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ABSTRACT

Background: Microbial consortia composed of autotrophic and heterotrophic species abound in nature,
yet examples of synthetic communities with mixed metabolism are limited in the laboratory. We
previously engineered a model cyanobacterium, Synechococcus elongatus PCC 7942, to secrete the bulk
of the carbon it fixes as sucrose, a carbohydrate that can be utilized by many other microbes. Here, we
tested the capability of sucrose-secreting cyanobacteria to act as a flexible platform for the construction
of synthetic, light-driven consortia by pairing them with three disparate heterotrophs: Bacillus subtilis,
Escherichia coli, or Saccharomyces cerevisiae. The comparison of these different co-culture dyads
reveals general design principles for the construction of robust autotroph/heterotroph consortia.

Main findings: We observed heterotrophic growth dependent upon cyanobacterial photosynthate in
each co-culture pair. Furthermore, these synthetic consortia could be stabilized over the long-term
(weeks to months) and both species could persist when challenged with specific perturbations. Stability
and productivity of autotroph/heterotroph co-cultures was dependent on heterotroph sucrose utilization,
as well as other species-independent interactions that we observed across all dyads. One interaction we
observed to destabilize consortia was that non-sucrose byproducts of photosynthesis negatively
impacted heterotroph growth. Conversely, inoculation of each heterotrophic species enhanced
cyanobacterial growth in comparison to axenic cultures Finally, these consortia can be flexibly
programmed for photoproduction of target compounds and proteins; by changing the heterotroph in co-
culture to specialized strains of B. subtilis or E. coli we demonstrate production of alpha-amylase and
polyhydroxybutyrate, respectively.

Conclusions: Enabled by the unprecedented flexibility of this consortia design, we uncover species-
independent design principles that influence cyanobacteria/heterotroph consortia robustness. The
modular nature of these communities and their unusual robustness exhibits promise as a platform for
highly-versatile photoproduction strategies that capitalize on multi-species interactions and could be
utilized as a tool for the study of nascent symbioses. Further consortia improvements via engineered
interventions beyond those we show here (i.e. increased efficiency growing on sucrose) could improve
these communities as production platforms.

BACKGROUND

Cyanobacteria are under increased investigation as alternative crop species for the production of
fuels and other commodity chemicals. While much research focuses on engineering cyanobacterial
metabolism towards the synthesis of end products (e.g. biofuels), cyanobacteria are also under
consideration for the production of carbohydrate feedstocks to support fermentative bioindustrial
processes [ 1-3]. In this approach, cyanobacterial biomass is processed to provide [4-6] or manipulated
to secrete simple fermentable sugars [2, 3, 7-10]. Multiple groups have recently reported that different
cyanobacterial species are capable of secreting soluble sugars in considerable quantities, and continuous
production can be sustained over long time periods. The specific productivities of these strains are high
in comparison to plant-based feedstocks [ 10, 11], and, additionally, cyanobacterial cultivation can use
landmass and water that is not suitable for standard agriculture. The promise of this approach has led to
investment by biotechnology firms to construct compatible reactors and conduct scaled pilot trials [12].
Yet, as with most cyanobacterial and algal processes, there are barriers to scaled cultivation that may
make such strategies economically non-competitive [ 13—15]. These include the costs to recover
dissolved sugars or transport culture media to fermenters as well as potential loss to contaminants. These
costs might be avoided by simultaneous conversion of the cyanobacterial feedstock into higher-value


https://doi.org/10.1101/068130

bioRxiv preprint doi: https://doi.org/10.1101/068130; this version posted October 18, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

compounds by co-existing microbes in a “one-pot” reaction [16].

We test this premise by characterizing a series of synthetic co-cultures in which engineered
cyanobacteria fix and secrete carbon to support growth of a broad range of evolutionarily-unrelated
model heterotrophs. To provide organic carbon to engineered consortia, we use a Synechococcus
elongatus PCC 7942 strain previously engineered to export up to 85% of the carbon it fixes in the form
of sucrose [ 10], a simple sugar also produced by plant-based feedstocks (e.g. sugarcane) that is readily
consumed by many microbes. S. elongatus naturally accumulates sucrose as a compatible solute [ 1, 17],
and can export this carbohydrate through heterologous expression of the proton/sucrose symporter, cscB
(hereafter cscB™)[ 10, 18]. Under mild osmotic shock and slightly alkaline conditions, cscB™ S. elongatus
continuously generate sucrose at up to 36mg sucrose L' hr'', a rate predicted to substantially exceed that
of sugarcane, if successfully cultivated to scale [ 10]. This strain therefore demonstrates great promise as
the basis for flexible photoproduction of distinct target compounds, especially if the excreted sugars are
efficiently harnessed to promote growth of a variety of useful microbes while minimizing additional
processing steps.

