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Mixed and membrane-
separated culturing of synthetic
cyanobacteria-yeast consortia
reveals metabolic cross-talk
mimicking natural cyanolichens

Pavlo Bohutskyi%2**, Kyle R. Pomraning?, Jackson P Jenkins*, Young-Mo Kim?,
Brenton C Poirier!, Michael J Betenbaugh” & Jon K Magnuson3

Metabolite exchange mediates crucial interactions in microbial communities, significantly impacting
global carbon and nitrogen cycling. Understanding these chemically-mediated interactions is essential
for elucidating natural community functions and developing engineered synthetic communities.

This study investigated membrane-separated bioreactors (mBRs) as a novel tool to identify transient
metabolites and their producers/consumers in mixed microbial communities. We compared three
co-culture methods (direct mixed, 2-chamber mBR, and 3-chamber mBR) to grow a synthetic binary
community of the cyanobacterium Synechococcus elongatus PCC 7942 and the fungus Rhodotorula
toruloides NBRC 0880, as well as axenic S. elongatus. Despite not being natural lichen constituents,
these organisms exhibited interactions resembling those in cyanolichens. S. elongatus fixed CO,

into sugars as the primary shared metabolite, while R. toruloides secreted various biochemicals,
predominantly sugar alcohols, mirroring the metabolite exchange observed in natural lichens. The
mBR systems successfully captured metabolite gradients and revealed rapidly consumed compounds,
including TCA cycle intermediates and amino acids. Our approach demonstrated that the 2-chamber
mBR optimally balanced metabolite exchange and growth dynamics. This study provides insights into
cross-species metabolic interactions and presents a valuable tool for investigating and engineering
synthetic microbial communities with potential applications in biotechnology and environmental
science.

Keywords Synthetic lichen, Microbial community, Membrane-separated bioreactor, Metabolite exchange,
Phototroph-heterotroph co-culture, Cross-feeding

Cyanobacteria play a crucial role in global carbon cycling, both in marine environments and terrestrial
ecosystems. The cyanobacterium Synechococcusis one of the two most abundant phytoplankton genera
dominating photosynthesis in the marine biological carbon pump!, contributing nearly one-fifth of global
primary production of organic matter>>. A substantial portion of this fixed carbon (estimated between 5% and
50%, with an average of 10-20%"-) is directly released as dissolved organic matter (DOM), representing the major
repository of organic carbon in the ocean!®"!2, and regulating the biosphere through carbon sequestration!>!.
In addition, cyanobacteria are essential components of lichens, another globally significant carbon-fixing
system'>!®, In cyanolichens, cyanobacteria fix CO,and share reduced carbon as energy-rich sugars with their
fungal partners (mycobionts)!”. Both marine and lichen systems demonstrate the critical role of cyanobacteria
in supporting diverse heterotrophic communities through the release of organic carbon metabolites. These
metabolites serve a role of primary carbon substrate for the associated heterotrophic microbiome but also include
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nutrients, exoproteins, allelochemicals, and other signaling molecules!®-2!

structure and phenotype?*-%°.

In marine ecosystems, heterotrophic bacteria provide crucial feedback to cyanobacteria through cross-
feeding of by-product metabolites. These metabolites can promote or inhibit phytoplankton growth?’-2%, enhance
survival under nutrient starvation®**'or light deprivation®?33, protect against oxidative*»*and stationary-phase
stresses?”, and alleviate auxotrophy bottlenecks®. Similarly, in lichens, mycobionts transform cyanobacteria-
provided sugars and secrete sugar alcohols (e.g., mannitol, arabitol, glycerol, erythritol)!”****las well as
hundreds of other secondary metabolites*>~*>. Diverse by-product compounds from fungi improve desiccation
tolerance, provide radiation screening, aid in thermal energy dissipation, trigger antioxidant defenses, and
restore macromolecules and membranes?®~*°. Additionally, they facilitate communication®, quorum-sensing®!,
and signaling®>*, enabling lichens to thrive in extreme environments®>.

The symbiotic relationships with heterotrophs have driven the evolution of mixotrophic and even
heterotrophic capabilities in cyanobacteria like Synechococcus®®—8. These adaptations and partnership with
heterotrophic bacteria allow them to survive in challenging conditions, such as the extended darkness of
deep euphotic zones. Cyanobacteria have developed an array of transporters®*°to assimilate various organic
metabolites, including amino acids®®®"%2, organosulfur compounds®*-%°, carboxylic acids, and nucleobases®®*7,
expanding their metabolic flexibility beyond autotrophy.

Indeed, Synecchococcusand other marine phytoplankton species evolve mixotrophy and even heterotrophy
capabilities as a strategy to source carbon, nitrogen, sulfur, phosphorus and energy for survival in the
extended darkness of deep euphotic zones, which hascontributed to their ecological success®*~8. In this way,
Synecchococcusis equipped with an array of transporters®®to assimilate a variety of organic metabolites
including amino-acids®**12, organosulfur compounds®*-%°, carboxylic acids and nucleobases®®®’, which
demonstrates that microbial interactions extend beyond the flux of reduced carbon from the photoautotroph to
heterotrophic microbiome.

The robustness and metabolic capabilities of natural microbial communities have inspired the development
of engineered multi-microbe systems, including “synthetic lichen” partnerships between cyanobacteria and
fungi or heterotrophic bacteria. These systems show potential as bioplatforms for bioremediation®® or the
generation of carbon-neutral bioproducts from CO,%-72. Recent progress in genome-scale modeling has further
elucidated cross-feeding and metabolic exchanges in these synthetic communities’>”. Synthetic lichens not
only have significant translational potential across the fields of carbon sequestration, biological materials, and
bioremediation, but also serve as valuable tools for understanding the biology of symbiosis. By constructing
these synthetic systems, researchers can generate insights into the complex interactions and metabolic processes
occurring in natural lichens, demonstrating the utility of synthetic biology in advancing fundamental science.
Moreover, these engineered communities have the potential to enable sustainable biotechnologies that address
major global challenges while simultaneously deepening our understanding of biological systems.

Despite these advances, we have yet to fully uncover the intricate metabolic interactions in both natural
and synthetic communities. These interactions form the basis of mutualistic, commensal, parasitic, or
competitive relationships among species, which can dynamically shift depending on nutrient availability and
coadaptation®®”>~77. A more comprehensive understanding of these interactions is crucial for harnessing and
controlling microbial community functions in ecological, industrial, and biotechnological applications”%757°.

