).
S. elongatus
PCC7942177

C. vulgaris
UTEX395162

E. coli
W178

E. coli
K-12179
MG1655

Y. lipolytica

Genes

792

843

1273

1366

895

844

905

Reactions

897

2294

2477

2583

2002

1250

1577

Metabolites

792

1770

1111

1805

1847

844

1226

Conditions

P

P, H, M

A, AN

A, AN

A

A

A, AN

180

B.
subtilis

S. cerevisiae
181

Table 4.1 Metabolic models of individual microbes. The breakdown of the metabolic models for each individual
microbe. These frameworks can model photoautotrophy (P), heterotrophy (H), or mixotrophy for phototrophs and
either aerobic (A) or anaerobic (AN) growth for the heterotrophs.

Once chosen, these models are linked with a pool of shared metabolites allowing
organisms to interact in silico170.
The pipeline for constructing these models has five steps:
1) Monoculture model checking. All models are converted to the same format followed by
reproduction of the results found in the original publication to be sure that no errors are
made. Subsystems, compartments, and biomass objective functions are analyzed.
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2) Probe model capabilities. Within the models, shared metabolites are set and growth
modes (e.g., photoautotrophy, heterotrophy, mixotrophy, anaerobic growth, aerobic
growth) are determined.
3) Setting constraints. The models are then constrained in respect to environmental
conditions. This includes light, dark, presence or absence of organic carbon, oxygen,
carbon dioxide, uptake and secretion rates, objective functions, etc.
4) Mathematical integration. Integrate the models making sure that exchange reactions,
metabolite pools, compartments, and constraints are all correct. The now joint model
using flux balance analysis and interpret results can then be solved.
5) Evaluate. Confirm that results from the model match experimental data. Simulations
cover a number of areas summarized in Table 4.2 along with experiments to validate the
model.
Simulation of:

Experimental validation:

Growth rate under different conditions

Experiments with variable light, gas environments, ratio of symbionts,
etc.

Prediction of metabolites exchanged

Measure metabolites in supernatants
Transcriptomic analysis to identify up or down regulation of
biosynthetic pathways involved in cross-fed metabolites

Robustness analysis

Experiments with different media variations

Prediction of syntrophic pathways

Analyze transcriptomic data for predicted up or down
regulation of pathways

Gene essentiality

Repeat co-cultures with knockout strains

Table 4.2. Simulation targets and experiments designed to validate joint metabolic models.
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The creation of these joint models and their experimental validation is ongoing. Highlevel experiments characterizing the different strains in isolation and in co-culture have been
started as well as transcriptomic analysis.

4.4 Results
4.4.1 Mono- and co-culture characterizations
The first physiological data needed to benchmark the model is characterization of monoculture
microbial growth in the defined universal co-culture medium, CoUBG-11. For heterotroph growth
media supplemented with 0.2% carbohydrate feedstock was used as there is no fixed carbon in
CoUBG-11

(Fig. 4.2&3). Sucrose was used for all organisms other than E. coli K-12 which is

incapable of growth on sucrose as a sole carbon source182. Glucose was used for this E. coli
strain.

Fig. 4.2 Heterotroph growth in
monoculture. Heterotroph growth
was characterized in CoU BG-11
supplemented with 0.2% sucrose or
glucose. Flasks were seeded at an
OD600 of 0.01 for each heterotroph.
After waiting 3-4hrs (break in Xaxis) samples were taken every hour
to determine doubling times. These
samples were also plated for OD600
vs. CFU correlations (Fig 4.3). Error
bars represent standard deviation of
three biological replicates.
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Fig. 4.3 Heterotroph CFU vs. OD600.
Heterotrophs were grown in CoUBG-11
supplemented with 0.2% sucrose or
glucose. In graphs of prokaryotes,
CFU and OD600 measurements were
determined from 6 biological
replicates. For S. cerevisiae data are
from 3 biological replicates. R-squared
values for the plotted linear fits are
shown in the lower right corner.

After characterization of heterotrophs, the growth of cscB+ S. elongatus monocultures in
CoUBG-11

were characterized. Because growth of both heterotrophs in co-culture can be

dependent on sucrose secreted as a result of expression of the sucrose/proton symporter cscB71,
IPTG was added to all cultures of S. elongatus.
6

OD750

4

2

0

&

0
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Time (hours)
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Fig. 4.4 S. elongatus monoculture growth. S. elongatus was grown alone in CoUBG-11 with IPTG. Cell density
was measured by OD750 at time 0 and 2, 12, 24, 48, and 72 hours after the initiation of the experiment. Error bars are
standard deviation of 3 replicates.

Next growth of co-cultures was monitored. The total density of co-culture samples were
measured by OD750, the number of viable heterotrophs was determined via CFU, and counts of
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cyanobacteria/mL were measured by quantitative flow cytometry. Consistent with previous
characterizations71, E. coli demonstrate monotonic growth while B. subtilis grows in the first 24
hours followed by a decrease in viability. The growth of E. coli K-12 is particularly interesting
because the K-12 strain cannot use sucrose as a carbon source. Growth of this strain supports the
hypothesis that E. coli is capable of utilizing unidentified fixed carbon from cyanobacteria.
S. elongatus & E. coli K-12
OD750

6

8

OD750

OD750

OD750

3

4

2

2

2

20

40
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0

80

1

0
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Time (hours)

S. elongatus & E. coli K-12

4×108

5.0×107

2×108
40
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0
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5×108

E. coli CFU/mL

6×108

Time (hours)

0

20

4×108
1.0×109
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0

0
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S. elongatus & B. subtilis
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Time (hours)
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1.0×108

20

0
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S. elongatus cells/mL

8×108

0
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S. elongatus & E. coli W cscR KO
1×109

S. elongatus cells/mL

E. coli CFU/mL

1.5×108

0.0
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Time (hours)

B. subtilis CFU/mL
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S. elongatus & B. subtilis
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S. elongatus & E. coli W cscR KO
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Fig. 4.5 Co-culture characterization. Co-cultures of S. elongatus with E. coli K-12 (left), E. coli W cscR KO
(middle), and B. subtilis (right) were initiated and monitored for 72 hours. OD750 measurements are shown (top;
blue) indicating overall optical density. Individual microbe quantification (bottom) was completed via CFU
determination for heterotrophs (yellow) and S. elongatus was quantified via flow cytometry (green). Error bars are
the standard deviation of 3 biological replicates.

After preliminary simulations of S. elongatus/E. coli co-cultures, models can predict that
there are various compounds shared between the organisms (Table 4.3) and that co-cultures may
be sensitive to a number of media compounds including copper, citrate, and nitrate
concentrations which may be tested in future experiments. Target genes to test for essentiality
successful growth of co-cultures were also identified (Table 4.4).
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Organism…

…provides…

S. elongatus

Succinate
Threonine
Valine
Glycolate
Glycerol
Fructose-6-phosphate
Adenosine

E. coli

Pyruvate
Serine
Glutamine
Isoleucine
Asparagine
Phenylalanine
Formate

Table 4.3 Metabolites predicted to be exchanged between S. elongatus and E. coli.
Gene

thrc

Gene Function

Keio
ID

Predicted
Essentiality
monoculture

coculture

Experimental Prediction of Strain
Performance

threonine-synthatse

B0004

E

NE

better than WT in co-culture

aspC

aspartate aminotransferase,
PLP-dependent

B0928

E

NE

death/slow growth alone but successful
growth in co-culture

pheA

chorismate mutase and
prephenate dehydratase

B2599

E

NE

death/slow growth alone but successful
growth in co-culture

cysG

siroheme synthase 1,3dimethyluroporphyriongen III
dehydrogenase and siroheme
ferrochelatase/uroporphyrinogen
methyltransferase

B3368

E

E

ilvE

branched-chain amino acid
aminotransferase

B3770

E

NE

death alone but grow in co-culture

ilvC

ketol-acid reductoisomerase

B3774

E

NE

die alone but grow in co-culture

atpC

F1 sector of membrane-bound
ATP synthase

B3731

E

NE

die alone and grow more slowly than
WT in co-culture

cycA

D-alanine/D-serine/glycine
transporter

B4208

E

E

will not survive alone or in co-culture

phoE

outer membrane phosphoporin
protein E

B0241

NE

NE

better than WT in co-culture

tlab

transaldolase B

B0008

NE

NE

better than WT in co-culture

will not survive alone or in co-culture

Table 4.4 Target genes to perturb S. elongatus/E. coli co-cultures. These genes were identified as having
measurable effects on co-culture growth when knocked out in E. coli K-12.
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4.4.2 Transcriptomic investigation of S. elongatus and W E. coli
Preliminary RNA samples were obtained from mono- and co-cultures of S. elongatus and E. coli
for RNA-Seq. Differential regulation of amino acid and hexose sugar transporters, nitrogen
related-genes, and reactive oxygen related genes were observed between samples. However, due
to poor quality and contaminating reads, additional sequencing is underway to ensure broadrange capture of low-level expression genes potentially masked in initial analyses.

