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Current bioprocesses for production of value-added compounds are mainly based on pure cultures that are
composed of rationally engineered strains of model organisms with versatile metabolic capacities. However, in
the comparably well-defined environment of a bioreactor, metabolic flexibility provided by various highly
abundant biosynthetic enzymes is much less required and results in suboptimal use of carbon and energy sources
for compound production. In nature, non-model organisms have frequently evolved in communities where
genome-reduced, auxotrophic strains cross-feed each other, suggesting that there must be a significant advantage
compared to growth without cooperation. To prove this, we started to create and study synthetic communities of
niche-optimized strains (CoNoS) that consists of two strains of the same species Corynebacterium glutamicum that
are mutually dependent on one amino acid. We used both the wild-type and the genome-reduced C1* chassis for
introducing selected amino acid auxotrophies, each based on complete deletion of all required biosynthetic
genes. The best candidate strains were used to establish several stably growing CoNoS that were further char-
acterized and optimized by metabolic modelling, microfluidic experiments and rational metabolic engineering to
improve amino acid production and exchange. Finally, the engineered CoNoS consisting of an r-leucine and t-
arginine auxotroph showed a specific growth rate equivalent to 83% of the wild type in monoculture, making it
the fastest co-culture of two auxotrophic C. glutamicum strains to date. Overall, our results are a first promising
step towards establishing improved biobased production of value-added compounds using the CoNoS approach.

1. Introduction

Current bioprocesses for the production of value-added compounds
are mainly based on pure cultures that are composed of rationally
engineered strains of platform organisms with versatile metabolic ca-
pacities. These strains often possess vast overcapacities of specific cen-
tral metabolic proteins, a natural mechanism to cope with rapidly
changing environmental conditions. On the one hand, a complex
genome confers robustness to a cell, but on the other hand, it affects the
predictability for biotechnological applications (Wynands et al., 2019).

In support of this, O’Brien and co-workers recently performed a
genome-scale analysis of absolute protein data originating from

Escherichia coli experiments across 16 different environments (O’ Brien
etal., 2016). They argue that almost half of the proteome mass is unused
in certain environments and, most importantly, reduction in unused
protein expression is shown to be a common mechanism to increase
cellular growth rates in adaptive evolution experiments.

For another industrially important organism, Corynebacterium gluta-
micum, two quantitative proteomics studies showed that: i) the cellular
amount of various central metabolic enzymes is much higher than
necessary for maintaining optimal growth in bioreactor environments
(Voges et al., 2015), and ii) cells maintain stable enzyme concentrations
when grown on a specific primary carbon source, independent of its
availability (Noack et al., 2017). This means that even under substrate
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limiting conditions, e.g., in a fed-batch scenario without overfeeding, a
significant amount of carbon and energy is captured in unused proteins.
In other words, in the comparably well-defined environment of a
bioreactor, metabolic flexibility provided by overexpression of biosyn-
thetic genes is much less required and results in suboptimal production
processes due to the waste of carbon and energy sources that could be
re-directed toward a more efficient bio-production.

Synthetic genome reduction is one promising strategy to reduce
these undesired protein overcapacities. Recently, we constructed a
genome-reduced chassis of C. glutamicum by following comprehensive
gene deletions including those for the three prophages, IS elements and
several other genes not relevant for growth under defined p-glucose
conditions (Baumgart et al., 2013, 2018; Unthan et al., 2015). The
resulting strain, denoted as C1*, possesses a genome reduced by 13.4%.
However, no significant increase in specific growth rate was observed
compared to the wild type under various conditions.

To find an explanation for this surprising finding, we performed a
comparative analysis of natural and synthetic reduced genomes and
their corresponding ecological niches (Noack and Baumgart, 2019). This
analysis revealed that: i) only deleting expressed genes can lead to
noticeable carbon and energy savings that are useable for improving
biomass or product synthesis; ii) such streamlined strains cannot exist as
pure cultures but depend on the environment, e.g., another community
member, to complement deleted functions, and iii) bacterial
cross-feeding interactions have evolved quite frequently in nature and,
thus, there must be significant advantages for such communities.