Collecting comprehensive microbial community exometabolomics presents several challenges, including
distinguishing between metabolites that are secreted but not consumed (accumulating in the growth medium) and
those that are both secreted and consumed by partner organisms (exchanged metabolites), assigning metabolites
to specific partners, and detecting rapidly consumed compounds. To address these issues, we developed and
tested membrane-separated bioreactor systems (mBRs) as a tool to characterize metabolite exchange in a
synthetic lichen community. Crucially, the membrane separation allows for the detection of rapidly consumed
compounds by creating a diffusion barrier. In a well-mixed system, these compounds might be consumed as
quickly as they are produced, leaving no detectable trace. However, in the mBR system, the membrane slows the
diffusion of metabolites between compartments, allowing for the accumulation and detection of these otherwise
elusive compounds in the producer’s compartment before they are fully consumed by the partner organism.
This novel approach enables the establishment of concentration gradients for secreted metabolites, revealing
diffusion flux and directional exchange between species in co-culture, which is often challenging to discern in
well-mixed systems.

In this study, we established a synthetic binary community consisting of a sucrose-secreting Synechococcus
elongatus strain PCC 7942 CscB/SPS strain and the basidiomycetous fungus Rhodotorula toruloides strain
NBRC 0880. This unique pairing allows us to explore the potential for establishing synthetic symbioses between
organisms from different ecosystems but with potentially complementing metabolic capabilities. By elucidating
complex interactions and metabolic exchanges in our synthetic system, we aim to gain insights into the
mechanisms driving community dynamics and ecosystem functioning in natural environments. Furthermore,
this study contributes to the design and optimization of synthetic ecology bioproduction systems for converting
CO, into non-fossil fuel chemicals, potentially revolutionizing our approach to carbon-neutral chemical
synthesis.

, which drive the overall community

Results

Growth of axenic S. elongatus and different S. elongatus - R. Toruloides co-culture spatial
configurations

To investigate the interactions between Synechococcus elongatus and Rhodotorula toruloides, their effects on
microbial growth, and the role of spatial separation, we compared the growth of the metabolically engineered
sucrose-producing cyanobacterium S. elongatus under four conditions: (1) axenic culture, (2) same-volume
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mixed co-culture with R. toruloides, (3) spatially separated co-culture in a 2-unit membrane bioreactor (2-mBR;
Fig. 1A), and (4) spatially separated co-culture in a 3-unit membrane bioreactor (3-mBR; Fig. 1B). In these
co-cultures, S. elongatus fixes CO, and converts it to sucrose, which is secreted and provided to R. toruloides
as the principal source of organic carbon. Additional information on the cultivation systems used, including
a manufacturing schematic of the custom-made membrane bioreactor, is provided in Supplementary Figures

S1-S3.

During the initial 75 h of incubation, all experimental configurations showed only minor differences in S.
elongatus growth. However, S. elongatus cultivated with R. toruloides in the spatially separated 2-mBR reached
the highest cell density of 1.5x 10° cells per mL by the end of experiment (Fig. 1C), which was 7% higher than
the spatially separated 3-mBR and 13% higher than axenic S. elongatus culture with the mixed co-culture the
lowest of all 4 conditions. These results suggest that the 2-mBR configuration allows for beneficial interactions
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Fig. 1. Spatially separated and mixed co-cultivation of S. elongatus and R. toruloides, with comparison to

axenic S. elongatus culture. (A) 2-unit membrane bioreactor (2-mBR) and (B) 3-unit membrane bioreactor (3-
mBR) setups. Detailed schematics for mBR and mixed bioreactor are provided in Supplementary Information
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Figures S1-S3. (C, D) Cell density comparisons: ‘Se 2-mBR and ‘Rt 2-mBR’ - S. elongatus and R. toruloides

in 2-mBR, respectively; ‘Se 3-mBR’ and ‘Rt 3-mBR’ - S. elongatus and R. toruloides in 3-mBR, respectively;

‘Se mixed’ and ‘Rt mixed’ - S. elongatus and R. toruloides in same-volume mixed co-culture; ‘Se axenic’ - S.
elongatus grown alone. (E, F) Extracellular sucrose content in different mBR units (bars), mixed co-culture
(‘Se-Rt mixed;, red diamonds), and axenic S. elongatus culture (‘Se axenic), green circles). In mixed co-culture,
cells interact directly in a single volume. Note: Axenic S. elongatus culture confirms sucrose production
and serves as a reference for potential production levels. In ‘Rt 2-mBR;, ‘Rt 3-mBR and late ‘Se-Rt mixed,
sucrose levels remain low due to rapid consumption by R. toruloides. Sucrose gradients in mBRs illustrate

the production-consumption balance. Data points represent mean + standard deviation of three biological

replicates.
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between the two species while minimizing potential negative effects. The enhanced growth in the 2-mBR relative
to the mixed culture implies that spatial separation may facilitate positive metabolic exchanges while reducing
direct competition or inhibition.

The growth of S. elongatus in the 3-mBR, while better than in axenic and mixed cultures, was lower than
in the 2-mBR. This suggests that the additional diffusion barrier in the 3-mBR may impede some beneficial
interactions. This hypothesis is further supported by the significantly delayed growth of R. toruloides in the
3-mBR setup compared to both the mixed co-culture and the 2-mBR co-culture (Fig. 1D). A minor reduction in
growth of S. elongatus in the mixed co-culture compared to spatially separated conditions indicates that direct
contact between the species may lead to minor antagonistic interactions. These could include competition for
resources, alterations in the microenvironment, or contact-dependent inhibition.

To further elucidate the nature of these interactions and to validate that the membrane bioreactor configurations
allow us to capture concentration gradients for metabolites produced by one partner and consumed by another,
we analyzed sucrose content profiles in the different experimental setups (Fig. 1E and F). As expected, sucrose
steadily accumulated in axenic S. elongatus cultures but was nearly completely consumed by R. toruloides in
mixed co-culture after 75 h of cultivation. Both mBR configurations resulted in the establishment of sucrose
concentration gradients across the membrane, with S. elongatus as the producer and a gradual reduction moving
towards the R. toruloides compartment. This gradient formation demonstrates the occurrence of metabolite
exchange between the two species in the spatially separated systems.