Our approach to construct cyanobacteria/heterotroph consortia utilizes an inherently modular
design: i) the “autotrophic module” (c¢scB* S. elongatus) fixes carbon and secretes sucrose; while ii) a
variety of species (i.e. the “heterotrophic module”) are examined for growth and productivity in pairwise
co-cultures (Fig. 1A). Specifically, we examine a number of workhorse model microbes (Escherichia
coli, Bacillus subtilis, or Saccharomyces cerevisiae) for their capacity to persist and grow using only
cyanobacterially-derived organic products. We chose these species because they are well-researched,
phylogenetically well-distributed (i.e. gram negative, gram positive, 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 to
cyanobacteria exists.

Taken together, this modular framework permits us to survey the capacity of the cscB* S.
elongatus strain for construction of diverse artificial consortia with distinct composition and functions,
as well as permits 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 impair co-culture stability. By identifying such bottlenecks, it is then
possible to optimize the system for improved performance and bioproduction through strain engineering
or culturing techniques.

In this work, 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 limit heterotrophic growth
and/or stability. By mitigating bottlenecks to heterotrophic growth, we demonstrate that each of our co-
cultures can persist over the long-term (days to months): an important feature that is often missing in
synthetic cross-feeding consortia [19-22]. We also observe that the presence of each tested heterotroph
species promotes the growth of S. elongatus, despite a lack of pre-existing evolutionary relationships.
The modular design of composition allows these consortia to be flexibly functionalized for
photoproduction of a target metabolite (polyhydroxybutyrate, PHB) or a target enzyme (alpha amylase)
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with appropriate E. coli and B. subtilis strains, respectively. Finally, we examine our results for general
design principles for improvement of engineered cyanobacteria/heterotroph consortia, and discuss
potential of this platform for the “bottom-up” assessment of naturally-occurring microbial communities.

RESULTS
Cyanobacteria in consortia with heterotrophs

We designed pairwise consortia where cscB* S. elongatus secrete sucrose in response to osmotic
pressure and isopropyl $-D-1-thiogalactopyranoside (IPTG)-induced cscB expression [10]. Carbon
secreted by cyanobacteria promotes growth of co-cultured heterotrophs (Fig. 1A). Media with optimized
compositions of nitrogen, salt, and buffer were developed: termed “®?BG-11 for use in
cyanobacteria/bacteria consortia and “YBG-11 for cyanobacteria/yeast co-culture (see Materials and
Methods). We verified that S. elongatus grows and produces sucrose in both “?BG-11 and “YBG-11
(Fig. 1B, Additional File 1: Fig. S1). As previously reported [ 10], induction of cscB greatly enhances the
rate of sucrose export, and this redirection of carbon resources leads to slower growth (Fig. 1B&C,
Additional File 1: Fig. S1). We also verified that all heterotrophs are capable of growth when grown as
monocultures in these defined media when provided with exogenous sucrose (2%) as the sole carbon
source (Fig. 1D).
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Fig. 1 Axenic characterizations of candidate strains.

(A) This schematic shows the engineered microbial community design. CscB* S. elongatus (green) capture light and CO, via
photosynthesis. Fixed carbon is secreted as sucrose (black arrows) when induced with IPTG in the presence of osmotic
pressure (NaCl). This secreted carbon then supports the growth of B. subtilis (blue), S. cerevisiae (purple), or E. coli (orange)
with the final goal of production of target compounds from those heterotrophs. Axenic cscB* S. elongatus was grown in
©BBG-11 with (solid line) and without IPTG (dashed line) to induce sucrose secretion. Cell density (B) and sucrose levels in
culture supernatants (C) were measured. Error bars are standard deviation of 8 biological replicates. For characterization of
cyanobacteria in “YBG-11 see Additional File 1: Fig. S1. (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 support heterotroph growth in co-cultures that contain no external
carbon sources (Fig. 2, Additional File 1: Fig. S2). In all consortia, cscB* S. elongatus is inoculated with
a heterotrophic microbe in the appropriate co-culture media (with or without the addition of ImM IPTG
to induce cscB expression; see Materials and Methods) 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 on the
appropriate solid media. 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.


https://doi.org/10.1101/068130

bioRxiv preprint doi: https://doi.org/10.1101/068130; this version posted October 18, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