We therefore introduced the term “Communities of Niche-optimized
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Fig. 1. CoNoS-framework for the design and creation of stable, genome-
reduced co-cultures for improved amino acid production utilizing synthetic
bacterial communities. As an example, the creation of a CoNoS is depicted that
consists of two streamlined strains that are additionally made auxotrophic for
amino acids A and B, respectively, to introduce cross-feeding interactions for
these common goods.
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Strains” (CoNoS). More specifically, a CoNoS consists of at least two
strains of the same species, each carrying one or more auxotrophy
(Fig. 1). The strains are supposed to cross-feed each other and thereby
save carbon and energy by sharing the available enzymatic capacity for
the required amino acids. In this way, the strains involved in a CoNoS
create a synthetic niche that mimics the naturally occurring community
interactions.

Moreover, as McCarty and Ledesma-Amaro have pointed out,
switching bioproduction from monocultures to synthetic microbial
communities of auxotrophs offers many other potential advantages
(McCarty and Ledesma-Amaro, 2019). One of these relates to modu-
larity and the ability to partition engineered biosynthetic pathways
among specialized strains, which could facilitate the process of meta-
bolic  engineering and reduce cross-reactivities  through
compartmentalization.

In this study, we successfully designed and engineered CoNoS that
consists of two strains of the model organism C. glutamicum. We have
succeeded in establishing stable, genome-reduced and fast-growing
CoNoS based on greatly increased amino acid exchange rates. Based
on a comprehensive characterization of engineered CoNoS, the chal-
lenges in strain and process development are discussed to establish such
synthetic communities for efficient bioproduction in the near future.

2. Results
2.1. Model-based design of C. glutamicum CoNoS

For the design and stable operation of a CoNoS, the strain engi-
neering and target product selection underlies two major criteria:

1) Introduced auxotrophies should result in a significant release of
carbon and energy due to the lack of expressed genes.

2) External supply of the essential metabolite should allow full
complementation of the introduced auxotrophy. This is of particular
importance for the independent phenotyping of engineered strains
under different environmental conditions.

Following these criteria, we decided to focus on the creation of
CoNosS for the overproduction of selected proteinogenic amino acids.

We started with an in silico feasibility analysis for introducing single
amino acid auxotrophies in C. glutamicum. Briefly, by taking all 20
proteinogenic amino acids into account, we performed constraint-based
flux balance analysis (cFBA) using an extended genome-scale model and
a newly created focused network model of C. glutamicum. Auxotrophies
were modeled by blocking at least one essential reaction step in the
corresponding amino acid biosynthetic pathway at a time. Optimal cell
growth was simulated with p-glucose as primary carbon and energy
source and by allowing unrestricted uptake of the essential amino acid
(for details see Material and Methods section).

As a result, most amino acid auxotrophic strains under supplemented
conditions are theoretically feasible and the simulated growth pheno-
types are consistent with our CoNoS approach (Fig. 2A). As expected, the
predicted optimal growth rates were always higher than for the wild
type, because more carbon is supplied via the corresponding essential
amino acid in addition to a fixed amount of p-glucose (Fig. 2B).
Depending on the individual demand of the amino acid for biomass
generation and its position in the metabolic network, this growth rate
effect might be comparably low (<1% for L-tryptophan, 1-histidine and 1-
cysteine) or high (>10% for r-aspartate and L-asparagine). It is impor-
tant to note that due to a lack of empirical data, both models do not
account for a potential growth advantage of auxotrophic strains in terms
of lower gene expression and lower protein production costs (see crite-
rion 1), and the predicted increases in growth rate should not be mis-
interpreted in this regard.

Exceptions were found for i-glutamate and i-glutamine, whose
simulated auxotrophies led to unreasonably high growth rates. Both
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Fig. 2. Model-based design of C. glutamicum CoNoS. A) Focused metabolic network model of C. glutamicum. Feasible amino acid auxotrophies are check-marked in
green. Non-feasible auxotrophies are cross-marked in black and corresponding linkages to the C1 metabolism (i-glycine) as well as transaminase reactions (t-
glutamate and 1-glutamine) are additionally highlighted. B) Predicted increases in growth rate when single amino acid auxotrophic strains are cultured under
supplemented conditions. C) Structural genes encoding the enzymes for synthesis of those amino acids selected for introducing auxotrophies.
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amino acids play essential roles in the transamination of different
metabolic compounds such as the 2-oxo precursors of most proteino-
genic r-amino acids in C. glutamicum (Eggeling and Bott, 2005). These
transaminations lead either to the formation of additional r-glutamate
(in the case of 1-glutamine as amine source) or directly to a-ketogluta-
rate, which can be recycled in the tricarboxylic acid cycle (cf. Fig. 2A).
Conclusively, strain designs carrying single amino acid auxotrophies for
L-glutamate and i-glutamine are not sufficiently defined for our
modelling-assisted CoNoS approach (see criterion 2).