These findings highlight the complex nature of interactions between S. elongatus and R. toruloides, and
demonstrate that spatial separation can significantly modulate these interactions, affecting growth patterns
and metabolite exchange. To further characterize these interactions at the metabolic level, we conducted a
comprehensive analysis of the exometabolomes from all cultures.

Profiling of exchange metabolites in the middle growth phase of S. elongatus - R. toruloides
co-culture

To characterize the metabolic interactions between S. elongatus — R. toruloides and evaluate the impact of spatial
separation on these interactions, we analyzed the exometabolomes of the various culture configurations during
the middle growth phase of the co-culture (101 h of cultivation).

High-resolution Q-TOF-MS was employed to identify extracellular metabolites. The resulting metabolomics
data underwent pre-processing, including sample normalization by sum, Logl0 transformation, and Pareto
scaling (see Supplementary Figures S4-S7). Principal component analysis (PCA) of the resulting data revealed
distinct groupings of samples based on their metabolite profiles (Fig. 2). Exometabolomes from S. elongatus units
of both 2- and 3-unit mBRs clustered tightly with the axenic S. elongatus samples in the lower right quadrant of
the PCA plot, indicating similar metabolite profiles. Likewise, exometabolomes from R. toruloides units of both
mBR configurations showed high similarity. As expected, samples from the middle unit of the 3-unit mBR were
positioned between the S. elongatus and R. toruloides clusters. Notably, the exometabolome of the S. elongatus
- R. toruloides same-volume mixed co-culture was distinct from all other samples, potentially due to rapid
metabolite utilization or the production of specific metabolites resulting from direct cell-to-cell contact.

To elucidate relationships and co-variation between extracellular metabolites, we calculated a pairwise
Pearson correlation matrix and visualized the associations among 99 identified metabolites using a hierarchically
clustered heatmap (Supplementary Figure S8). We further analyzed significant correlations (|R| > 0.7, p<0.05)
using network analysis in Cytoscape®‘with the Girvan-Newman fast greedy clustering algorithm®!. The resulting
metabolite correlation network comprised 83 nodes with 259 edges, grouped into five clusters of more than 3
nodes (Fig. 3). This network topology analysis can reveal non-intuitive metabolic relationships and identify
metabolites of central importance®?%°,

Metabolites with high centrality that position as “bottlenecks” bridging large groups of metabolites or as
“hubs” directly connected to a large number of other metabolites are often those of principle importance. Top
20 metabolites with highest betweenness centrality (“bottleneck”) and degree (“hub”) metabolites are shown in
Table 1. As anticipated, sucrose, the primary carbon source exchanged between S. elongatus and R. toruloides, was
among the top metabolites in both centrality measures. Other important metabolites included sugar derivatives
(myo-inositol, D-ribose 5-phosphate, methyl-B-D-galactoside, and iso-erythritol), carboxylic acids (3-hydroxy-
isobutanoate and putative oxalate), and the amino acid valine.

Hierarchical clustering analysis revealed three principal clusters of extracellular metabolites based on their
relative abundance across different samples (top 40 based on T-test are shown in Fig. 4 and full list can be found
in Supplementary Figure S9-S10). Metabolites in the Cluster I included sucrose as well as other sugars and
glycosides (e.g. arabinose, maltose, glucosyl glycerol, xylitol, arbutin, N-acetyl-D-mannosamine). They were
found in high abundance in all S. elongatus cultures including S. elongatus - R. toruloides mixed co-cultures, and
lowest abundance in the R. toruloides unit of the 3-unit mBR. These metabolites corresponded to Cluster 2 in
the correlation network (Fig. 3) and were likely produced and excreted by the cyanobacterium. Contrastingly,
Cluster III on the heatmap (Fig. 4) included diverse list of metabolites with higher abundance in the R. toruloides
units of the mBRs, but low abundance in the presence of S. elongatus including S. elongatus — R. toruloides mixed
co-culture. This pattern suggests production by the yeast and potential consumption by the cyanobacterium.
These metabolites were predominantly found in Cluster 5 of the correlation network. Finally, metabolites in the
Cluster IT had highest abundance in the S. elongatus - R. toruloides same-volume mixed co-culture implying that
they can be either produced by both species or their production can be induced by physical cell-to-cell contact
in the mixed co-culture.

We further analyzed the effect of spatial separation of S. elongatus and R. toruloides on the number and
identity of differentially abundant exometabolites (log2 FC>1,p .. . . < 0.05) after 101 h of incubation (Fig. 5).
Comparisons were made between axenic S. elongatus culture and mixed co-culture (Fig. 5A), and between S.
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Fig. 2. Principal Component Analysis (PCA) of exometabolome profiles at 101 h for cultures of axenic S.
elongatus (Se axenic), S. elongatus units of the membrane separated bioreactors (Se 2-mBR and Se 3-mBR,
respectively), R. foruloides inits of the mBRs (Rt 2-mBR and Rt 3-mBR, respectively), middle unit of the 3-unit
mBR (mddl 3-mBR), and S. elongatus - R. toruloides same-volume mixed co-culture (Se-Rt mixed). Each
circle represents a biological replicate (n=3 for each condition).

elongatus and R. toruloides units in both 2-unit (Fig. 5B) and 3-unit (Fig. 5C) mBRs. Interestingly, while S.
elongatus was the primary organic carbon supplier, a larger number of differentially abundant exometabolites
were associated with R. toruloides, particularly in mixed co-culture and 2-unit mBR configurations.

Effect of spatial separation of the S. elongatus and R. toruloides in co-cultures on a number and specifics of
the differentially abundant exometabolites (log2 FC>1, p_,. ... < 0.05) after 101 h of incubation is shown for
in Fig. 5 for axenic S. elongatus culture vs. S. elongatus - R. toruloides same-volume mixed co-culture (Fig. 5A),
S. elongatus unit vs. R. toruloides unit of a 2-unit mBR (Fig. 5B), S. elongatus unit vs. R. toruloides unit of a
3-unit mBR (Fig. 5C). While cyanobacterium was the primary organic carbon supplier in this binary synthetic
community, larger number of differentially abundant exometabolites were observed in the broth with R.
toruloides especially for mixed co-culture and 2-unit mBR.