B C
1%108 1%10° |, 4x10° 1.5x10° Sucrose (g/L)
o R 3 E — ]
E 8x107 8x108 » 2 [ 10 5 25 1.250.625 313 .15
3 ° S 3x106 5 0
o 3 2 1.0%x10° &
© 6x107 6x108 3 © 8 3610
2 S 08 g |
S ax10” IRTCEA e H e T
3 ? 8 . 5.0x108 2 W3030tme
J s ) -8
S 2x107 2x108 5 o 10 5 [
g F g F w [
0 0 0 +0.0 WAacscR e
0 12 24 36 48 48
Time (hours) Time (hours)
F
24x106 2.0x10° 1.5%108 1.5x10° 2.0x108 1.5x10°
5
2 o
o o
23x%108 " 4 © 5 45x108 0
o E 8 92 5 92
2 51.0%10 1.0x10%5 ¢ 1.0x10°
F) [ = e 3
3 6 3 § = 8 b
§2x10 2 = 5 1.0%10 g
Q = ‘1 N L:
P 35.0%107 5.0%x1083 o 5.0x108 3
2 1x106 4 g §s.0x107 g
3 -
0
s 0 0.0 0.0 0.0 0.0
0 12 24 36 48 0 12 24 36 48
Time (hours) Time (hours) Time (hours)

Fig. 2 S. elongatus supports microbial communities in batch culture.

Batch cultures of cscB* S. elongatus (green) in co-culture with B. subtilis (blue), S. cerevisiae (purple), or E. coli (orange)
were grown in constant light. cscB* S. elongatus cells/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 (E strain W303, F strain W303“™; purple), and E. coli (E strain W, F strain
W AcscR; orange) co-cultures. Data for A, B, D, E, and F, are representative, same-day experiments where error bars are the
standard error in 3 biological replicates. Additional replicates in Additional File 1: Fig. S2. (C) Axenic heterotroph growth
was tested in defined media with varying concentrations; the range of sucrose that cscB* S. elongatus can secrete in 48 hours
is denoted by a green box. Average ODg,is shown as a metric of growth for = 6 biological replicates. ODg,, was correlated to
viable colony forming units (CFU) in Additional File 1: Fig. S3. No contaminants/heterotrophic colonies grew from axenic
cyanobacteria controls.

B. subtilis growth in co-culture is dependent on IPTG-induced sucrose secretion from cscB™ S.
elongatus (Fig. 2A, Additional File 1: Fig. S2A). Without induction of c¢scB to enable sucrose secretion,
B. subtilis fails to grow, indicating that sucrose availability is limiting at basal levels of sucrose export.
However, when IPTG is added to increase sucrose export, B. subtilis growth is nonmonotonic: after an
initial increase viability decreases during the second 24 hours of co-culture (Fig. 2A).

S. cerevisiae growth in co-culture is 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. 2B). We examined the capacity of WT S. cerevisiae W303 to grow axenically at low
sucrose concentrations and saw poor/no growth below 2.5g/L sucrose (Fig. 2C), a higher concentration
sucrose than is produced by cscB* S. elongatus at 48 hours (Fig. 1C). We then turned to an engineered
strain, hereafter referred to as W303“"™, derived from previous directed evolution experiments of S.
cerevisiae W303 in low sucrose media [23]. W303“"™ (originally called Recreated02 in Koschwanez et
al.2013) contains mutations in genes CSE2, IRA1, MTHI, and UBRI 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 invertase [24]. Unlike the parental
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strain, axenic cultures of W303“"™ exhibited some growth at all tested sucrose concentrations
>0.156g/L (Fig. 2C), as well as when co-cultured with IPTG-induced cscB* S. elongatus (Fig. 2D).
Similar to B. subtilis, in co-culture W303“"™ §. cerevisiae demonstrate declining viability after an initial
period of growth (Fig 2D).

Finally, E. coli W grows in co-culture independently of induced sucrose secretion from cscB* S.
elongatus (Fig. 2B, Additional File 1: Fig. S2B&C). In axenic culture, WT E. coli W exhibits growth
only when supplemented with >5g/L sucrose (Fig. 2C), well above the levels cscB* S. elongatus secrete
during 48 hours of growth (Fig. 1C). We therefore tested the growth of an E. coli W strain engineered
for growth on sucrose. In this strain the sucrose catabolism repressor, cscR, was deleted (the strain is
hereafter referred to as AcscR E. coli), resulting in more rapid growth at lower sucrose concentrations
[25-27]. Indeed, monocultures of AcscR E. coli exhibit the capacity to grow on lower concentrations of
sucrose ( 21.25g/L; Fig. 2C), yet they still demonstrate no growth at sucrose concentrations in the range
that cscB* S. elongatus can secrete in 48 hours (Fig. 1C, green box Fig. 2C). In co-culture, AcscR E. coli
exhibited the same monotonic growth pattern as the unmodified strain (Fig. 2A&C, Additional File 1:
Fig. S2B&C). This suggests that in the first days of co-culture, while exported sucrose concentrations
are low (<1g/L), E. coli strains cannot utilize sucrose effectively and dominantly depend on other
metabolites from S. elongatus; perhaps extracellular polymeric substances [28, 29].