Furthermore, simulation of an i-glycine-auxotrophic strain is not
feasible because the required inactivation of the ir-serine hydroxyl
methyltransferase step (encoded by glyA) then also prevents recycling of
tetrahydrofolate into 5,10-methylene-tetrahydrofolate. The latter is the
major source of Cl units in the cell, making GlyA a key enzyme in the
biosynthesis of purines, thymidine, methionine, choline and lipids. In
fact, the gene glyA is essential in C. glutamicum (Peters-Wendisch et al.,
2005), but it can be deleted in E. coli (Mundhada et al., 2016; Vidal et al.,
2008).

Following the in silico analysis, we thoroughly studied the tran-
scriptional and metabolic organization of all encoding genes and cata-
lytic enzymes for the synthesis of the 17 proteinogenic amino acids in
C. glutamicum. We utilized our revised genome annotation list (Baum-
gart et al., 2018) and the following criteria:

1) Target genes should be organized in one or only a few transcriptional
units to allow easy and full deletion of the pathway.

2) Deletion of target genes does not affect transcription of neighboring
genes.

3) Associated operons do not contain any relevant genes not related to
the amino acid synthesis pathway.

The data obtained were compared with the known demand of each
amino acid for biomass synthesis in order to evaluate the potential of a
corresponding auxotrophic strain in a CoNoS setting. Finally, our eval-
uation resulted in the selection of the five amino acids r-arginine, 1-
histidine, L-leucine, 1-serine, and L-tryptophan for establishing CoNoS for
amino acid overproduction (Fig. 2C).

2.2. Construction and phenotyping of selected auxotrophic strains

Amino acid auxotrophic strains were constructed by deleting the
whole biosynthetic machinery for the respective amino acids L-arginine,
t-histidine, 1-leucine, i-serine or i-tryptophan (Fig. 2C). Both
C. glutamicum ATCC 13032 (WT) and the derived genome-reduced
C. glutamicum C1* (Baumgart et al., 2018) were used as precursor
strain. The deletion of the r-histidine biosynthetic machinery is not
possible in the C1* background because of the missing L-histidine
importer PheP (cg1305) as shown previously (Kulis-Horn et al., 2014).
In total, nine auxotrophic strains were constructed that are listed in
Table 1. The auxotrophy of each newly constructed strain will be indi-
cated with the A symbol followed by the amino acid abbreviation, e.g.,
AARG has the whole 1-arginine biosynthetic machinery deleted.

Subsequently, the growth performance of all engineered strains was
tested by running small-scale cultures in a BioLector system. Defined
CGXII medium with p-glucose as primary carbon and energy source was
applied and the corresponding amino acid was supplemented at
different concentrations (Fig. 3A). All auxotrophic strains were not able
to grow under non-supplemented conditions, confirming the success of
the prior genome reduction step. Furthermore, the minimal amount of
amino acid supplementation to reach growth at wild-type levels was
identified for the 1-arginine, 1-leucine, and L-serine auxotrophic strains.
Interestingly, none of these strains showed a higher growth rate as was
predicted by the in silico analyses (cf. Fig. 2B). In particular, for the -
leucine and i-serine strains, a 5% increase from 0.59 + 0.01 h!
(measured control) to 0.62 h™! (simulated auxotrophy) could have been
detected, taking into account the measurement accuracy. This is
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(cg0303) 180 bp upstream region

Table 1
Bacterial strains used in this study.