4.5 Discussion
We constructed synthetic photosynthetic consortia previously (Chapter 3)71 demonstrating
growth, division of labor between three pairs of previously un-interacting microbes, and
robustness to some specific challenges. In constructing these consortia we observed two unengineered and therefore ‘emergent’ interactions: growth benefit to phototrophs under certain
conditions and detrimental effects on heterotrophs dependent on the density of phototrophs and
the presence of light. While we have hypotheses that these effects are due to beneficial crossfeeding and reactive oxygen species, we have only suggestive evidence thus far and the
mechanisms underlying these effects have not been elucidated. The work that has begun to be
undertaken in this chapter seeks to resolve those problems. With community-scale metabolic
models combined with various experimental results, we seek to better understand these
interactions at a more mechanistic level.
Through preliminary simulations of the prokaryotic co-cultures (those using S. elongatus
as the phototrophic community symbiont), potentially cross-fed compounds (Table 4.3),
environmental components that probe what makes consortia more or less stable (citrate, nitrate,
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and copper), and genes that might be essential to community growth (Table 4.4) have been
identified. These are currently under investigation. In support of our previous hypotheses about
cross-feeding and reactive oxygen species, we have preliminary gene expression data that
suggests certain processes (particularly hexose sugars and amino acids in respect to crossfeeding) are differentially expressed between mono- and co-cultures of the prokaryotes.
In addition to characterizing and trying to understand the microbial synthetic
photosynthetic communities, this proposed work expands the number of consortia investigated to
five dyads: 1) S. elongatus & E. coli, 2) S. elongatus & B. subtilis, 3) S. elongatus & S.
cerevisiae, 4) C. vulgaris & S. cerevisiae 5) C. vulgaris & Y. lipolytica. While not all pairs are
discussed here, the number of co-cultures positions us to look longitudinally across experiments
to spot general features of heterotroph and phototroph interaction. Questions we will be able to
ask once we have amalgamated the data from the efforts spread across various laboratories and
model microbes are varied and broad. Are the same sugars, amino acids, and other compounds
cross-fed between microbes? Are some compounds more readily shared than others? What
additional biosynthetic pathways are differentially regulated in the different consortia? Is there
anything particular that is similar between S. cerevisiae and B. subtilis co-cultures that result in
the non-monotonic growth we see (Fig. 3.2, 4.5)? Is there a hypothesis informed by the
metabolic model for how co-culture with B. subtilis has such variable effects on cyanobacteria as
evidenced by the positive effects seen in Fig. 3.5 but the growth defect evident in Fig. 4.5? I
believe suggesting hypotheses to answer some of these questions will prove incredibly
interesting as we collect data and move through simulations and experiments. The integration of
these community-scale models with concrete experiments and perturbations made tractable by
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our choice of model organisms is particularly powerful and will hopefully lay the foundation for
further tinkering, engineering, and understanding not only systems as simple as ours but also
communities with increased complexity, resource sharing, and/or additional autotrophs.

4.6 Materials and methods
4.6.1 Strains and media
S. elongatus PCC7942 (obtained from ATCC #33912) was engineered to secrete sucrose through
the expression of the sucrose/proton symporter cscB58. The E. coli W ΔcscR strain was
generously provided by Dr. Claudia Vicker’s laboratory127. B. subtilis 3610 ΔsinI was generously
provided by the lab of Dr. Richard Losick155. The ΔsinI mutant strain of 3610 was used to
minimize chained growth making CFU counts of the strain reproducible155. S. cerevisiae
W303Clump (previously referred to as Ancestor and Recreated02 strains, respectively) was
generously provided by the lab of Dr. Andrew Murray123. C. vulgaris UTEX 395162 and Y.
lipolytica were generously cultured at NREL and the Betenbaugh Lab.
S. elongatus was propagated in BG-11 (Sigma-Aldrich) plus 1g/L HEPES, pH 8 in
constant light at 35°C. Cyanobacteria were checked for contamination via plating on rich media.
B. subtilis and E. coli strains were propagated in LB-Miller (EMD Millipore) while S. cerevisiae
was maintained in YEPD medium (MP Biomedical). E. coli, B. subtilis, and S. cerevisiae were
struck from frozen stocks on rich media plates (LB-Miller for bacteria and YEPD for yeast).
CoUBG-11

is a universal co-culture buffer similar in composition to CoBBG-11 and CoYBG-11 71.

CoUBG-11

consists of BG-11 supplemented with 106mM NaCl, 25mM HEPES, supplemented

with 0.36g/L Yeast Nitrogen Base without amino acids (Sigma Aldrich) pH 8-KOH. For

!79

monoculture growth of heterotrophs, 0.2% carbohydrate feedstock was added to CoUBG-11.
Sucrose was used for all heterotrophs other than E. coli K-12 for which glucose was used
instead.

4.6.2 Growth
Cultures were completed in 25mL volumes in baffled flasks similar to previous experiments71.
Cyanobacteria and heterotrophs were acclimated to CoUBG-11 prior to monoculture
characterization or inoculation into co-cultures. All cultures were grown at 35°C, 150rpm, 2%
CO2, in light (15W; Gro-Lux; Sylvania) within a Multitron Infors HT incubator. 1mM IPTG was
added to cultures containing S. elongatus alone or in co-culture. Growth in co-cultures was
monitored at times 0, 2, 12, 24, 48, and 72hrs. Total co-culture density was measured via OD750.
Heterotrophs were assayed by plating dilution series on rich media to count colony forming units
(CFUs). Estimates of W303Clump cell number were derived by counting CFUs, but numbers were
adjusted for the ~6.6cells/clump as previously reported123. S. elongatus cells/mL were measured
by the count of gated red-fluorescent events on a quantitative flow cytometer (BD Accuri).

4.6.3 RNA extraction
Though the transcriptomic analysis is preliminary, the materials and methods used to collect and
process samples are presented for the reader’s reference. Samples of S. elongatus, E. coli, and
co-cultures were collected. In an effort to capture cells during exponential growth, samples from
heterotrophs grown alone in CoUBG-11 + 0.2% carbohydrate feedstock were harvested at an
OD600 < 0.5. Samples of S. elongatus and co-cultures were harvested 12 hours after the initial
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setup of cultures. Samples were pelleted at room temperature and immediately suspended in
RNAprotect (Qiagen). RNA was extracted with RNeasy Mini Kits (Qiagen) as per the
manufacturer’s instruction with the additional use of QIAshredder columns (Qiagen). After
extraction, samples were flash frozen in liquid nitrogen and stored in -80° freezers until
overnight shipping on dry ice.

4.6.4 rRNA depletion
Depletion of rRNA was achieved using the Ribo-Zero rRNA Removal Kit (Illumina, Inc.)
following manufacturer’s instructions. Briefly, rRNA binding was achieved via magnetic bead
incubation in RNase-free water in the presence of RiboGuard RNase Inhibitor. Following probe
hybridization, rRNA was removed via magnetic depletion and mRNA-enriched supernatant was
isolated. Residual salt and buffer removal and depleted sample concentration was achieved via
conventional ethanol precipitation, followed by resuspension in RNase-free water.