Light driven cyanobacterial metabolism inhibits heterotroph viability

Cyanobacterial light driven metabolism is the source of heterotroph growth inhibition when
sucrose is not limiting (Fig. 3A). The lack of monotonic growth in B. subtilis and S. cerevisiae co-
cultures indicate that interactions beyond sucrose feeding are occurring between heterotrophs and
cyanobacteria (Fig. 2A, 2F). To focus on products other than fixed carbon that influence heterotrophic
viability and eliminate the confounding factor that cyanobacteria only generate sucrose in the light [10],
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. 3B-D, Additional File 1: Fig. S4). This effect is most apparent in strains of B.
subtilis (Fig. 3B, Additional File 1: Fig. S4A) where the viability of heterotrophic species decreases by
orders of magnitude when co-cultured in the light with high concentrations of S. elongatus.
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Fig. 3 Microbial interactions.

Engineered consortia demonstrate un-engineered interactions that can be classified into two categories: negative effects that
cyanobacteria have on heterotrophs (A) and positive effects heterotrophs have on cyanobacteria (E). B. subtilis 3610 (B),
W303™P §. cerevisiae (C), and E. coli W AcscR (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 Additional File 1: Fig. S4. 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 co-cultures relative to axenic controls after 48 hours in constant light. These co-cultures were inoculated
with two orders of magnitude fewer cscB* S. elongatus (~1.7x10%ells/mL) than the co-cultures depicted in Fig. 2
(~1.7x10%cells/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 Additional File 1: Fig. S5.
The influence of heterotrophs on cyanobacterial growth on solid media (G) was determined by plating a dilute lawn of cscB*
S. elongatus on “®BG-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 can stimulate growth of S. elongatus (Fig. 3E,
Additional File 1: Fig. S5). This was observed during batch cultures when cyanobacteria counts were
higher in co-cultures then in control monocultures of cyanobacteria at various time points (Additional
File 1: Fig. S5). Because batch cultures of relatively dense S. elongatus can negatively impact
heterotrophic viability (Fig. 2A & 2E, 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 co-culture, cyanobacteria numbers in co-culture were normalized to axenic cyanobacteria
controls. We observe 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. 3F).
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The growth-promoting effect of heterotrophs on cyanobacteria persists when co-cultivated on
solid media. We spotted dilutions of B. subtilis or E. coli on a lawn of dilute cyanobacteria with or
without IPTG (Fig. 3G). Areas of the cyanobacterial lawn overlaid with E. coli exhibited more rapid
growth than the surrounding lawn of S. elongatus alone. The growth-promoting effect of B. subtilis on
cseB™ 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 could stimulate growth on
or in the vicinity of the spot it was plated (Fig. 3G). S. cerevisiae was not assayed in this manner
because of poor growth of cscB* S. elongatus on “YBG-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.

Robustness in designed photosynthetic consortia

As the inhibitory effects of cyanobacteria on the viability of heterotrophs are only observed at
relatively high density and in the light (Fig. 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 stirring [30].

When cultivated at a constant density, E. coli/cscB* S. elongatus co-cultures persist over time
and heterotrophic viability is maintained. Co-cultures of induced cscB* S. elongatus and W AcscR E.
coli were grown continuously in ePBRs under constant light (Fig. 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. 4A, Additional File 1: Fig. S6).

Fig. 4 Co-cultures persist through time and
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Similarly, when cultured in ePBRs, S. cerevisiae W303“"™ maintained viability in co-culture
with cscB™ S. elongatus and persisted through variable light conditions. We induced cscB* S. elongatus
to secrete sucrose and inoculated S. cerevisiae W303“"™ into ePBRs programmed with an alternating
diurnal illumination regime (16 hours light:8 hours dark, Fig. 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. 4D, Additional File 1: Fig. S7). In similar experiments that were
extended over longer time periods, S. cerevisiae W303"™ maintains viability in continuous culture with
sucrose-secreting S. elongatus for greater than two months (Additional File 1: Fig. S8).