The complete set of statistically significant differentially abundant metabolites is presented in three-way
Edwards—Venn diagrams (Fig. 5D-E). Functional enrichment analysis using the hypergeometric test revealed
that these metabolites significantly overrepresented several metabolic pathways in both organisms, including the
TCA cycle, Glyoxylate and dicarboxylate metabolism, Pentose phosphate pathways (PPP), metabolism of various
amino-acids, Fructose metabolism (Fruc) in yeast, Butanoate metabolism and Carbon fixation in cyanobacteria.

These results highlight the complex metabolic interactions between S. elongatus and R. toruloides and
demonstrate that spatial separation can significantly influence the production and exchange of metabolites in
this synthetic community.
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Fig. 3. Network analysis of extracellular metabolite correlations at 101 h. The network, visualized using
Cytoscape, summarizes significant pairwise correlations (Pearson |R| > 0.7, p <0.05) among extracellular
metabolites. Nodes represent individual metabolites, with colors indicating betweenness centrality. Edges
represent correlations, with blue for positive and red for negative correlations. Edge width corresponds to
correlation strength. Dashed edges indicate correlations between metabolites in different clusters. The network
is divided into five major clusters (>3 nodes each) using Cytoscape’s GLay plugin. Metabolite identification
confidence: No symbol: high (score>0.75); *: moderate (score < 0.75); **: putative (best spectral match).

Short name Full name | Value
Top degree metabolites

110) SUCR sucrose 20
53) INO myo-inositol 18
64) OXAL** oxalate 16

5) 3HIBA 3-hydroxy-isobutanoate | 15
69) MeGAL** methyl-b-D-galactoside | 15
26) R5P* D-ribose 5-phosphate 15
Top betweenness centrality metabolites

64) OXAL** oxalate 0.175
105) VAL L-valine 0.137
69) MeGAL** methyl-b-D-galactoside | 0.123
110) SUCR sucrose 0.106
53) INO myo-inositol 0.100
41) iso-ERY-OL* | iso-erythritol 0.075

Table 1. Metabolites with highest degree and betweenness centrality values at 101 h. Metabolite identification
confidence: No symbol: high (score>0.75); *: moderate (score < 0.75); **: putative (best spectral match).
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Fig. 4. Hierarchical clustering of top extracellular metabolites at 101 h. The heatmap shows hierarchical
clustering analysis of selected untargeted extracellular metabolites (top 40 based on T-test). Clustering was
performed using Euclidean distance measure and Ward’s algorithm. Color intensity corresponds to the
normalized relative abundance of each metabolite across different experimental conditions. Metabolite
identification confidence: No symbol: high (score>0.75); *: moderate (score < 0.75); **: putative (best spectral
match).
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Fig. 5. Differential exometabolite analysis at 101 h across cultivation conditions. (A-C) Volcano plots showing
differential content of exometabolites for: (A) axenic S. elongatus culture vs. S. elongatus - R. toruloides same-
volume mixed co-culture; (B) S. elongatus unit vs. R. toruloides unit of a 2-unit mBR; (C) S. elongatus unit

vs. R. toruloides unit of a 3-unit mBR. Red dots indicate metabolites with statistically significant differential
abundance (|log2 FC| > 1 and p adj < 0- 1); Negative and positive log2 FC likely correspond to metabolites
associated with production by S. elongatus and R. toruloides, respectively. (D and E) Three-way Edwards-Venn
diagrams showing metabolites with (D) higher (likely associated with production by S. elongatus) and (E)
lower (likely associated with production by R. toruloides) content (log2 FC> 1, p agj < O- 1) in axenic S. elongatus
and S. elongatus mBR units compared to mixed co-culture and R. foruloides mBR Units, respectively. (F)
Functional enrichment (Hypergeometric Test) and pathway topology analysis (relative betweenness centrality
based on KEGG metabolic pathways) of differential metabolites. Metabolite identification confidence: No
symbol: high (score>0.75); *: moderate (score < 0.75); **: putative (best spectral match).

Profiling of exchange metabolites in established mature co-culture of S. elongatus — R.
toruloides

To investigate the progression of metabolic interactions between S. elongatus and R. toruloides over time, we
analyzed exometabolome profiles at 173 h of cultivation, representing the established mature phase of the co-
culture.

Principal component analysis (PCA) of the 173-hour exometabolome profiles (Fig. 6) revealed patterns
similar to those observed at 101 h, with substantial differences between S. elongatus and R. toruloides units in
both 2- and 3-unit mBRs. Profiles from S. elongatus units across mBR configurations clustered together, as did
those from R. foruloides units, indicating high similarity of the exometabolome profiles. Notably, profilies from
axenic S. elongatus cultures and S. elongatus — R. toruloides mixed co-cultures positioned discretely, reflecting
their distinct metabolic profiles.

Network analysis of significant metabolite associations (Pearson |R| > 0.73, p<0.05) yielded a correlation
network of 60 nodes and 247 edges, grouped into three connected clusters (49 nodes) and one stand-alone
cluster (5 nodes) (Fig. 7). Full matrix of hierarchically clustered correlation coeflicients is visualized as a heatmap
in Supplementary Figure S11. Clusters 1 and 2 dominated the network, representing > 85% of nodes and >75%
of edges, with exclusively positive correlations. In contrast, cluster 3 exhibited negative intra-connections. Valine
emerged as the top “bottleneck” (highest betweenness centrality) and one of the top “hub” (highest degree)
metabolites (Table 2). Other key metabolites included sugar alcohols (erythritol, ribitol, xylitol, galactitol, and
acetol/hydroxyacetone) and carboxylic acids (fumarate, succinate, oxalate, and glycolate).