4.6.5 Library construction and RNA-Seq analysis
cDNA libraries were constructed using Illumina TruSeq stranded mRNA library preparation kits,
using 1µg of rRNA depleted total RNA following manufacturer’s instructions. Subsequently, the
libraries were size selected for >200bp, with modes of approximately 300bp and 50 cycles of
single-end sequencing was performed on an Illumina HiSeq 2500 machine. Data was provided in
standard FASTQ183 format and TopHat2184 was used to map reads to the established E. coli and
S. elongatus genome assemblies, publicly available on the JGI Genome browser. The latter was
appended with sequences encoding the sucrose/proton symporter, CscB, and the
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chloramphenicol resistance protein, CmR, present in the engineered S. elongatus strain. A third,
composite, reference genome was generated by integrating the above genomes for mapping of
co-culture-derived reads.
Quality control was conducted using the SGI-DNA Archetype pipeline. Intrinsic bias (GC
and nucleotide composition), Bowtie 2 PE alignment scores, and principal component analyses
(PCA) were generated to assess unique read mapping and transcriptome clustering. Distribution
of mapped reads was also examined for each independent transcriptome to assess percentage of
mapped reads derived from the sample; high percentages of unmapped reads indicate potential
contamination profiles. Additionally, a 16S quicktaxa report was generated to further assess the
distribution of reads. PCA indicated high degree of clustering for E. coli, S. elongatus, and E.
coli/S. elongatus co-culture datasets, indicative of low sample-to-sample variability. Co-culture
datasets clustered with cyanobacterial datasets, indicating a high proportion of cyanobacteria in
co-culture samples. These results mirrored those observed via distribution mapping and matching
the high ratio of S. elongatus to E.coli in co-culture (Fig. 3.2, 4.5). Data indicated a relatively
high presence of G’s in reads, potentially due to adapter dimers during sequencing. High
percentages of unmapped reads indicated the presence of Vibrio natriegens in samples; the
contaminant profile was uniform across transcriptomes.
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CHAPTER 5. HUMAN COMMUNITIES, MICROBIAL COMMUNITIES, AND 3D
PRINTING is composed of two projects completed with MIT Media Lab’s Mediated Matter
group led by Neri Oxman. Design and printing for The Wanderers was completed by the
Mediated Matter group led by Neri Oxman, Christoph Bader, and Dominik Kolb with the help of
Stratasys Ltd. while The Ocean Pavilion featured printing and design led by Neri Oxman, Laia
Mogas-Soldevila, Jorge Duro-Royo, and Will Patrick. Much of the text is based off of the
publication “Grown, Printed, and Biologically Augmented: An Additively Manufactured
Microfluidic Wearable, Functionally Templated for Synthetic Microbes” (Bader et al. 2016185).
The names of researchers, designers, and artists are cited by each image in the format requested
by MIT’s Mediated Matter group. All data from wet-lab experiments shown were gathered by
Will Patrick and myself.
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5. HUMAN COMMUNITIES, MICROBIAL COMMUNITIES, AND 3D PRINTING
5.1 Abstract
With microorganisms living throughout human society, it is important for people to
acknowledge, learn about, and understand what these organisms do for, to, and with them. This
chapter focuses on science outreach through exhibits incorporating microbes and 3D printing
meant to inspire and inform the general public. We start with a general introduction of “broader
impacts” as defined by the National Science Foundation. Then two examples of public
exhibitions: Mushtari, the 3D printed wearable designed to house symbiotic microbial consortia
as displayed at the Cooper Hewitt Museum in New York City, and the Ocean Pavilion of 3D
printed chitosan displayed as a working, walkthrough exhibit at MIT Media Lab. Both projects
show fantastical ideas about incorporating microbes into our everyday lives through art while
encouraging the public to think specifically about microorganisms in a positive way.

5.2 Introduction
Microbes are ubiquitous. Nearly every surface around us is home to a multitude of
microorganisms. Most people ignore microbes that have not been co-opted to serve specific
purposes (e.g., yeasts in breads186, microbial communities in water reclamation and waste
treatment69,187,188, bacteria producing antibiotics189) only to remember them when something bad
happens (e.g., food poisoning190, algal blooms191, infections from hospitals192). As a result,
microbes have a bad reputation even when they are involved in many things people love deeply
(e.g., fermentation to produce chocolate193 or alcohol194). This is true even of scientists. In a
Building with Biology course taught at Clubes de Ciencias in Monterrey, Mexico students
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swabbed areas around them and spread those samples on Petri dishes. After incubating the plates
for a week, microbial growth was visible (duplicate experiment shown in Figure 5.1). Students
presented a time-lapse video showing the microbes growing, after which a physics teacher and
full-time scientist came up to the class and proclaimed the presentation forever changed how she
felt about her surroundings. As people that study microorganisms, microbiologists may be
focused on microbes, but we need to remember that even people who are immersed in science
might not know about the symbioses we are involved in throughout our lives.

!
Figure 5.1 Microbes from all around us. The growth on these Petri dishes show that cultivatable microbes are
present at all of the sampled locations. When completing a microbial diversity experiment like this, students are
asked to pay attention to the different growth rates of colonies, varying colors, and other phenotypic diversity in
different locations. Some students began playing with experimental design by adding everyday solutions like drinks,
saltwater, mouthwash, soap, or antimicrobial hand sanitizer (shown in black) to Petri dishes to observe any effects
had on microbial growth. Pictured here: growth after 7 days at 37°C. Samples were taken from around the Warren
Alpert Building, Harvard, Boston, MA.
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As scientists, we have a responsibility to communicate our research. This has been made
clear through the National Science Foundation’s (NSF) funding criteria and attention from the
US Congress. Proposals sent to the NSF are judged on the science via “intellectual
merit” (defined by the NSF as “the potential to advance knowledge”) and “the potential to
benefit society and contribute to the achievement of specific, desired societal outcomes” via
“broader impacts”195. Driving the importance of broader impacts home, Congress passed H.R.
5116 titled “The America Creating Opportunities to Meaningfully Promote Excellence in
Technology, Education, and Science Reauthorization Act of 2010”. This act outlines broader
impact review criteria to include eight goals196:
1) Increased economic competitiveness of the United States.
2) Development of a globally competitive STEM workforce.
3) Increased participation of women and underrepresented minorities in STEM.
4) Increased partnerships between academia and industry.
5) Improved pre-K–12 STEM education and teacher development.
6) Improved undergraduate STEM education.
7) Increased public scientific literacy.
8) Increased national security.
Though it is hard to imagine one project that touches on all of these areas, it is important to
remember where our research can fit into larger conversations within our communities. Engaging
the public with science may be one of the most important steps in accomplishing many of these
goals.
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We must encourage the public to interact with science in inspiring and creative ways. And
we must do this often. The scientific process is as creative as it is iterative; an idea that the
International Genetically Engineered Machine (iGEM) community has capitalized on to get high
school, undergraduate, and graduate students from around the world thinking about engineering
biology with some hugely successful projects and some that teach students how negative results
can be informative197. Art is an additional way to reach the general public and start a
conversation about creativity and possibility in science without the need for a laboratory. In
collaboration with MIT’s Media Lab, we used art to pose fantastical ideas about microbes and
ask what people can imagine science doing for them. What is science already doing for them?
What of microbes generally? What benefits are there from the symbioses we cannot avoid? What
might microbes be commandeered to do for us in the future? If we can accomplish different tasks
with microbes, should people get more comfortable with genetic engineering and genetically
modified organisms? Mushtari and the Ocean Pavilion are the two exhibits that resulted from
this work and help asking these questions.

5.3 Mushtari: A 3D printed wearable for housing microbial consortia in space
“Can we design wearables embedded with synthetic microorganisms that enhance and augment
biological functionality?” asked the designers of the Mediated Matter group led by Neri Oxman.
Mushtari (Figure 5.2) is a design that answers this question with a 3D printed wearable made to
house microbial consortia.
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Figure 5.2 Mushtari. Above is the printed Mushtari (from the Wanderers collection) design being worn. This
printing was worn and placed on exhibit without microbes in it. By Neri Oxman and Mediated Matter. 2014.
Produced by, and in collaboration with, Stratasys, Ltd. Photo: Yoram Reshef, courtesy of Mediated Matter.