Prokaryotic co-cultures with cyanobacteria persist through population bottlenecks and changes in
environmental structure. B. subtilis/cscB* S. elongatus and W AcscR 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 consistently visually observed
following dilution, while heterotroph growth was measured via CFU. In perturbed cultures,
heterotrophs can return to pre-dilution levels within three days (Fig. 4C & 4D). We also examined the
persistence of heterotrophs in co-culture following plating onto solid media after growth in liquid co-
culture. Co-cultures containing cscB* S. elongatus and B. subtilis 3610 or W AcscR E. coli were moved
from liquid to solid environments and back again (Additional File 1: Fig. S9). This transfer is expected
to disrupt the ratio of different species within co-culture and alters any interactions dependent on the co-
culture constituents being in well-mixed environments. After incubating co-cultures in the light on agar
plates that have no added carbon, green growths from the agar plate were picked into liquid “*BG-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 media. 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 (Additional File 1: Fig. S9).

Bioproduction from functionalized co-cultures.

As multiple species can be co-cultured with cscB* S. elongatus, it is possible to exchange
heterotrophs to functionalize consortia for desired activity. In this design, the heterotrophic species of
the consortia acts as a “conversion module” to metabolize the products of photosynthesis into target
bioproducts in a “one-pot reaction” (Fig. SA). We tested two heterotrophic strains capable of producing
distinct products: enzymes (Fig. 5B&C) and chemical precursors (Fig. SD).
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Fig. 5 Photoproduction of enzymes and metabolites from co-culture.

Flexible functionalization of co-cultures was accomplished via the addition of heterotrophs capable of producing target
compounds (A). Alpha-amylase is naturally produced and secreted by B. subtilis strain 168. Supernatants from 24 hour
cultures of B. subtilis 168 alone or in co-culture with cscB* S. elongatus were tested for enzymatic activity (B). Western blots
also reveal the presence of alpha-amylase in co-cultures containing IPTG (C). 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. PHB content of the total culture was analyzed
(D). 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.

Alpha-amylase is produced in co-cultures of B. subtilis strain 168 and cscB* S. elongatus. B.
subtilis s a chassis for enzyme production [31] and strain 168 naturally produces active alpha-amylase
[32]. In consortia with S. elongatus, B. subtilis 168 produces alpha-amylase after 24 hours in constant
light (Fig. SA&B). The resulting alpha-amylase is functional as determined by enzymatic assay, and
accumulates at significantly higher levels in co-cultures with cscB* S. elongatus induced to secrete
sucrose (Fig. 5SA) in comparison to other co-cultures.

Engineered E. coli/S. elongatus communities produce PHB. We co-cultured E. coli strains
harboring a previously described PHB production plasmid, pAET41 [33] with cscB™ S. elongatus for one
week in constant light and measured PHB in the total biomass by liquid chromatagraphy (Fig. 5D).
While production from the WT E. coli W strain is similar with and without IPTG, the AcscR E. coli W
mutants that utilize sucrose more effectively produce significantly more PHB (Fig. 2C, Fig. 5D)[27].
Furthermore, upon the addition of IPTG, the AcscR E. coli W strain can produce 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.

Mathematical framework describing interactions

We summarized the interactions that were deliberately programmed in our synthetic co-cultures
into a simple mathematical framework, illustrated in Fig. 6A and described in the Supplemental Material
(Additional File 1: Mathematical Framework). Briefly, the population of phototrophs, P(7), at time ¢ can
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be approximated with a linear growth rate of u,,, based on the experimental data in Fig. 1B and 1C. The
sucrose concentration, S(), is dependent both upon the production from cyanobacteria, a, and the
consumption of sucrose by the heterotrophs, 3. The heterotroph population, H(?), is dependent on the
maximal growth rate of each heterotroph on sucrose ( « ), the sucrose concentration at which the
growth rate is half maximal (S),,...), and the sucrose concentration (S(z))[34, 35].
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Fig. 6 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()), phototroph growth rate (i), sucrose production rate by the phototroph (a), sucrose necessary for a
heterotroph cell to double (), the heterotroph population (H(?)), the heterotroph growth rate (1) which depends on the
maximal growth rate when sucrose is not limiting (t4,,,,) and the sucrose concentration at which the growth rate is half
maximal (Spqifmax), and the interaction terms describing the effects phototrophs haves on heterotrophs (yp_y), and
heterotrophs have phototrophs (y4_p). (A, B) When interaction terms (yp,y & Yy_p) are set to zero, and all other variables
are held constant, decreases in Spq;rmayx increase growth and decrease time before the onset of heterotrophic growth. (C, D)
Adding and tuning the yp_y 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 yy_,p (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 yy_,p 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 (Fig. 6C): cyanobacterial inhibition of heterotrophic viability (Fig. 3A)
and heterotrophic stimulation of cyanobacterial growth (Fig. 3E). The inhibitory effect of cyanobacteria
on heterotroph, v, 4, scales as a function of the phototroph density P(z), and negatively influences the
heterotroph population H(t). The growth-promoting effect of heterotrophs on cyanobacterial growth, v ,
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_p» s represented as a constant that influences the cyanobacterial growth rate, « ,, as we have not shown
this effect to be density-dependent.