Strain Characteristics Reference

E. coli

DH5x F-080dlacA(lacZ)M15 A(lacZYA-argF) Hanahan
U169 endA1 recAl hsdR17 (rK- mK+) (1983)
deoR thi-1 phoA supE44 - gyrA96 relAl;
strain used for cloning procedures

C. glutamicum

ATCC 13032 (WT) Biotin-auxotrophic wild type Kinoshita

et al. (1957)

C1* Derivative of ATCC 13032 with a genome  Baumgart
reduced by 13.4% et al. (2018)

C1* ATRP C1* with an in-frame deletion of AtrpP This study
(cg3357) AtrpE (cg3359) AtrpG (cg3360)
AtrpD (cg3361) AtrpCF (cg3362) AtrpB
(cg3363) AtrpA (cg3364)

WT* ATRP WT with an in-frame deletion of AtrpP This study
(cg3357) AtrpE (cg3359) AtrpG (cg3360)
AtrpD (cg3361) AtrpCF (cg3362) AtrpB
(cg3363) AtrpA (cg3364)

C1* ASerA C1* with an in-frame deletion of AserA This study
(cgl451)

C1* ASerAC C1* ASerA with an in-frame deletion of This study
AserC (cg0948)

C1* ASER C1* ASerAC with an in-frame deletion of ~ This study
AserB (cg2779)

WT ASerA WT with an in-frame deletion of AserA This study
(cgl451)

WT ASerAC WT ASerA with an in-frame deletion of This study
AserC (cg0948)

WT ASER WT ASerAC with an in-frame deletion of ~ This study
AserB (cg2779)

C1* ALeuA C1* with an in-frame deletion of AleuA This study
(cg0303)

C1* ALeuACD C1* ALeuA with an in-frame deletion of This study
AleuC (cg1487) AleuD (cg1488)

Cl* ALEU C1* ALeuACD with an in-frame deletion  This study
of AleuB (cg1453)

WT ALeuA WT with an in-frame deletion of AleuA This study
(cg0303)

WT ALeuACD WT ALeuA with an in-frame deletion of This study
AleuC (cg1487) AleuD (cg1488)

WT ALEU WT ALeuACD with an in-frame deletion This study
of AleuB (cg1453)

C1* ANagS C1* with an in-frame deletion of AnagS
(cg3035)

C1* AARG C1* ANagS with an in-frame deletion of This study
AargC (cg1580) AargJ (cg1581) AargB
(cg1582) AargD (cgl583) AargF
(cg1584) AargR (cgl585) AargG
(cg1586) AargH (cg1588)

WT ANagS WT with an in-frame deletion of AnagS
(cg3035)

WT AARG WT ANag$ with an in-frame deletion of This study
AargC (cg1580) AargJ (cg1581) AargB
(cg1582) AargD (cg1583) AargF
(cg1584) AargR (cgl1585) AargG
(cg1586) AargH (cg1588)

WT AHisEG WT with an in-frame deletion of AhisE This study
(cg1699) AhisG (cg1698)

WT AHisEGHAF WT AHisEG with an in-frame deletion of ~ This study
AhisH (cg2300) AhisA (cg2299) AimpA
(cg2298) AhisF (cg2297) Ahisl (cg2296)

WT AHisEGHAFDCB WT AHisEGHAF with an in-frame This study
deletion of AhisD (cg2305) AhisC
(cg2304) AhisB (cg2303)

WT AHIS WT AHisEGHAFDCB with an in-frame This study
deletion of AhisN (cg0910)

C1* AARG LEU* C1* AARG with an exchange of leuA This study
(cg0303) 180 bp upstream region
including the leader peptide and native
promoter with tuf promoter

C1* ALEU ARG" C1* ALEU with in frame-deletion of This study
AargR (cgl585)

C1* ATRP LEU" C1* ATRP with an exchange of leuA This study

(continued on next page)
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surprising since we also expected an additional growth advantage of
these auxotrophs through the deletion of the strongly expressed amino