Exhibit
As a part of the Wanderers collection, Mushtari is meant to explore the pairing of synthetic
biology and multi-material 3D printing by proposing artistic, beautiful, and inspiring solutions to
problems faced during imagined space travel198. The collection is made of the four wanderers,
Mushtari, Zuhal, Otaared, and Qamar, named in Arabic after Jupiter, Saturn, Mercury, and the
moon. The four wonderers are designed with a proposed biological function in mind. Mushtari
houses microbial communities that harness solar energy. Zuhal is full of fine hairs meant to
increase surface area colonized by bacteria that would ideally harness elements available on a
planet and turn them into biomass for consumption. Otaared’s design includes antler-like
protrusions meant to protect the wearer after calcification by bacteria. Qamar is full of pockets
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to house algae for air purification and biofuel production198. While all of these pieces of art are
both literally and figuratively outlandish, we focus on the design that went in to Mushtari in
order to house phototroph/heterotroph microbial communities.
Mushtari was designed to “grow” using a generative growth algorithm resulting in a 58
meter long tube that varied in diameter from 1 to 25 mm (Figure 5.3)185. This variation in
diameter size and the vast overall length theoretically allows for mixing of microbes through
channels as a result of the wearer moving and controls flow speed through different regions of
the wearable. The scale of this design also shows substantial innovation in the 3D printing field.
While other wearables have been printed, none contain fluidic networks. Conversely,
microfluidic devices are a common target for 3D printing, however they remain small in overall
size. To accomplish successful printing of Mushtari, multi-media printing was used and various
support materials were explored185.

!91

!
Figure 5.3 Design considerations: channel diameter. If cultures are required to flow through the channels of the
wearable, varying the diameter of the channels can change flow rate and culture movement. With the wearable on a
human body (computer simulation – top) channel width may also change heat penetration through the culture as well
as mixing due to the wear’s movement. Relative channel diameters (bottom) are shown within the Mushtari design
and in a flattening of the single channel that Mushtari (from the Wanderers collection) is comprised of. By Neri
Oxman and Mediated Matter. 2014. Produced by, and in collaboration with, Stratasys, Ltd. Image: Mediated Matter.

In addition to varying diameter, transparency of the channel was designed with the
microbial communities in mind (Figure 5.4). Because the target microbial consortia would be
composed of phototrophs to capture solar energy and produce feedstocks for heterotrophs that
would then create a desired product, the wearable was designed with transparent regions to allow
light in for phototroph growth. Opaque regions were also included because of potential negative
interactions between phototrophs and heterotrophs71. In regions where no light penetrates into
the design, heterotrophic microbes would ideally proliferate and produce desired compounds.
Variations in transparency and light penetration were accomplished by varying red (VeroRed)
and transparent (VeroClear) material droplets during printing as well as channel thickness185.
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Figure 5.4 Design considerations: material variation. With a given channel geometry (left column) materials can
be varied (each row is a variation: top – gradient along path, middle – gradient within area, bottom – cycling
gradient). This variation, if it affects transparency (middle column), results in opaque and clear regions throughout
the print. When considering the growth of phototroph/heterotroph symbioses, the transparent areas allow light in
enabling phototrophic growth whereas in opaque areas, heterotrophs would thrive as a result of being removed from
light-dependent photosynthetic production of reactive oxygen species (bacterial activity in right column). In the right
panel, a printed piece of Mushtari (from the Wanderers collection) shows light penetration through some regions and
opaqueness in others. The colors in this image are printed in the piece – they are not produced by microbial growth.
By Neri Oxman and Mediated Matter. 2014. Produced by, and in collaboration with, Stratasys, Ltd. Image: Mediated
Matter.

While the design of Mushtari is itself inspiring, functionalizing it with microbes is a
challenge. While many 3D printed materials are well suited to use in medicine and scientific
research199–204, many remain poorly characterized199–204. In order to investigate the suitability of
the 3D printing materials used for microbial culturing, we characterized the growth of
Escherichia coli and Bacillus subtilis in 3D printed tubes (Figure 5.5). Because 3D printing with
the materials used in The Wanderers collection involved support materials in addition to the
material that makes up the design, we tested tubes of the same geometry printed with or without
two different support materials185. We saw no significant difference between growth under these
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conditions which is promising for heterotroph growth within Mushtari. However, it is important
to note that 3D printed tubes need to be optimized for consistent texture, ease of support material
removal, and robustness to sterilization protocols before more microbial experiments are
completed. Phototroph growth has yet to be optimized with these materials. Trial experiments
with the Synechococcus elongatus showed halted grown or bleaching over time showing that,
while a novel idea, Mushtari -and the idea behind the design- will not be functional without a
great deal of further tinkering.

!
Figure 5.5 Bacterial growth in 3D printed tubes. E. coli (circles) and B. subtilis (triangles) were grown in 3D
printed tubes. Store-bought polypropylene (PP; black), 3D printed VeroClear with insoluble support (ISS; red), and
3D printed VeroClear with soluble support (SS; yellow) tubes were used. (A) Doublings per hour from ≥6 replicates
were calculated. Each point is a biological replicate. The average value is shown with a horizontal black line. Error
bars represent standard deviation. E. coli (B) and B. subtilis (C) growth curves from biological triplicates completed
on the same day are shown for lag time, curve shape, and final OD comparison.

Space travel has been inspiring young minds since the space race. There is something
energizing about the idea of leaving this planet to explore what is beyond it. Mushtari plays on
the draw we have to science related to space exploration while prompting viewers to think about
microbes, their utility here on earth or in space, and how humans and microbes interact. While
being solidly science fiction in functionality, the creation and characterization of Mushtari made
substantial advancements in 3D printing by being the largest multi-material fluidic wearable
printed to date, forcing designers to print multiple materials in a novel way to control support
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material, channel diameter, and opacity, as well as beginning the characterization of these 3D
printed material for microbial growth. This brings to life an inspirational concept that is stunning
for the public to view and think about.

5.4 Printing chitosan, microbial growth, and nitrogen availability in The Ocean Pavilion
Moving from space, the final frontier according to Star Trek, we move to the oceans, which have
been touted as the last great frontier on earth. There is still a great deal to be learned about the
oceans that cover our planet and impact almost every aspect of life from the air we breathe to
weather; from energy to food.
Despite their importance, we have failed to keep our oceans clean. The amount of plastic
in our oceans is increasing each year205–207. Once plastic is in the ocean it is difficult to clean up
though there have been interesting innovations in that area208,209. One particularly harmful
process is the fragmentation of plastics into tiny pieces210,211. These tiny pieces, along with the
micro-plastic beads commonly found in certain personal health products including soap, handsanitizers, toothpastes, and cleansers, can subsequently be eaten by sea life. This can impact the
lifespan and reproduction of individual organisms that consume the plastic but also alter the
entire food web that these animals are involved in212–215.
With all the negative impacts plastic can have, it is necessary that humanity find a way to
deal with it. While collecting and recycling plastic waste are noble and necessary tasks, reducing
how much is produced is also required. In order to reduce the amount of plastic used, people can
make personal choices like using reusable grocery bags and avoiding disposable plastic cutlery.
However, there are some areas in which we cannot avoid using plastic-like material so we need
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to find substances that replace plastics. The ideal plastic substitute would be biodegradable while
maintaining the variable flexibility/rigidity, durability, and strength of plastics. There is likely not
a single plastic substitute that can replace all plastics. Consequently, many bioplastics have been
developed and studied for particular functions216.
Chitosan is one particularly interesting plastic substitute217–219. Chitosan is derived from
the second most abundant polymer on earth after cellulose: chitin. Chitin is found throughout the
tree of life but is likely best known for being the primary component of crustacean and insect
exoskeletons (Figure 5.6)220.

!
Fig. 5.6 Natural sources of chitin. Chitin is a primary component of crustacean exoskeletons, insect exoskeletons
and wings, and even squid beaks. Designed by the Mediated Matter Group in collaboration with Dr. James Weaver,
Prof. Javier G. Fernandez, Prof. Donald E. Ingber, Prof. George Church, Prof. Pamela Silver, Prof. Tim Lu, Allen
Chen, Stephanie Hays, Eléonore Tham and Dan Robertson. The project was supported in part by ThyssenBornemisza Art Contemporary (TBA-21). Contributing researchers: Jorge Duro-Royo, Laia Mogas-Soldevila,
Markus Kayser, William Patrick, Sunanda Sharma, John Klein, Chikara Inamura and Steven Keating. 2014. Photo
credit: Will Patrick, courtesy of Mediated Matter.
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In an effort to raise questions about plastic usage and replacement as well as the
possibility of printing with environmentally friendly substances, the Ocean Pavilion was
designed. This exhibit is ocean-themed in that it is composed of chitosan (primarily extracted
from shrimp shells) and aims to change plastic technologies that may impact the health of the
world’s oceans. Additionally, the designers of the pavilion planned to incorporate living microbes
into designs. This seems to be driven by a mindfulness of living creatures that would be living in
the oceans we hope to clean. Photosynthetic microbes are an obvious choice because of their
prevalence in the oceans and their role as primary producers across the globe.