Although limited to being a conceptual tool, this simplistic mathematical framework can
recapitulate aspects of the complex interactions we observe in our experiments (Fig. 6). For example,
when the interaction terms, Y, ,,and Y, _.», are set to 0 and all other parameters are held constant (details
in Supplemental Material), increasing sucrose utilization (i.e. decreasing S,,;m..) results in an earlier rise
in heterotrophic population (Fig. 6A&B). This is consistent with data from S. cerevisiae co-cultures, as
the W303 strain exhibits a high S, ... (Fig. 2C) and does not exhibit growth within co-culture (Fig. 2B)
while the W303"™ strain has a lower S, .., (Fig. 2C), and demonstrates growth within co-cultures
(Fig. 2D).

More interestingly, the addition of the interaction term 7, , changes the shape of the heterotroph
population function when all other parameters are constant; at higher values the model predicts an initial
rise in heterotrophic density followed by a subsequent decline (Fig. 6D). This is consistent with
instances in which the heterotroph species are shown to be fairly sensitive to the inhibitory effects of
cyanobacterial metabolism in the light (demonstrated in Fig. 3A-D), and recapitulates experimental co-
culture dynamics we observe with S. cerevisiae and B. subtilis (Figure 2A&D).

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-feeding [ 19-22, 36], sucrose is a metabolite that is
naturally bioavailable to many microbes, and therefore the diversity of species with potential to 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 observe
that light-driven processes of cyanobacteria have negative impacts on all tested heterotrophic species
while, conversely, growth of all heterotrophic species simulates cyanobacterial growth. By taking
measures to mitigate deleterious interactions, we are able to stabilize consortia over time and
demonstrate consortia persistence in the face of fluctuations in light availability, population density, and
composition. Finally, we show that these consortia can be functionalized to produce target compounds,
where the end product is dictated by the heterotrophic partner.

Although the conceptual design of this platform is modular, we identify 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 feedstocks [10], 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 enhanced utilization of sucrose (W303“"™ §.
cerevisiae) greatly improves growth relative to the WT in co-culture with cscB™ S. elongatus (Fig.
2B&C), ultimately permitting stable co-culture over months in ePBRs (Fig. 4B, Additional File 1: Fig.
S7&S8). 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. 2C) [27], and also greatly increased PHB
production during week-long co-cultures experiments (Fig. SD). However, there is still room for further
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improvement of sucrose uptake in A cscR E. coli, as evidenced by its insensitivity to cscB* S. elongatus
sucrose export during 48 hour batch cultures where sucrose concentrations remain <1g/L (Fig. 2A,
Additional File 1: Fig. S2). It is likely that the relative success of production and long-term stability of
AcscR E. coli in co-culture with cscB™ S. elongatus (Fig. 4A, Additional File 1: Fig. S6) is due to an
intrinsic capacity of this strain of E. coli to utilize other products cyanobacteria secrete that were not
engineered as part of the consortia design.

Similarly, other emergent interactions that we consistently observe between cscB* S. elongatus
and all three heterotrophic species likely influence 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. 3A-D), suggesting that a cyanobacterially-derived product derived from
active photosynthetic metabolism is the underlying cause. One possibility is that unavoidable byproducts
of photosynthesis itself (e.g. oxygenation and/or reactive oxygen species) may be key [28]. We
hypothesize that O, production may be a large component of this toxicity effect due to the light
dependence of oxygen evolution and the detrimental effect too much oxygen can have on cells [37-40].
Indeed, we observed that the addition of the herbicide DCMU (which stops oxygen evolution through
inhibition of photosystem II — but does not prevent ROS formation or cyclic electron flow[41]) can
rescue growth of B. subtilis, when co-cultured with dense cyanobacteria in the light (Additional File 1:
Fig. S10). Consistent with this, many evolved consortia containing oxygenic phototrophs contain
partners with strategies to mitigate reactive oxygen species, a normal byproduct of oxygenic
photosynthesis [28, 42, 43]; similar strategies may be employed to further improve the stability of
synthetic consortia. While cyanobacteria/heterotroph competition for specific media components could
also contribute to the growth suppression we observe, we consider this to be a relatively minor factor:
for example, heterotrophs readily grow in media conditioned by S. elongatus (9, 10].

The second emergent interaction that we observe in a species-independent manner is 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” [42], or experiments
where microalgae accumulate more biomass in the presence of other microbes than in isolation [44].
However, the generality of the positive effect we observe 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 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 CO,, although the benefit of this
additional inorganic carbon to S. elongatus is questionable as these experiments were conducted under
CO,-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.