Hierarchical clustering analysis revealed six distinct groups of extracellular metabolites based on their
relative abundance across samples (top 40 based on T-test are shown in Fig. 8 and full list can be found in
Supplementary Figure S9-S10). Clusters I, II, and III contained metabolites with highest abundance in all
cultures with R. toruloides and lowest in axenic S. elongatus, suggesting yeast origin. However, there were
some vatiations potentally resulting from differences in utilization of certain metabolites by cyanobacteria.
Cluster I, peaking in mixed co-cultures, included sugar alcohols (arabinitol, mannitol, galactitol, ribitol and
erythritol), TCA intermediates (succinate, fumarate, and malate), and aromatic metabolites (phenylalanine and
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Fig. 6. Principal Component Analysis (PCA) of exometabolome profiles at 173 h for cultures of axenic S.
elongatus (Se axenic), S. elongatus units of the membrane separated bioreactors (Se 2-mBR and Se 3-mBR,
respectively), R. foruloides inits of the mBRs (Rt 2-mBR and Rt 3-mBR, respectively), middle unit of the 3-unit
mBR (mddl 3-mBR), and S. elongatus - R. toruloides same-volume mixed co-culture (Se-Rt mixed). Each
circle represents a biological replicate (n=3 for each condition).
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2-coumarate or 2-hydroxycinnamic acid), indicating potential stimulation of their production by close proximity
of S. elongatus Accumulation of these metabolites in the mixed co-culture suggests their unlikely utilization by
the cyanobacteria or augmented secretion by R. toruloides in the presence of S. elongatus. In contrast, Clusters
IT and III included metabolites not peaking in mixed co-cultures, including other TCA metabolites (oxalate
and ketoglutarate), amino acids (valine and threonine), D-ribose-5-phosphate, heptadecanoic acid and few
other. Cluster IT metabolites showed lower abundance in mixed cultures compared to R. toruloides units of the
mBRs, suggesting utilization by S. elongatus. Cluster IIT metabolites had relatively even abondance across all
cultures with R. toruloides including S. elongatus - R. toruloides co-culture implying either reduced or absence of
consumption by cyanobacteria. Cluster IV included sugars secreted by S. elongatus and robustly utilized by yeast,
including sucrose, maltose, and arbutin. Finally, Cluster VI metabolites were in highest abundance in mixed
co-cultures followed by axenic S. elongatus, suggesting cyanobacterial production stimulated by yeast proximity.

The presence of a semipermeable barrier (0.2 um membrane) significantly affected the number of differentially
abundant exometabolites (log2 FC>1, p, g, eq < 0.1) at 173 h. Notably, sucrose was the only differentially
abundant exometabolite in axenic S. elongatus versus mixed co-culture (Fig. 9A and D). The mBR systems
revealed additional differentially abundant metabolites in S. elongatus units, including glucose, maltose, arbutin,
and other sugar derivatives (putative lactose, glucosamine phosphate, acetylmannosamine and gluconolactone)
(Fig. 9B and C).
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Fig. 7. Network analysis of extracellular metabolite correlations at 173 h. The network, visualized using
Cytoscape, summarizes significant pairwise correlations (Pearson |R| > 0.7, p <0.05) among extracellular
metabolites. Nodes represent individual metabolites, with colors indicating betweenness centrality. Edges
represent correlations, with blue for positive and red for negative correlations. Edge width corresponds to
correlation strength. Dashed edges indicate correlations between metabolites in different clusters. The network
is divided into five major clusters (>3 nodes each) using Cytoscape’s GLay plugin. Metabolite identification
confidence: No symbol: high (score>0.75); *: moderate (score < 0.75); **: putative (best spectral match).

R. toruloides cultures exhibited a significantly larger number of differentially abundant exometabolites
compared to S. elongatus cultures. We identified 27 exometabolites consistently present in all three types of
cultures with R. toruloides cells and an additional 21 in at least two (Fig. 9D and E). These metabolites primarily
comprised TCA intermediates (succinate, fumarate, oxalate and malate), sugar alcohols (mannitol, erythritol,
arabitol, acetol, and glycerol), carboxylic (glycolate, hydroxypropanoate, lactate, hydroxyisobutyrate, pimelate)
and amino acids (glycine, valine, threonine).

In contrast, a relatively large number of exometabolites with statistically significant increased abundance
were identified in cultures with R. toruloides cells compared to corresponding S. elongatus cultures. Specifically,
27 exometabolites were consistently identified in all three cultures with R. toruloides and 21 more were identified
in at least two of the yeast cultures. All differentially abundant metabolites are shown for all three cultivation
configurations on the three-way Edwards-Venn diagrams in Fig. 5D (higher abundance in S. elongatus units)
and Fig. 5D (higher abundance in R. toruloides units). Major groups of metabolites were represented by the TCA
intermediates (succinate, fumarate, oxalate and malate), sugar alcohols (mannitol, erythritol, arabitol, acetol,
and glycerol), carboxylic (glycolate, hydroxypropanoate, lactate, hydroxyisobutyrate, pimelate) and amino
acids (glycine, valine, threonine). In addition to metabolites COG’s TCA, Glyoxylate and dicarboxylate, PPP,
amino-acids, Butanoate and Carbon fixation pathways identified in 101 h samples, the exometabolites in 173 h
sample overrepresented COG’s Aminoacyl-tRNA biosynthesis, Starch and sucrose, Glycerolipid, and Pyruvate
metabolism pathways (Fig. 9F).

Pathway enrichment analysis of differentially abundant metabolites at 173 h revealed overrepresentation of
several metabolic pathways beyond those identified at 101 h, including Aminoacyl-tRNA biosynthesis, Starch
and sucrose metabolism, Glycerolipid metabolism, and Pyruvate metabolism (Fig. 9F).

These results demonstrate the dynamic nature of metabolic interactions between S. elongatus and R. toruloides
over time, and highlight the impact of spatial separation on metabolite exchange in this synthetic community.
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Short Name ‘ Full Name Value
Top degree metabolites

30) ERY-OL | erythritol 25
84) RIB-OL ribitol 21
105) VAL L-valine 20

3) 2HCA* 2-coumarate 19
33) FUM fumarate 18
98) SUC succinate 18
99) FUM fumarate 18
34) GAL-OL* | galactitol 18
Top betweenness centrality
metabolites

105) VAL L-valine 0.225
30) ERY-OL | erythritol 0.158
51) MALT maltose 0.120
53) INO myo-inositol 0.105
13) Ac-OL* hydroxyacetone | 0.084
84) RIB-OL ribitol 0.079
64) OXAL** | oxalate 0.052
61) GlyA** glycolate 0.048

Table 2. Metabolites with highest degree and betweenness centrality values at 173 h. Metabolite identification
confidence: No symbol: high (score > 0.75); *: moderate (score < 0.75); **: putative (best spectral match).