Exhibit
Man-made chitosan constructs may do less damage than plastics to the natural world: they are
environmentally friendly and may be able to house helpful microbes. Structures made of chitosan
are largely environmentally friendly because they can be printed with mild chemicals (4% acetic
acid, water, and chitosan) and are biodegradable219,221. Chitin and chitosan also have properties
that may be useful in some products, like inhibition of some bacterial growth222. Conversely,
biological systems could be used to augment chitosan structures if they are designed to sustain
microbial life (e.g., calcifying bacteria could be grown to add strength to products)221.
Chitosan products can be made a number of ways – including being 3D printed. In order
to print with chitosan at the Media Lab, a 6-axis robotic arm was modified to print with 6
hydrogels with varying composition (Fig 5.7)219,223. The printing of these hydrogels can impact
the mechanical properties of a product. This is accomplished by printing areas of different
densities or thickness with the help of various heads on the printing arm. Additionally, more
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characteristics can be changed by overlaying chitosan with solutions of different
compositions217,224. !

!
Fig. 5.7 Chitosan printing exhibit. Using a large 3D printing apparatus with multiple nozzles, large structures
reminiscent of insect wings were printed in a public lobby where the people could see the process as it was
happening. Water-based Fabrication. Designed by the Mediated Matter Group in collaboration with Dr. James
Weaver, Prof. Javier G. Fernandez, Prof. Donald E. Ingber, Prof. George Church, Prof. Pamela Silver, Prof. Tim Lu,
Allen Chen, Stephanie Hays, Eléonore Tham and Dan Robertson. The project was supported in part by ThyssenBornemisza Art Contemporary (TBA-21). Contributing researchers: Jorge Duro-Royo, Laia Mogas-Soldevila,
Markus Kayser, William Patrick, Sunanda Sharma, John Klein, Chikara Inamura and Steven Keating. 2014. Photo
credit: Laia Mogas-Soldevila, Markus Kayser, and Steven Keating, courtesy of Mediated Matter.

The large printed components (Fig. 5.7 bottom right) of the Ocean Pavilion were
designed to mimic both insect wings and leaves. With these natural structures in mind, varied
longitudinal structures were printed with supportive cross-hatching or veining. The density and
hydration of the printed patterns change the mechanical properties of these structures. As the
hydrogels dry, they curl and bend dependent on the printed design. The finished products are
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self-supporting, lightweight cantilevers across which the elasticity varies based upon printed
density and hydration223.
These beautiful structures demonstrated successful design in chitosan, however, in order
to functionalize 3D printed chitosan with microbes, varying structures to house organisms were
made. These included bubbles chitosan gels, channels, and dimples (Fig. 5.8). Bubbles were
created by blowing air into high-density (and therefore high viscosity) chitosan gels. Channels
were created with the use of low melting point support material. Dimples were created by
overlaying patterned templates with low-density chitosan mixtures. After these constructions
dried, they were neutralized with 20% sodium hydroxide. This neutralization step kept the pieces
from dissolving when in contact with liquid media. S. elongatus was used to test the capacity of
these constructs to hold bacteria (Fig. 5.8). Constructs could be successfully loaded with
microbes. Unfortunately the hydrogels absorb liquid media and are gas permeable resulting in
dried out experiments unless pieces of chitosan were submerged. This may be overcome with
bacteria that form biofilms on surfaces that are cyclically wet and dried or with the addition of a
sealant after inoculation with microbes and media.
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Fig. 5.8 Chitosan compartments for bacteria and testing with S. elongatus. Bubbles, channels, and dimples were
constructed out of chitosan and neutralized to serve as containers for microbial growth (top). S. elongatus (green,
bottom) was injected or spread over these pieces to test whether or not structures could hold microbes. While the
cyanobacteria could be added to the structures, they quickly dried out unless submerge in media. Samples like these
submerged in media were presented in Petri dishes under glass at the exhibit. Water-based Fabrication. Designed by
the Mediated Matter Group in collaboration with Dr. James Weaver, Prof. Javier G. Fernandez, Prof. Donald E.
Ingber, Prof. George Church, Prof. Pamela Silver, Prof. Tim Lu, Allen Chen, Stephanie Hays, Eléonore Tham and
Dan Robertson. The project was supported in part by Thyssen-Bornemisza Art Contemporary (TBA-21).
Contributing researchers: Jorge Duro-Royo, Laia Mogas-Soldevila, Markus Kayser, William Patrick, Sunanda
Sharma, John Klein, Chikara Inamura and Steven Keating. 2014. Photo credit: Laia Mogas-Soldevila, Markus
Kayser, and Steven Keating, courtesy of Mediated Matter.

Because chitosan compartments dried out, we instead moved to growth of microbes with,
but not contained by, chitosan structures. S. elongatus growth was tested with chitosan because
of the prevalence of phototrophic microbes in the ocean (as the ocean is the over-arching theme
of the exhibit). Additionally, sucrose-secreting S. elongatus is capable of supporting
photosynthetic communities (Chapter 3). Designers liked the idea that communities containing
certain bacteria (e.g., calcifying bacteria) might be able to change the physical properties of the
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chitosan structures they are grown on. To test growth, flasks of S. elongatus were set up and
equal weights of chitosan in varying forms were added (Fig. 5.9).

OD750

10

Fig. 5.9 S. elongatus grown with chitosan. S. elongatus was grown in
BG-11 media alone (green), with chitosan powder (black), 3D printed
chitosan (teal), or neutralized 3D printed chitosan. Growth was
determined via OD750 and was measured every 24 hours.
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S. elongatus did not grow in the presence of chitosan powder or printed chitosan that was
not neutralized, however growth was seen with neutralized chitosan. While further investigation
is needed, pH may be an important factor resulting in the death of S. elongatus with nonneutralized chitosan because of increased acidity. However, growth of S. elongatus with
neutralized chitosan was possible and no pH change was witnessed. This growth suggested that
the neutralized chitosan might even be beneficial to cyanobacterial growth.
Neutralized chitosan may fertilize media. Looking at the structure of chitosan as well as
previous literature, we determined that the neutralized 3D printed chitosan might be leaching
nitrogen, a major component of fertilizers, into the medium. This led us to test the levels nitrite
and nitrate in media after 24 incubations with 3D printed pieces (Fig 5.10A&B). Upon noticeable
nitrite and nitrate accumulation in media after 24 hours, we then tested whether or not 3D printed
chitosan could recover growth of S. elongatus in nitrogen-deplete BG-11 (Fig 5.10C). Cells grew
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more successfully in nitrogen-deplete BG-11 with neutralized chitosan than when neutralized
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Fig. 5.10 Nitrogen leaching into culture media. Experiments testing the amount nitrite (left) and nitrate (middle)
leached into media from neutralized 3D printed chitosan after 24 hours under standard culture conditions for S.
elongatus were measured. Large, scaled up versions of the nitrite and nitrate colorimetric assays were put on display
in Petri dishes under glass at the exhibit to bring home the fact that even object manufactured from natural
components can impact their environments. S. elongatus was grown in nitrogen depleted media (right) alone or
supplemented with neutralized 3D printed chitosan.

The Ocean Pavilion, when completed, showed examples of chitin in biological specimens
(Fig. 5.6), the 3D printer apparatus (Fig 5.7), 3D printed designs (Fig 5.8), and came full circle
ending with S. elongatus growing with chitosan and theoretical potential of this material to
fertilize instead of damage environments (Fig 5.9&10). While there is much more investigation
necessary, this exhibit showcased research spanning from the ocean creatures people relate to
easily and to what is possible with chitosan as a bioplastic.