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 signals [45, 46]. 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-feeding [47-52].
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The majority of described synthetic consortia involve the exchange of engineered signals (i.e. quorum
sensing) or co-cultivation of complementary auxotrophs, frequently of the same microbial species [52—
56]. 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 environments [57, 58].
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 supports the growth of three
distinct “workhorse” model microbial organisms and these co-cultures can 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 c¢scB* S. elongatus to reprogram the population for distinct functions. In this work, we show proof-
of-principle that co-culture with cyanobacteria can drive the production of alpha-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 vinelandii [59]. 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 co-culture 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 symbioses [60-64].

MATERIALS AND METHODS

Strains, media, and axenic characterization. S. elongatus PCC 7942 (obtained from ATCC #33912)
was engineered to secrete sucrose through the expression of the sucrose/proton symporter cscB [10]. E.
coli W was obtained from ATCC (#9637) and the corresponding W AcscR strain was generously
provided by Dr. Claudia Vicker’s laboratory [27]. B. subtilis 168 was obtained from ATCC (#23857)
and B. subtilis 3610 Asinl was generously provided by the lab of Dr. Richard Losick [65]. The Asinl
mutant strain of 3610 was used to minimize chained growth making CFU counts of the strain
reproducible [65]. §. cerevisiae strains, WT W303 and W3(03¢hme (previously referred to as Ancestor and
Recreated02 strains, respectively) were generously provided by the lab of Dr. Andrew Murray [23]. All
strains are listed in Table 1.

S. elongatus was propagated in BG-11 (Sigma-Aldrich) plus 1g/L HEPES, pH 8 in constant light

at 35 °C. Axenic 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
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media (MP Biomedicals). E. coli, B. subtilis, and S. cerevisiae were struck from frozen stocks on rich
media plates (LB for bacteria and YEPD for yeast). Co-culture media were optimized for either
prokaryotes (“°BG-11) or S. cerevisiae (“"YBG-11). “®BG-11 consists of BG-11 supplemented with
106mM NaCl, 4mM NH,CI and 25mM HEPPSO, pH 8.3-KOH. Indole (100xM) was added to B.
subtilis 168 co-cultures as indicated and in alpha-amylase experiments. “°YBG-11 consists of BG-11
supplemented with 0.36g/L. Yeast Nitrogen Base without amino acids (Sigma Aldrich), 106mM NaCl,
25mM HEPPSO, pH 8.3-KOH and 1mM KPO,. Solid co-culture plates were composed of “°BG-11
media with 1% autoclaved noble agar (BD Biosciences).

For characterization of S. elongatus growth and sucrose production, S. elongatus was cultured
axenically in baffled flasks of “®BG-11 or “YBG-11 and allowed to acclimate for > 12 hours. Then
cultures were adjusted to 25mL with a final density of 0.5 OD,,. 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. OD,5,was measured via photospectrometer
(ThermoScientific NonoDrop 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 media +2% sucrose to acclimate to co-
culture media, and maintained within log phase growth (ODy,, < 0.70) before use in co-cultures. All
acclimating cultures and co-cultures were grown at 35°C, 150rpm, 2% CO,, in light (PAR = ~80yxmol
with 15W Gro-Lux Sylvania fluorescent bulbs) within a Multitron Infors HT incubator. Heterotrophic
growth was measured by inoculating rinsed cells at 0.01 OD, (bacteria) or 0.05 ODy,, (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); OD,, of plates were read on a BioTek
Synergy Neo plate reader.

Batch co-cultivation & quantification. Flask co-cultures were completed in 25mL volumes in baffled
flasks. Cyanobacteria and heterotrophs were acclimated to “*BG-11 or “YBG-11 media prior to
inoculation into co-cultures. All co-cultures were grown at 35°C, 150rpm, 2% CO,, in light (15W; Gro-
Lux; Sylvania) within a Multitron Infors HT incubator. ImM 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 assayed by plating
dilution series on rich media to count colony forming units (CFU). Estimates of W303""™ cell number
were derived by counting CFUs, but numbers were adjusted for the ~6.6cells/clump as previously
reported [23], and as confirmed 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.

Heterotroph exposure to variable cyanobacteria densities. B. subtilis and E. coli were recovered
from rich media as above, washed in “°BG-11 and inoculated at an ODy,, of .01 in “°BG-11 media +
2% sucrose with cyanobacteria at different densities (OD,5, 0,0.5, 1, and 2). S. cerevisiae was treated
identically except they were inoculated at ~3x10°cells/mL (OD;5, = 0.03) and “*BG-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
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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 log,, of these ratios after 12 hours are
reported.