Discussion

Microbial communities, both natural and engineered, represent complex and powerful biological systems that
play crucial roles in global biogeochemical cycles, waste management, and even human health. While advances in
genomics have enabled the identification and quantification of species within these communities, understanding
the intricate metabolic interactions that drive community dynamics remains challenging. This is particularly
true for extracellular metabolites, which are often difficult to attribute to specific community members due to
the shared metabolic capabilities of many microorganisms.

In this study, we deployed 2-unit and 3-unit membrane bioreactor (mBR) systems to investigate cross-feeding
and interactions in a synthetic lichen partnership between the photoautotrophic cyanobacterium Synechococcus
elongatus and the heterotrophic yeast Rhodotorula toruloides. This novel approach allowed us to capture the
directionality of metabolite flow between community members as diffusion-limited gradients and to detect
transient extracellular metabolites that might otherwise go unnoticed in well-mixed co-cultures.

While similar approaches using microplate-based devices like SubTap and BioMe®*#* have been developed
for high-throughput screening of microbial interactions, our mBR system offers distinct advantages for certain
types of studies. Unlike microplate-based systems, which are limited by small sample volumes, our mBRs
provide larger volumes that allow for time-course studies and multi-omics analyses requiring substantial sample
quantities. Additionally, the larger volume in our mBRs mitigates issues related to evaporation that can affect
microplate-based systems during extended experiments.

One of the most striking observations in our study was the emergence of carbon exchange patterns in the
mature synthetic co-culture that resembled those found in natural cyanolichens. S. elongatus fixed CO, and
shared reduced carbon with its fungal partner primarily in the form of sugars, including not only the engineered
sucrose secretion but also glucose, arabinose, maltose, and other sugar derivatives. In return, R. toruloidessecreted
a variety of secondary metabolites, with sugar alcohols being particularly prominent. Indeed, sugar alcohols like
mannitol, arabitol, erythritol, and ribitol were reported to be the main secreted carbon metabolites secreted
by fungi in cyanolichens!”*¢-%. Therefore, the observed exchange of sugars for sugar alcohols mirrors the
fundamental cross-transfer observed in natural cyanolichens, suggesting that this may be a conserved pattern
in cyanobacteria-fungi interactions. It is important to note that while natural lichens function under dynamic
conditions including diurnal cycles, fluctuating light intensities, alternating periods of desiccation and hydration,
and seasonal changes, our current study employed constant light conditions®¢-88. This simplification allowed us
to establish a baseline for metabolic exchange in our synthetic system. Future studies incorporating light-dark
cycles would be valuable to more closely mimic natural conditions and potentially reveal additional insights into
the temporal dynamics of metabolite exchange in cyanobacteria-fungi partnerships.

The use of mBR systems proved particularly valuable in identifying rapidly consumed metabolic intermediates
that mediate carbon flow through the community. During the early growth phase of the heterotroph, we detected
higher concentrations of organic acids (such as glycolic acid, pimelic acid, lactic acid, citric acid, and oxalic acid)
in the R. toruloides chambers of the mBRs. This suggests that these compounds are produced by the yeast and
rapidly consumed by S. elongatus, potentially serving as additional carbon sources beyond CO,. Conversely,
during late-stage growth, sugars produced by S. elongatus (including sucrose, maltose, and trehalose) were
found at significantly lower concentrations in the R. toruloides chambers compared to the S. elongatus chambers,
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Fig. 8. Hierarchical clustering of top extracellular metabolites at 173 h. The heatmap shows hierarchical
clustering analysis of selected untargeted extracellular metabolites (top 40 based on T-test). Clustering was
performed using Euclidean distance measure and Ward’s algorithm. Color intensity corresponds to the
normalized relative abundance of each metabolite across different experimental conditions. Metabolite
identification confidence: No symbol: high (score>0.75); *: moderate (score < 0.75); **: putative (best spectral
match).
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Fig. 9. Differential exometabolite analysis at 173 h across cultivation conditions. (A-C) Volcano plots showing
differential content of exometabolites for: (A) axenic S. elongatus culture vs. S. elongatus - R. toruloides same-
volume mixed co-culture; (B) S. elongatus unit vs. R. toruloides unit of a 2-unit mBR; (C) S. elongatus unit

vs. R. toruloides unit of a 3-unit mBR. Red dots indicate metabolites with statistically significant differential
abundance (|log2 FC| > 1 and p adj < 0- 1); Negative and positive log2 FC likely correspond to metabolites
associated with production by S. elongatus and R. toruloides, respectively. (D-E) Three-way Edwards-Venn
diagrams showing metabolites with (D) higher (likely associated with production by S. elongatus) and (E)
lower (likely associated with production by R. toruloides) content (log2 FC>1,p_, j <0 1) in axenic S. elongatus
and S. elongatus mBR units compared to mixed co-culture and R. toruloides mBR Units, respectively. (F)
Functional enrichment (Hypergeometric Test) and pathway topology analysis (relative betweenness centrality
based on KEGG metabolic pathways) of differential metabolites. Metabolite identification confidence: No
symbol: high (score>0.75); *: moderate (score < 0.75); **: putative (best spectral match).

suggesting that sugar production by the cyanobacteria may become a limiting factor for yeast growth in the later
stages of co-culture.

In general, comparing the exometabolomes at 101 and 173 h revealed dynamic shifts in metabolite profiles
over time. While sugar exchange remained prominent throughout, we observed an increase in the diversity and
abundance of sugar alcohols and TCA cycle intermediates in the later time point, particularly in R. toruloides
cultures. This shift suggests a maturation of the metabolic relationship between the two organisms, with R.
toruloides potentially adapting its metabolism to more efficiently process the increasing flux of carbon sources
provided by S. elongatus as the culture density increased. The greater abundance and diversity of yeast-produced
exometabolites at 173 h likely reflects both this increased sugar availability and the yeast’s metabolic adaptation
to the co-culture environment over time.