5.5 Discussion
The Ocean Pavilion and Mushtari are very different pieces of art and yet they both ask viewers
to think about how different things are connected and interact. Mushtari focuses on wearable
designs functionalized by biology to fuel space exploration. The Wanderers together propose
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symbiotic interactions with various microbes to best harness or confront unknown conditions in
fantastical space travel. The Ocean Pavilion highlights our impact on our environment through
plastic and the possibility of environmentally derived solutions that still fit into burgeoning
technological platforms like 3D printing. While it is not always possible to bring people in to
labs directly, exhibits allow us to reach a portion of the public and get them thinking about these
topics with objects that they interact with concretely: they could walk through the Ocean
Pavilion, watch the 3D printing of chitosan happening, or visit Mushtari to look through its’
channels.

5.6 Materials and methods
5.6.1 Strains and media
E. coli (BW25113), B. subtilis (168), and S. elongatus (PCC7942) were acquired from ATCC. E.
coli and B. subtilis were propagated in LB-Miller broth at 37°C while S. elongatus was
propagated in BG-11 with 1 g/L HEPES, pH 8.0 under constant light at 35°C in an enriched CO2
environment.

5.6.2 3D printing and cytotoxicity of tubes
3D printed tubes were designed to have the same geometry as 14mL culture tubes (Falcon)
although slightly thicker in hopes of improving strength and achieving watertight prints. They
were printed with VeroClear (Stratasys) material with either insoluble support (SUP705) or
soluble support (SUP707). Once printed, pieces were cleaned with a water jet, immersed in 2%
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sodium hydroxide for one hour, and washed again with the water jet. This process was repeated
before pieces were boiled, rinsed, and autoclaved185.
Sterile tubes were used to measure the growth rate of E. coli and B. subtilis in rich media.
After individual colonies of each microbe were picked into Miller-LB over night at 37°C, cells
were diluted to OD600 ≤0.05. Cultures were then split between three different conditions: storebought control polypropylene tubes and 3D printed tubes with either soluble or insoluble support
material. Each tube was then placed inside a 50mL tube (Falcon) which was then capped.
Cultures were grown at 37°C at 200rpm with measurements taken every 30 minutes.

5.6.3 Preparation and sterilization of chitosan
Powdered chitosan (Sigma) was mixed with 4% w/v acetic acid in concentrations ranging from 3
to 9%. 3D printing was conducted at MIT’s Media Lab. Pieces of dried 3D printed chitosan were
then processed by neutralizing in 20% sodium hydroxide. Neutralization was used to ensure both
that pH of media in contact with pieces would not change and that pieces would not degrade
substantially during experiments. For experiments measuring nitrogen leaching or growth of S.
elongatus in nitrogen depleted media supplemented with chitosan, dried samples were weighed
and broken into 1 gram pieces as measured by dry weight. Thin pieces and films were submerged
for 20 minutes before being rinsed in distilled water and dried. UV illumination of pieces was
used for sterilization. Each piece was sterilized for 1 hour before being flipped over and
sterilized for an additional hour. Sterilization (at least a degree of sterilization) was confirmed by
placing some sterilized pieces in LB-Miller broth and incubating overnight. Ethanol and bleach
can also be used to sterilize chitosan however the chitosan absorbs liquid resulting in inhibited
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microbial growth if all bleach/ethanol has not been washed away or evaporated after
sterilization223.
!
5.6.4 Growth of S. elongatus
S. elongatus was back diluted into fresh BG-11 ≥12 hours before the onset of experiments. At
time 0, cells were diluted to the same OD750 and growth was monitored by removing aliquots and
repeating OD750 measurements.

5.6.5 Nitrite and nitrate measurements
After 24 hours in nitrogen deplete media, samples were taken and tested for nitrite and nitrate
content via Nitrite/Nitrate Colorimetric Tests (Roche) as per the manufacturer’s instructions.

5.7 Acknowledgments
For this section I must first thank Pam for allowing the required broader impacts of my NSF
graduate research fellowship to be numerous and varied. She let me teach even when I went
beyond the number of courses requested by my PhD program, had to leave lab early to go to
local schools, spent weekends at iGEM without coming in to lab, or left to teach in Mexico. Of
those engagements, Adrian Jinich and Cheko Cantu made it possible for me to design my own
synthetic biology curriculum in Clubes de Ciencia while Kristala Prather, Felix Moser, and
Sophia Reyes-Hadsall made it possible for me to continue fine-tuning that course in MIT’s
SEED Academy.

!105

Beyond teaching, Pam also encouraged explorative and artistic collaborations with
Mediated Matter at MIT’s Media Lab. At Mediated Matter, I need to thank Neri Oxman for her
unique view of the world and her passion for the work as well as the community she has created
in her lab. Special thanks also goes out to Steven Keating for introducing me to the projects as
well as working on them with me, and Will Patrick who was my closest friend, collaborator, and
a constant source of optimism and interesting ideas in the Media Lab. As Will and Steven left for
new positions, Sunanda Sharma, Jorge Duro-Royo, Lia Mogas-Soldevila, Christoph Bader, and
Dominik Kolb were crucial to finishing up projects and making sure there were publishable
pieces or displayable art185,223.
The aspects of this work completed by me were funded by the National Institutes of
Health Grant GM080177, by the National Science Foundation Graduate Research Fellowship
Program under Grant No. DGE1144152, the Chemical Sciences, Geosciences and Biosciences
Division, Office of Basic Energy Sciences, Office of Science, U.S. Department of Energy Award
Number DE- FG02-91ER20021, the Department of Energy DE-SC0012658 ‘Systems Biology of
Autotrophic-Heterotrophic Symbionts for Bioenergy’, and the Wyss Institute for Biologically
Inspired Engineering. As my science has been supported by government funds, my thank you
also extends to taxpayers for their support. I would also like to call out MIT’s Media Lab again
for its’ support as well as Stratasys for the ongoing collaboration they have with Neri’s group
which enables the creation of art like the Wanderers. The Ocean Pavilion was also!supported in
part by Thyssen-Bornemisza Art Contemporary (TBA-21).
I would also like to thank Colleen Cavanaugh and Ann Hays for their thoughtful reviews
of this chapter.

!106

CHAPTER 6.
CONCLUSIONS
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My concluding observations and thoughts are summarized in CHAPTER 6. CONCLUSIONS.
Joseph Negri and Isaac Plant provided the samples for the natural consortia and transformation
Petri dish cultures, respectively.
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6. CONCLUSIONS
Photosynthetic communities are incredible – they are prevalent throughout the natural world, key
to the evolution of life on this planet, and take solar energy, fix CO2, and convert it to biomass
(something that we should be reminded is no easy task for an organism). They serve as primary
producers, and as such, we consumers depend on them. The interactions between phototrophs
and other organisms are varied and broad. Even after narrowing our view down to the
microscopic level, there are more conversations being had between microbes than we can grasp.
For example, consider a sample of lake water (Fig. 6.1, left). After plating on a Petri dish with
minimal medium components and growing in light, a myriad of different microbes grow up into
colonies or lawns with varying colors, shapes, and thicknesses. We can see clearly some
filaments and areas reminiscent of clearance zones.

!

Fig. 6.1 Phototrophic growth. BG-11 plates containing no fixed carbon were inoculated with (left) a sample of lake
water from New Hampshire or (right) a transformation of S. elongatus PCC7942.
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We can simplify further - down to the level of well-studied model organisms. Looking at
the lab cyanobacterial strain Synechococcus elongatus PCC7942 (Fig. 6.1, right), there is less
variability and we can be more comfortable predicting what will grow after plating or in more
complicated experiments. Building complexity back up from monoculture to mixed communities
pairing S. elongatus and heterotrophs has been an illuminating experience. Through the work
presented here, I showed successful establishment of three different dyads: 1) S. elongatus and
Escherichia coli 2) S. elongatus and Bacillus subtilis and 3) S. elongatus and Saccharomyces
cerevisiae. Using these varied heterotrophs, I saw both expected engineered interactions as well
as emergent interactions between microbes that span multiple synthetic photosynthetic consortia.
Characterizing these interactions at a high level yields some insights into what forces play roles
in shaping symbioses involving phototrophs.
Of the emergent interactions we see, the boost in cyanobacterial growth in co-culture (in
liquid and on solid plates) is particularly interesting. We have anecdotally noted that
contamination is common in cyanobacteria stocks; samples received from culture collections or
other labs are oft home to heterotrophs that will form colonies when struck out on rich media and
incubated. Similarly, many synthetic biology and genetic engineering attempts in cyanobacteria
devote some portion of their materials and methods sections to checking for contamination. In
contrast, when scaled for production of compounds, scientists may continue on with experiments
as long as unidentified contaminants are low in number and production rates from the
photosynthetic cultures are consistent. This is important in that it might explain variation from
lab to lab and impact our experiments. It is time for a paradigm shift – perhaps it would be better