Structured growth perturbation. To test the ability of co-cultures to withstand environmental
perturbation, flask co-cultures were inoculated and grown as previously described for 24 hours before
plating of 100uL on solid co-culture Petri dishes. After five days, uneven lawns of heterotrophs and
cyanobacteria arose. Cells were picked from these plates 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
heterotrophic symbionts. Solid culture and 96-well plate growth was completed at 35°C, Orpm, 2% CO,,
in constant light (15W; Gro-Lux; Sylvania) within a Multitron Infors HT incubator.

Heterotroph spotting on cyanobacterial lawns. Lawns of cscB* cyanobacteria were achieved via
spreading of 250uL of c¢scB* cyanobacteria (OD;5, 0.5) on solid co-culture plates with or without ImM
IPTG. After the cyanobacteria had absorbed on to the plate (>3 hours in the dark), 3uL 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 media components before spotting. Media blanks and boiled cells
were spotted as negative controls. Plates were then grown at 35°C, 2% CQO,, in constant light (15W;
Gro-Lux; Sylvania) within a Multitron Infors HT incubator.

Long-term continuous co-cultivation. Long-term co-cultures were incubated in Phenometrics
Environmental Photo-Bioreactors [30] with 150mL liquid volumes of a mix of c¢scB* S. elongatus with
either S. cerevisiae W303“"™ or E. coli W AcscR in the appropriate co-culture BG-11 media + 1mM
IPTG. Reactors were seeded with ~1x10°cells/mL of S. elongatus (OD,, = 0.5) and a final concentration
of heterotroph equivalent to ~1x10%ells/mL S. cerevisiae W303“"™ (final ODy,, ~0.1) or
~5x107cells/mL E. coli W AcscR (ODg,, ~0.05). Light was provided by onboard white, high-power
LEDs (400umol m*s?) continuously for E. coli W AcscR cultures, and with a 16:8 light:dark
photoperiod for S. cerevisiae W303"“™ 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 density was allowed to settle to a fixed point following culture initiation. This measurement was
used to control attached peristaltic pumps that eject fresh media to maintain the set target OD as
previously described [30]. Co-culture temperature was maintained at 30°C by a heated jacket; cells were
agitated continuously by a stirbar. Daily, ~2mL of co-culture volume was withdrawn and cyanobacterial
and heterotrophic cell counts determined by flow cytometry and plating, respectively (as described
above).

Alpha-amylase production and quantification. For the production of alpha-amylase, co-cultures of
cscB* S. elongatus and B. subtilis strain 168 were completed in 8mL volumes of “®BG-11 supplemented
with 100xM indole in 6 well dishes. When specified, cyanobacteria were present (OD,5, = 0.5) with or
without 1mM IPTG. Control cultures did not contain cyanobacteria. Alpha-amylase production was
measured after 24 hours of culture at 35°C, Orpm, 2% CO,, in constant light (15W; Gro-Lux; Sylvania)
within a Multitron Infors HT incubator. Alpha-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 alpha-
amylase in supernatants after addition of NuPAGE LDS sample buffer (Invitrogen) followed by 10
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minutes at 100°C. Protein (10p¢L) 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-alpha
amylase antibodies (polyclonal rabbit; LS-C147316; LifeSpan BioSciences; 1:3,000 dilution) were used
as the primary antibody followed by peroxidase-conjugated 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 alpha-amylase (Sigma Aldrich) was used as a
control in all assays.

PHB production & quantification. E. coli strains were transformed with pAET41 (Table 1) before use
in co-cultures for production [33]. 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 methods [66, 67]. Briefly: cell pellets were
digested with concentrated H,SO, at 90°C for 60 min. The digestion solution was diluted with H,O by
500 times and passed through 0.2um 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 detector [67]. The volume of each sample injection was 100uL. The mobile
phase was 2.5mM H,SO, aqueous solution, with a flow rate of 0.5mL/min for 60min. 5SmM 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.

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

LIST OF ABBREVIATIONS:

PHB - polyhydroxybutyrate

IPTG - isopropyl (3-D-1-thiogalactopyranoside
CFU - colony forming unit

WT - wild type

ePBR - environmental Photobioreactors
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Table 1. Strain and plasmid collection.

Strain Origin
Synechococcus elongatus PCC7942 ATCC 33912
Synechococcus elongatus trc-lac/cscB [10]

Bacillus subtilis 168 ATCC 23857
Bacillus subtilis 3610 Asinl [65]
Escherichia coli K-12 BW25113 [68]
Escherichia coli W ATCC 9637
Escherichia coli W AcscR [27]

Saccharomyces cerevisiae W303

Ancestor strain; [23]

Saccharomyces cerevisiae W303"™

Recreated02 strain; [23]

Plasmid

pAET41
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