The mBR approach also allowed us to establish concentration gradients for various metabolites, providing
insights into the directionality of metabolite flows without the need for costly labeled substrates. We found that
approximately 33% (69 out of 107) of the detected metabolites exhibited significant concentration differences
(log2 FC>1, p<0.01) between the R. toruloides and S. elongatus chambers in at least one experimental setup.
Of these, 13 metabolites exhibited significant differential gradients in both the 2- and 3-mBR systems with 100%
agreement in directionality of the gradient between systems. For metabolites where only one system identified
a significant directional gradient, the other mBR was in soft agreement (same direction but non-significant)
in 85% (48/56) of the observations, which underscores the reproducibility and reliability of this approach.
Across the middle and late time-points, seven metabolites exhibited high-confidence significant gradients
across experimental systems including sucrose, maltose, and proline produced by S. elongatus and a variety of
modified sugars produced by R. foruloides (ethyl-glucuronide, methyl-beta-D-galactopyranoside, and ribose-5-
phosphate) demonstrating carbon flow in both directions. Notably, both sucrose and maltose were specifically
lower in concentration during mixed co-cultivation during late-stage growth of the yeast partner. These results
demonstrate that membrane separated bioreactors aid identification of metabolites representing major forms
of organic carbon exchanged by microbial partners and detection of the primary producer from concentration
gradients.

Our findings have implications for understanding both natural and synthetic microbial communities. In
natural systems, such as aquatic environments and cyanolichens, the identified metabolite exchange patterns
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may help explain the stability and resilience of these communities. For instance, the ability of cyanobacteria
to utilize TCA intermediayes and amino-acids produced by heterotrophs may contribute to their survival
during periods of limited light availability in deep euphotic zones®*-5%61:6266, Receiving TCA intermediates and
amino-acids in return for sugars could be another cross-feeding pattern between phototrophs and heterotrophs
developed through adaptive evolution.

From a synthetic biology perspective, our results demonstrate the potential for creating artificial symbioses
between diverse organisms that do not naturally form lichens. This opens up possibilities for designing novel
synthetic communities with tailored metabolic capabilities. The mBR approach we developed could be a valuable
tool for optimizing these synthetic systems, allowing for fine-tuning of metabolite exchange and community
composition.

Moreover, our study contributes to the broader field of synthetic ecology and its potential applications in
biotechnology. By elucidating the complex interactions and metabolic exchanges in our synthetic system, we
provide insights that could inform the design of more efficient and robust microbial consortia for sustainable
bioproduction. For example, the observed patterns of sugar and organic acid exchange could be exploited to
develop systems for converting CO, or waste organic carbon into value-added chemicals or biofuels .

However, it's important to note that while our 3-mBR system allowed for the detection of additional
metabolites due to increased diffusion time, it also further limited metabolite exchange and impacted partner
species growth. This highlights the need for careful consideration of experimental design when studying time-
dynamic metabolic fluxes in microbial communities.

In conclusion, our study demonstrates the power of membrane-separated bioreactor systems in unraveling
the complex metabolic interactions within microbial communities. By providing a means to capture transient
metabolites and establish concentration gradients, this approach offers new possibilities for studying and
engineering microbial consortia. Future work could extend this method to more complex communities or focus
on engineering specific metabolic exchanges based on the patterns observed here. Ultimately, these insights
could lead to the development of more sophisticated synthetic microbial communities with applications ranging
from bioremediation to the production of novel biomaterials.

Conclusions

This study demonstrates the efficacy of membrane-separated bioreactor systems in elucidating complex
metabolic interactions within synthetic microbial communities. By employing 2-unit and 3-unit mBRs, we
successfully captured the directionality of metabolite flow and detected transient extracellular metabolites in a
synthetic lichen partnership between Synechococcus elongatus and Rhodotorula toruloides. Our findings reveal
striking similarities between the carbon exchange patterns in this synthetic system and those observed in natural
cyanolichens, particularly the trade of sugars for sugar alcohols.

The mBR approach proved invaluable in identifying rapidly consumed metabolites and establishing
concentration gradients, offering insights into metabolite flows without the need for labeled substrates. This
method’s reproducibility and ability to capture time-dynamic metabolic fluxes underscore its potential as a
powerful tool for studying and engineering microbial consortia.

Our results have significant implications for understanding both natural microbial communities and
designing synthetic ones. The observed metabolite exchange patterns may explain the stability of natural systems
and inform the development of more efficient synthetic communities for biotechnological applications. Future
research could extend this approach to more complex communities or focus on engineering specific metabolic
exchanges, potentially leading to novel solutions in bioremediation, sustainable bioproduction, and the creation
of new biomaterials.

Materials and methods

Culture media and maintaining

Sucrose secreting Synechococcus elongatus PCC 7942 cscB/SPS strain (S. elongatus) engineered to overexpress
sucrose phosphate synthase (SPS) and sucrose permease (CscB) was generously provided by Dr. Daniel Ducat®.
Rhodotorula toruloides (formerly Rhodosporidium toruloides) strain NBRC 0880 (otherwise known as IFO0880)
was used as a yeast partner to establish a synthetic binary co-culture. Axenic S. elongatus and its co-culture
with R. toruloides were grown at 30+2 °C temperature and supplemented with 2% CO, in nitrogen under
approximately 200 pmol photons m~2 s™! of light provided by 15 W LED light. Cultures were mixed by PFTE
Octagon Spinbar Magnetic Stirring Bars (9.5 mm x 25.4 mm) at ~200 r.p.m. in BG11 medium supplemented
with 0.09 g/L of yeast nitrogen base without amino acids and ammonium sulfate, 0.264 g L=! ammonium
sulfate, 0.174 g L™! potassium phosphate dibasic, and 3 g L™! HEPES to a final pH of 8.3 with NaOH. Axenic R.
toruloides was grown in same medium supplemented with 10 g L~! of sucrose. Where appropriate, 1 mM IPTG
was added to induce cscB and sps expression. During routine maintenance of cyanobacterial cultures, flasks
were back-diluted to approximately 0.2 OD. for > 3 days prior starting target experiment, growth medium was
supplemented with experiments 25 mg L~ of chloramphenicol and 25 mg L' of kanamycin. Antibiotics were
removed prior to conducting any of the reported experiments.

Two- and three-unit membrane separated bioreactors for co-cultivation

A custom-made membrane separated bioreactor (mBR) setup was implemented to identify exometabolite
profile, metabolite producer and relative gradient for exchanging metabolites in the binary communities. A
2-unit mBR consisted of modified commercially available glass 500 mL and 250 mL heavy duty GL45 round
bottles. The bottles were customized into coupled cultivation units by adding a side opening and a 60 mm neck
with NW63 glass flat flanges connected with knuckle clamps and teflon centered o-rings to ensure a leak proof
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sealing. The flanges house 0.22 um hydrophilic polyvinylidene fluoride (PVDF) membrane filter (Durapore,
Millipore, Billerica, MA, USA) to establish a separation barrier for microorganisms but allowing diffusion of the
metabolites during co-culture. A 3-unit mBR included additional third chamber between two cultivation units.
All units were equipped with standard 20 mm septum fittings to allow aseptic collection of samples.