!110

to not spend our time painstakingly keeping phototroph cultures as ‘clean’ monocultures - but
instead introduce the right ‘contaminant’ for whatever the end goal of the experiment is.
While we do not yet understand the mechanisms underlying the emergent interactions we
observe (both the beneficial effect cyanobacteria see or the detrimental effect heterotrophs suffer)
the platform created within this work lays the foundation for the studies necessary to reveal those
underpinnings. I believe the continuation of the experiments proposed and begun in Chapter 4,
particularly the metabolic models and changes in gene expression, will be insightful in respect to
unearthing mechanism underlying the growth dynamics we see.
The flexibility of the platform of synthetic photosynthetic consortia constructed in this
thesis has potential as a biotechnology platform however, I believe the real power of flexibility
becomes apparent when combined with long-term culture. With the continuous culture presented
and demonstrated in Fig 3.4 and supplemental figures it would be possible to add heterotrophs
that may not be ideally suited to photosynthetic consortia and evolve them over time. This would
be helpful for biotechnologists with engineered strains used for characteristics they value more
than compatibility with phototrophs. Additionally, it would be interesting to take wild type
heterotrophs and grow them in continuous culture long term. I am particularly interested in this
experiment because spatial structure can be very important to natural cross-feeding interactions.
It would be exciting to see under what conditions physical attachment between symbionts
evolve, along with whatever other mutations arise to enhance growth in co-culture.
My parting thoughts at the end of my PhD are that people, like microbes, are better
together. Every organism has a role it can play; whether I decide to spend my time figuring out
the interactions between microbes or switch to science education or move on to some other
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unforeseen path, I am part of a bigger whole. I must extend my thanks again to all of those who
helped me and I would like to encourage any person who read this far to continue interacting
with the world playing the best role that you can manage. I hope the majority of your interactions
are good, that the negative ones are not too detrimental, and that you can learn from all of it.
Good luck.
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APPENDIX 1: CROSSWORD SOLUTION
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APPENDIX 2: CHAPTER 3 SUPPLEMENTAL DATA
A2.1 Monoculture cyanobacteria characterization in CoYBG-11
!
Fig. A2.1 Monoculture
CoYBG-11.!!

cyanobacteria

characterization

in

Cell growth of cscB+ S. elongatus (A) and sucrose levels in culture
supernatants (B) were measured in CoYBG-11 with (solid lines) or
without (dashed lines) IPTG. Error bars are standard deviation of 5
biological replicates.!

A2.2 Replicate batch co-cultures

Fig. A2.2 Replicate batch co-cultures.
To capture variation in co-culture growth, 10 biological replicates of the prokaryotic co-cultures (A, D&E) and 9
replicates of the S. cerevisiae co-cultures (B&C) were set up on 5 and 3 different days, respectively. These data
include those presented in Fig. 3.2. Error bars represent standard deviation. Cultures with (solid lines) and without
(dashed lines) IPTG to induce sucrose secretion are shown. S. elongatus (A-E; green) was measured in cells/mL for
each culture. B. subtilis (A; blue), S. cerevisiae (B&C; purple), and E. coli (D&E; orange) were measured via CFU/
mL. Two strains of S. cerevisiae, the wild type strain W303 (B) and W303Clump (C) engineered for increased growth
in low concentrations of sucrose, were tested. Growth of W303 was not observed however growth of W303Clump was
achieved with the addition of IPTG (C; solid line). Two strains of E. coli, wild type strain W (D) and the W ΔcscR
strain engineered for efficient sucrose utilization (E), were tested and consistently showed monotonic growth.
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A2.3 OD600 vs. viable cells counts for all heterotrophs

#

Fig. A2.3 OD600 vs. viable cells counts for all heterotrophs.
Correlation between OD600 and CFU/mL in co-culture media supplemented with 2% sucrose is shown. All strains of
heterotrophs were analyzed; E. coli W (A), E. coli W ΔcscR (B), B. subtilis 168 supplemented with indole (C), B.
subtilis 3610 (D), S. cerevisiae W303 (E), and S. cerevisiae W303Clump (F). Distinct colors represent different
biological replicates.

A2.4 Additional heterotrophic prokaryotes demonstrate sensitivity to S. elongatus in light

Fig. A2.4 Additional heterotrophic prokaryotes demonstrate sensitivity to S. elongatus in the light.
The B. subtilis production strain, 168, (A) and W E. coli strain (B) demonstrate light-dependent sensitivity to dense
cyanobacteria cultures. Co-cultures were set up with S. elongatus of varying concentrations (increasingly dark green
backgrounds) and heterotroph CFUs were determined after 12 hours of exposure to either light or dark. Ratios of
CFU in light compared to CFU in dark are reported. Thick horizontal lines represent the average measurement for
each condition while thin horizontal lines represent one standard deviation from the mean. P-values of two-tailed ttests with Welch’s correction are denoted with asterisks: * 0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001, ****
<0.0001.
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A2.5 Cyanobacteria benefit from heterotrophs in batch culture

Fig. A2.5 Cyanobacteria benefit from
heterotrophs in batch culture.
Results from all batch cultures

A2.6 Replicate E. coli/cscB+ S. elongatus co-cultures

#

described in Fig. 3.2 and Fig. A2.2 were
analyzed by normalizing the number of
cyanobacteria in co-cultures to the
number
of
cyanobacteria
in
monoculture control cultures at every
data point (every 12 hours for 2 days).
Of these points, the maximum value for
each culture is plotted (each point is a
biological replicate). Averages (thick
black lines) and standard deviations
(thin black lines) were determined from
10 biological replicates for prokaryotes
(B. subtilis 3610 in blue, E. coli, both
WT W and W ΔcscR, in orange) and 9
biological replicates for S. cerevisiae
(purple).

Fig. A2.6 Replicate E. coli/cscB+ S. elongatus co-cultures.
Additional photobioreactor continuous co-culture replicates of E. coli W ΔcscR /cscB+ S. elongatus with 1 mM
IPTG were set up in constant light. Optical density of the entire culture (black scatter plots) and cell counts for the
individual species were tracked (green S. elongatus, orange E. coli W ΔcscR) for more than 2 weeks.
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A2.7 Replicate S. cerevisiae/cscB+ S. elongatus co-cultures
Fig. A2.7 Replicate S. cerevisiae/cscB+ S.
elongatus co-cultures.
Additional continuous co-culture replicates of
W303Clump S. cerevisiae /cscB+ S. elongatus with
1 mM IPTG were set up in alternating light/dark
(dark periods shown in grey). Optical density of
the entire culture (black scatter plots) and cell
counts for the individual species were tracked
(green S. elongatus, purple W303Clump S.
cerevisiae) for more than a week.

A2.8 Extended continuous S. cerevisiae/cscB+ S. elongatus co-cultures
Fig. A2.8 Extended continuous S.
cerevisiae/cscB+ S. elongatus co-cultures.