Strain Characteristics Reference ) ° .
 ndine the Toadt o and mat acid biosynthetic genes.
t t N i
meluding the ‘eacer peptide and native In case of the 1-histidine and i-tryptophan auxotrophs, the specific
promoter with tuf promoter . X
C1* ALEU TRP* C1* ALEU with point mutations &pLi, This study growth rate was strongly reduced compared to the wild type (Fig. 3A).
TrpEgsgr (Cg3359) This effect could be due to several reasons and one can speculate about a
WT AHIS TRP* WT AHIS with point mutations &rpLer This study general limitation of the uptake of the corresponding amino acid, a
. TrpEsssr (C53359_) . . . down-regulation of the p-glucose uptake or an accumulation of growth-
WT ATRP HIS WT ATRP with point mutation HisGaz7op ~ This study o . . . ) ,
(Cg1698) inhibitory intermediates as a consequence of enzyme inactivation and
WT AARG LEU™* WT AARG with exchange of leuA This study the lack of complete biosynthetic pathways. Clearly, a slow-growing
(cg0303) and 180 bp upstream region to auxotrophic strain is less suitable for a CoNoS because it would affect
leuA BO18 (BO18: 1-leucine producing C. the performance of the entire co-culture due to the mutual exchange of
glutamicum strain created by random amino acids required for growth. Except for the L-tryptophan auxotro
mutagenesis) under control of the tuf . K q K g. : P L-tryptop
promoter phic strain, no difference in growth rates were detected between the
C1* ALEU ARG™ C1* ALEU ARG™ with point mutations This study strains based on the C1* and wild type, respectively (data not shown).
ArgBasev m31v (Cg1582)
C1* ALEU ARG ':: C1* ALEU ARG" with eYFP fluorescent This study
Pioc-€YFP protein under control of tac promoter 2.3. Setup and engineering of stable CoNoS
integrated in the IGR between cg1121
. and cgll22 = . With the strains auxotrophic for 5 different amino acid at hand, we
WT ALEU ARG "2 WT ALEU ARG" with eYFP fluorescent This study 1 iall blish e 1 . ¢
Prac-eYFP protein under control of tac promoter could potentially establish 10 different CoNoS. To pre-select pairs o:
integrated in the IGR between cg1121 interest, we performed in silico co-culture simulations using a similar
and cg1122 model-based design as for the single cFBA, but now applying the
++.. ++ i : : . . .
WT AARG LEU™ " WT AARG LEU™" with crimson This study SteadyCom approach (for details see Material and Methods section).
Piac-crimson fluorescent protein under control of tac . . . .
. . In general, the predicted relative abundances in the simulated co-
promoter integrated in the IGR between ) )
cg1121 and cgl122 cultures are consistent with the results of the cFBA approach. Auxotro-
phic strains exhibiting a higher increased growth rate under supple-
mented conditions also occurred in lower fractions in the corresponding
CoNoS setting (cmp. Figs. 2B and 3B). These uneven distributions are
A) B)
0.6 control (WT/ C1*) . low AARG  AHIS ALEU  ASER
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Fig. 3. Setup of stable CoNoS. A) Growth performance of engineered auxotrophic strains. Cultures were performed in triplicate in defined CGXII medium containing
111 mM p-glucose and different additions of the corresponding amino acid. B) In silico prediction of relative abundances of selected auxotrophic strains in different
co-culture combinations. C) Growth performance of selected CoNoS. Cultures were performed in triplicate in non-supplemented CGXII medium with 111 mM b-
glucose. Further engineered strains are marked with a plus sign. The predecessor used for the correspondent strain construction (C. glutamicum C1* or WT) was
cultivated as a positive control. Backscatter data were normalized by the maximum value recorded for each positive control culture. Mean values and standard

deviations are shown as lines and shaded areas, respectively.
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due to different demands of the amino acids for the cellular composition
of C. glutamicum. For example, the demand of i-histidine for protein
synthesis (0.066 mmol g~ ') is nearly two thirds lower as compared to -
arginine (0.188 mmol g~1), which explains the predicted ratio of 76:24.

From these results we selected three pairs of auxotrophs whose
predicted distributions span a certain range and whose introduced
auxotrophies partially overlap, namely ATRP « ALEU, AHIS <& ATRP
and AARG < ALEU. All three CoNoS were cultivated under non-
supplemented p-glucose conditions in a BioLector. Low cell population
growth was observed only for the CoNoS consisting of the r-arginine and
L-leucine-auxotrophic strains (Fig. 3C). The two strains, although highly
inefficient, were able to mutually exchange the required amount of
amino acids to establish a growing co-culture. Using an endpoint sample
and considering 47 clones, we analyzed the ratio of the two strains by
colony PCR. This resulted in a distribution of 83:17 for the AARG and
ALEU strains, respectively. This ratio is significantly higher as compared
to the model predictions (67:33, cf. Fig. 3B) and indicates an unbalanced
amino acid exchange between the two CoNoS partners with 1-leucine as
the limiting factor.