Sucrose and cell number quantification
Sucrose production and export was activated by addition of 1 mM IPTG inducing expression of sps and cscB.
Cells were separated by centrifugation at 15,000 g, the supernatant was recovered and analyzed using the
Sucrose/d-Glucose Assay Kit (Megazyme: K-SUCGL) and Genesys 20 Spectrophotometer (Thermo Scientific).
Cell counting was performed using a NovoCyte 3000 VYB Flow Cytometer System (Agilent Technologies
Inc., Santa Clara, CA) equipped with violet (405 nm), blue (488 nm), and yellow (561 nm) lasers. S. elongatus
and R. toruloides were distinguished and counted based on their distinct forward scatter (FSC) properties
and the high red autofluorescence of photosynthetic pigments in S. elongatus. All samples were analyzed
fresh (within an hour after collection), briefly vortexed, and loaded along with negative controls (medium and
autoclaved distilled water) on a 24-tube loader. Analysis was performed using a flow rate of 50 yL/min and run to
achieve at least 100,000 S. elongatus cell events. A series of 3 rinses was performed between each sample, with a
homogenization of 1 cycle per sample at 1,000 rpm for 10 s. Excitation was performed with two lasers at 405 nm
and 488 nm. Pigment autofluorescence was measured using a red filter (660/20 nm). Data was analyzed with
NovoExpress Software (Agilent Technologies Inc., Santa Clara, CA).

Extracellular metabolomics

Comprehensive analysis of extracellular metabolites was conducted using a modified protocol based on
previous studies®. Briefly, culture supernatants were dehydrated and subjected to chemical derivatization by
methoxyamination and trimethylsilyation. The resulting samples were then examined using gas chromatography-
mass spectrometry (GC-MS). The GC-MS analysis was performed on an Agilent GC 7890 A system, utilizing a
HP-5MS column (30 m X 0.25 mm X 0.25 um; Agilent Technologies, Santa Clara, CA, United States) coupled
with a single quadrupole MSD 5975 C (Agilent Technologies). To ensure accurate retention time calibration, a
fatty acid methyl ester standard mixture was analyzed alongside the samples. Sample (1 mL) was injected into a
splitless port at constant temperature of 250 °C. The GC temperature gradient started at 60 °C and hold for 1 min
after injection. Then, the temperature was increased to 325 °C at a rate of 10 °C/min and hold at this temperature
for 5-min. Fatty acid methyl ester standard mix (C8-28) (Sigma-Aldrich) was analyzed longside the samples as
standard for retention time calibration. Raw GC-MS data processing was carried out in Metabolite Detector
software’!.

This involved calculating retention indices for the detected metabolites based on the analysis of a FAMEs
mixture, and chromatographic aligning of them across all samples after deconvolution. Metabolite identification
was accomplished through a two-step process: first, by comparing experimental spectra with an extensive,
custom-augmented version of “Agilent GC-MS Metabolomics Library” library, and second, by matching
unknown peaks against a standard GC-MS library with spectra and validated retention indices for over 850
metabolites. Next, the unknown peaks were additionally matched with the NIST17/Wileyll GC-MS library.
To minimize errors and false identifications, all metabolite identifications and quantification ions underwent
rigorous validation. Identified metabolites were categorized into three groups: (1) a main group without any
indices, corresponding to metabolites with a high matching score>0.75; (2) a second group marked with a
single asterisk (*), corresponding to metabolites with a matching score < 0.75; and (3) a third group denoted with
two asterisks (**), corresponding to metabolites with no direct but best spectral match. This careful approach not
only ensured the reliability and accuracy of the metabolomic data obtained from the extracellular samples, but
also allowed us to include and display a broader range of metabolites, providing a more comprehensive view of
the metabolic landscape. Supplementary Table S1 provides a complete list of identified metabolites, including
abbreviated names used in figures and tables, full names, and relevant database IDs (KEGG, BioCyc, PubChem,
ChEBI). Abbreviated names include a unique identifier number to facilitate cross-referencing throughout the
paper and in functional enrichment analysis.

Metabolomics data analysis and visualization
The acquired metabolite peak intensity data was pre-processed using MetaboAnalyst v5.0 platform”>®* to adjust
for systematic differences among samples and variation in metabolite peak scales through sample normalization
by sum, Logl0 transformation and Pareto scaling (mean-centered and divided by the square root of the
standard deviation of each variable) (see Supplementary Figures $4-S7). Pre-processed data was subjected to
principal component analysis (PCA) using the R Statspackage (version 4.2.2)*%, which applies singular value
decomposition method, and visualized using Factoextrapackage (version 1.0.7)°>. Pearson pairwise correlation
coefficients among metabolite intensities (concentrations), hierarchical clustering based on Euclidean distance
for metabolite intensities and samples (see Supplementary Figures $5-S10). Then, the metabolites with
statistically significant differential intensities between cultures (Log2 FC of > 1 and adjusted p-value <0.05) were
determined using MetaboAnalyst v5.0°%% (see Supplementary Tables $2-S3). Most significant associations
among metabolites, representing top ~ 250 correlation coeflicients with R> 0.8 for 101 h and R> 0.83 for 173 h,
were visualized as a correlation-based network using Cytoscapesoftware®’. Metabolites were clustered through
community clustering app (GLAY) based on the Girvan-Newman fast greedy algorithm implemented in the
clusterMakerplugin®.

Results of the metabolite differential intensity and functional enrichment analysis were visualized on Volcano
plots, Edwards-Venn and pathway topology diagrams made by using R EnhancedVolcanopackage (version
1.16.0)%, EVennweb tool”” and Pathway Analysistool of the MetaboAnalyst v5.0°%%%, Pathway over-representation
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analysis was performed using the hypergeometric test (FDR <0.05 was considered significant) using metabolite
sets based on normal metabolic pathways and the reference pathway libraries for S. elongatus PCC 7942 and S.

cerevisiaeavailable through the Kyoto Encyclopedia of Genes and Genomes (KEGG

)98_
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