Two co-cultures, (A) and (B), of S.
elongatus and S. cerevisiae W303Clump were
inoculated in photobioreactors under constant
light with 1mM IPTG to induce sucrose
export. The number of cyanobacterial and
yeast cells within the co-culture were
monitored daily by withdrawing samples
from the reactor and measuring W303Clump
viable cell counts by plating serial dilutions
on YEPD medium (light purple). Cell counts
for cyanobacteria were estimated by
measuring OD750 of the total culture
following a light centrifugation step (100g for
30 sec) which pelleted >90% of the
W303Clump cells but which left smaller
cyanobacterial cells in suspension: OD750
measurements were compared to a standard
curve (C) to estimate cyanobacterial cell
number.
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A2.9 Hyper-oxygenation of shared media contributes to the inhibitory effect of S. elongatus
on B. subtilis in co-culture.
Fig. A2.9 Hyper-oxygenation of shared media contributes

to the inhibitory effect of S. elongatus on B. subtilis in coculture.
Co-cultures of B. subtilis 3610 and high density S. elongatus
(6.6x108cells/mL) were inoculated and grown with
supplemented sucrose (2%) in light or dark (grey). A) The
oxygen evolution Photosystem II inhibitor DCMU, or vehicle
control was added to initial cultures. B) The antioxidant
thiosulfate or vehicle control was added to initial cultures.
After 12 hours, B. subtilis 3610 CFU/mL were determined. C)
Co-cultures were prepared as above and parent cultures were
split into equal volumes into two sealed containers. One
container was sealed with atmospheric oxygen levels. The
second was sparged with gas (12:10:82 H2:CO2:N2) to deplete
oxygen. Viable B. subtilis CFUs were determined after 12
hours in the light. Biological replicates are represented by
points on the graph; hollow circles on the x-axis represent
replicates in which no colonies grew. Thick horizontal lines
represent the average measurement for each condition while
thin horizontal lines represent one standard deviation from the
mean. Repeat measure one-way ANOVA was used to
determine significant deviation between means. The HolmSidak multiple comparison test was used to compare all
conditions to the light + vehicle control. P-values are denoted
with asterisks: * 0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to
0.001.
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A2.10 Heterotroph growth in media conditioned by S. elongatus
Fig. A2.10 Heterotroph growth in media
conditioned by S. elongatus.
Indicated heterotrophic strains were grown in fresh

or cyanobacteria-conditioned media in 96-well
plates similar to Fig. 2C. To condition media
(CoBBG-11 for prokaryotes; CoYBG-11 for S.
cerevisiae) was seeded with cscB+ S. elongatus at
OD750 0.5 and allowed to grow in constant light for
48 hours with 1mM IPTG to induce sucrose export.
This media was then filtered to acquire conditioned
media (CM). Sucrose (2%) was added to a portion
of CM yielding CM + sucrose. Fresh media with
no supplemented sucrose (M; CoBBG-11 for
prokaryotes; CoYBG-11 for S. cerevisiae) was used
as a negative control. Indicated heterotrophic
species were inoculated into the respective media
and microbial growth was measured after 24 hours
of growth for bacteria and 48 hours of growth for
S. cerevisiae of growth by measuring OD600.
Biological replicates are represented by points on
the graph. Long horizontal lines represent the
average measurement for each condition while
short horizontal lines represent one standard
deviation from the mean. Repeat measure one-way
ANOVA was used to determine significant
deviation between means. Dunnett’s test was used
to compare growth in conditioned medias with
fresh media. P-values are denoted with asterisks: *
0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001.
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A2.11 S. elongatus growth in media conditioned by heterotrophs
Fig. A2.11 S. elongatus growth in media conditioned by
heterotrophs.
E. coli W ΔcscR and B. subtilis 3610 were inoculated in
CoBBG-11supplemented with 0.2% sucrose, then incubated at
35°C for 48 hours. At this point culture supernatants were filtered
to remove heterotrophs. WT S. elongatus was inoculated in this
heterotroph-conditioned media and grown under constant
illumination. These cultures were tracked via OD750.
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APPENDIX 3: MATHEMATICAL FRAMEWORK SUMMARY OF INTERACTIONS
A3.1 Initial Framework
Cyanobacterial growth in monoculture is approximated as linear, as observed in 48hr batch cocultures (Fig. 3.1B), by Equation 1:
(1)

P(t) = µP t + P(0)

where P(t) is the phototroph population at time t, µP is the growth rate of the phototroph, and
P(0) is the initial inoculum of phototrophs. All variables and functions are summarized in Table
8.1.

Table A3.1 Function and variable key
Variables & functions

Definition

t

Time

P(t)

Phototroph population at time t

µP

Phototroph growth rate

S(t)

Sucrose concentration at time t

α

Sucrose production rate by the phototroph

H(t)

Heterotroph population at time t

µH

Heterotroph growth rate

β

Coefficient of proportionality

µmax

Maximal heterotroph growth rate in sucrose

Shalfmax

Sucrose concentration at which heterotroph growth rate is half maximal

γP⊣H

Interaction coefficient describing phototroph interaction with
heterotroph growth

γH→P

Interaction coefficient describing heterotroph interaction with
phototroph growth
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The growth rate, µP, is experimentally determined and differs in the presence or absence
of IPTG, which induces cscB expression and diverts cellular resources from growth to sucrose
secretion (Fig. 3.1B, 3.1C, A3.1.1&A3.1.2). Experimentally determined values are summarized
in Table A3.2.

Table A3.2 Experimentally determined values for initial conditions
Variables & functions
t

Values
0 to 48 hours

P(0)

1.000 x 108 cells per mL

µP

Without IPTG: 1.785 x 107 cells per hour
With IPTG: 1.021 x 107 cells per hour

S(0)

0 mg per mL

α

Without IPTG: 6.4412 x 10-12 mg per phototroph per hour
With IPTG: 3.9253 x 10-11 mg per phototroph per hour

Sucrose production from cyanobacteria, as measured in Fig. 3.1C, can be approximated
by Equation 2:
S’(t) = α P(t)

(2)

where the sucrose concentration, S(t), changes at a rate determined by the sucrose production
rate, α, and the phototroph population, P(t), at time t. Equations 1 and 2, with variables set to
experimentally determined values, are sufficient to mathematically recreate Fig. 3.1B and Fig.
3.1C, shown in Fig. A3.1 and A3.2, respectively.
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!
Fig. A3.1 Model approximation of phototroph growth in monoculture. Using equation 1, phototroph growth is
approximated. The initial conditions and parameters used to generate this graph: P(0) is 1x108 cells/mL, µP without
IPTG was 1.785 x107 hours-1, µP with IPTG was 1.022 x107 hours-1.

!
Fig. A3.2 Model approximation of secreted sucrose from phototroph. Using equations 1&2, sucrose production
from the phototroph with (solid line) and without (dashed line) is approximated. The initial conditions and

µP without IPTG is 1.785 x107 hours-1, µP with
IPTG is 1.022 x107 hours-1, S(0) is 0 mg/mL, α without IPTG is 6.4412 x 10-12 mg per phototroph per hour, α with
parameters used to generate this graph: P(0) is 1x108 cells/mL,
IPTG is 3.9253 x 10-11 mg per phototroph per hour.
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To approximate heterotroph growth, the Monod Equation134,135 was used yielding:
H(t) = µH H(t)

(3)

µH = µmax S(t) / (Shalfmax + S(t))

(4)

where the heterotroph population, H(t), is dependent on the growth rate,!µH. That growth rate,!µH,
is determined from the maximal growth rate of the heterotroph growth when sucrose is not
limited (µmax), the concentration of sucrose at which the growth rate is half maximal (Shalfmax),
and the sucrose concentration are the time (S(t)).
Meanwhile, the sucrose concentration decreases proportionally with the growth rate. The
coefficient of proportionally (β) in the amount of sucrose required for the creation of a new cell.
This results in:
S’(t) = -β H(t) S(t)/(Shalfmax + S(t))

(5)

A3.2 Co-culture Framework
To make a framework for co-cultures, the sucrose concentration is a combination of equations 2
and 5.
S’(t) = α P(t) - β H(t) S(t)/(Shalfmax + S(t))

(6)

The density dependent impact of cyanobacteria impact on heterotroph can be implemented by
altering equation 4 to:
µH = µmax S(t) / (Shalfmax + S(t)) - γP⊣H P(t)
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(7)

Because we have not seen density dependence in respect to the positive effect of heterotrophs on
phototroph growth we alter the cyanobacterial growth equation with the addition of another
interaction coefficient:

P(t) = (µP + γH→) t + P(0)

(8)

This means that the complete framework for co-culture can be summarized in equation 8,
3, 7, and 6.
P(t) = (µP + γH→) t + P(0)

(8)

H(t) = µH H(t)

(3)

µH = µmax S(t) / (Shalfmax + S(t)) - γP⊣H P(t)

(7)

S’(t) = α P(t) - β H(t) S(t)/(Shalfmax + S(t))

(6)

A3.3 Exploration of parameter space
To explore the effects of varying parameters, the interaction coefficients were set to zero and the
remaining variables were set to the values in Table A3.3. Arbitrary units were used due to the
inability to determine experimental values for many of the variables.
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Table A3.3 Model variable values
Variables & functions

Simulation values for variables in mathematical framework
(arbitrary units)

P(0)

2

µP

0.20

S(0)

0

α

0.05

H(0)

1

β

0.05

µmax

1

Shalfmax

0.10
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