To establish more balanced co-cultures, we further engineered all
strains toward higher production of the corresponding cross-fed amino
acid. To this end, reversal of feedback inhibition in the selected auxo-
trophs is a straightforward approach with minimal metabolic engi-
neering. For enhancing r-arginine biosynthesis, relieving the feedback
inhibition of the arg-operon can be realized by deleting its repressor,
namely argR (cf. Fig. 2C) (Ikeda et al., 2009). In case of r-histidine, the
feedback inhibition can be interrupted by introducing a mutation in
HisG (A270D) (Kulis-Horn et al., 2015). The regulation of r-tryptophan
can be circumvented by mutating the attenuator trpL as well as TrpE
(S38A) (Matsui et al., 1987). Finally, in r-leucine biosynthesis, the first
enzyme, LeuA, is regulated via feedback inhibition. To increase L-leucine
biosynthesis, the native leuA gene promoter and the leader peptide leuL
were replaced by the strong promoter of the elongation factor TU (Pyf)
as described previously (Vogt et al., 2014).

In the following, the further engineered auxotrophic strains are
labeled with the abbreviation of the target product and a plus sign
indicating the level of engineering, e.g., AARG LEU™ is a first generation
L-leucine overproducing strain. These strains were cultivated under
equal co-culture conditions as before. In all cases, CoNoS composed of
strains optimized for amino acid over production resulted in stably
growing co-cultures, confirming the success of the metabolic engineer-
ing strategy (Fig. 3C). Nevertheless, all co-cultures grew much slower
than the corresponding control strain, still indicating a severe limitation
of amino acid exchange.

2.4. Detailed phenotyping and optimization of selected CoNoS

In the following we focused on the further optimization of the AARG
LEU" & ALEU ARG" CoNoS. From the ratio estimation of the non-
engineered CoNoS we found a primary bottleneck in the performance
of the 1-leucine producing strain. Assuming that this bottleneck is still
not resolved, we further constructed the AARG LEU'" strain by
exchanging the entire native leuA gene with the BS018 leuA™ gene
sequence, also under control of a Py, promotor (Vogt et al., 2014). The
resulting AARG LEU™" < ALEU ARG™ CoNoS showed greatly improved
growth performance, reaching 75% of the final biomass of the
mono-culture with the C1* control strain. The specific growth rate of
0.22 + 0.01 h™! was also significantly improved and now resembled
almost 50% of wild-type level (Fig. 3C).

To study the growth behaviour of both engineered auxotrophs in the
co-culture in more detail we performed cultivations in a poly-
dimethylsiloxane (PDMS) based microfluidic cultivation device. To
enable a direct visual and quantitative discrimination, the two strains
AARG LEU'" and ALEU ARG" were further engineered by integrating
the fluorescent proteins crimson or eYFP, respectively, under control of
the Py, promoter. Protein expression was induced by the addition of
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100 pM of IPTG and did not effect strain growth as shown previously
(Baumgart et al., 2013). The growth behaviour of the CoNoS was
observed at single cell level over a time period of 46 h (Fig. 4A and
Fig. S1). Starting from a nearly balanced inoculation ratio between both
CoNoS partners, the AARG LEU™ strain grew much faster within the
first 10 h of cultivation. A maximum ratio of 64:36 was obtained be-
tween the AARG LEU™ " and the ALEU ARG™ strain, which is close to the
optimal ratio predicted by the modeling (67:33, cf. Fig. 3B). Thereafter,
the availability of 1-arginine became limiting and cell division slowed
significantly. After 20 h of cultivation a stable growth of the CoNoS was
observed, resulting in a constant distribution of 47:53 between the
AARG LEU'T and the ALEU ARG" strain (Fig. 4A). This ratio is now
significantly lower as compared to the model predictions, indicating an
unbalanced amino acid exchange between the two CoNoS partners with
L-arginine as the limiting factor.

Closer inspection revealed that in certain areas of the microfluidic
chamber where one member of the community was not near its partner,
growth occurred only at the beginning of cultivation, where the cells
likely relied on the remaining amino acid stores (Fig. S1A). In contrast,
growth was more pronounced in areas where the two members of the
community were close together. Such ‘island effect’, with non-growing
isolated community member, was not observed in the control mono-
culture with the WT (Fig. S1B). This finding again supports the hy-
pothesis that amino acid exchange is a major bottleneck of CoNoS,
especially at the earliest stage of cultivation when a small number of
cells are struggling to increase the concentration of amino acids.

To verify the potential limitation of r-arginine, we performed tran-
sient sampling experiments with the ALEU ARG and the AARG LEU '™
strains, each cultivated as a monoculture in CGXII medium supple-
mented with 3 mM of either i-leucine or r-arginine. Only the AARG
LEU"" strain showed growth-associated accumulation of 1-leucine,
clearly indicating a shift toward r-arginine as the limiting amino acid in
the specific CoNoS (Fig. 4B).

To resolve the bottleneck in r-arginine supply, we performed addi-
tional metabolic engineering by relieving the feedback-inhibition of
ArgB via the mutations A26V M31V (cf. Fig. 2C) (Ikeda et al., 2009)
resulting in the ALEU ARG'™ strain. Co-cultivation of the doubly engi-
neered auxotrophs still showed a slightly delayed onset of cell popula-
tion growth, but a further increased final biomass to about 86% of the
control strain (Fig. 5A). Moreover, the AARG LEU™" < ALEU ARG'*
CoNoS showed a highly increased specific growth rate of 0.47 + 0.01
h~!, which is equivalent to 83% of the wild type. The latter points to a
further increased and much more balanced amino acid exchange be-
tween the two auxotrophic strains.

However, in a co-culture such as our CoNoS, direct experimental
prove is not possible because only the net accumulation of a particular
amino acid species can be measured. Therefore, we followed an indirect
approach by process modelling employing a segregated, unstructured
model approach (Fig. 5B). In short, the model takes explicit account of
the (re)action of the CoNoS with its environment via the exchange of
amino acids between the two community members. Model formulation
and validation was performed in a stepwise manner to allow integration
of available experimental data, and to reduce the degree of freedom of
unknown parameters in the final CoNoS model.

As a result, the model enables simulation of the individual growth
dynamics of both CoNoS members. According to these predictions, the
ALEU ARG '™ strain grew a bit faster and to a slightly higher biomass,
which would resemble the second growth phase during the microfluidic
cultivations (cmp. Figs. 4A and 5A). Furthermore, the predicted
maximum ratio of approx. 45:55 between the AARG LEU"" and the
ALEU ARG™ strain is nearly identical under both conditions. Most
importantly, the estimated specific rates underscore the successful en-
gineering of this CoNoS toward higher r-arginine production perfor-
mance, and the potential switch back to r-leucine as the limiting amino
acid (Table 2).

To verify the predicted limitation of 1-leucine and accumulation of -
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Fig. 4. Detailed phenotyping of selected CoNoS. A) Microfluidic batch cultivation of the AARG LEU'" (red) & ALEU ARG" (green) CoNoS to study co-culture
dynamics at single-cell level. Cell count and resulting ratio of the two species as determined by semi-automated image analysis. B) Transient sampling experi-
ments with engineered auxotrophic strains ALEU ARG" and AARG LEU" ™. Cultures were performed in triplicate in CGXII medium supplemented with 3 mM of either

-leucine or r-arginine.

arginine, we performed another transient sampling experiment with the
best CoNoS (Fig. 6A). Indeed, only enrichment of r-arginine up to 1 mM
was found, supporting the expected higher proportion of ALEU ARG'™
cells in the co-culture. From the microfluidic experiments, we hypoth-
esized that initial cell density may be a critical factor in ensuring suffi-
cient amino acid concentration for immediate balanced co-culture
growth. Indeed, a fivefold increase in initial biomass resulted in a much
faster onset of exponential growth and a further increase in the
maximum specific growth rate of CoNoS, which is now even close to that
of the wild type (Fig. 6B).

Finally, to test the stability of the CoNoS for long-term cultures we
performed a repetitive batch experiments covering ten consecutive
batches (Fig. 6C). Application of the fluorescently labeled strains vari-
ants allowed online monitoring of the two CoNoS members and showed
very stable dynamics of the co-culture composition along the batch
series.

3. Discussion
It is widely accepted that cooperation between microorganisms plays

a crucial role in the evolution of species and represents a net advantage
in terms of efficiency in using the available resources (D’Souza et al.,
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2014). Furthermore, evolution drives genome reduction to adapt mi-
croorganisms to specific ecological niches when the supply of function
occurs by a partner organism (Noack and Baumgart, 2019). Now, is it
possible to re-create genome-reduced communities that exploit the
available resources in a more efficient way? And, most importantly,
could these synthetic communities re-direct their carbon and energy
toward a more efficient bio-production? Heterogeneous microbial
communities, both natural and engineered, potentially manifest higher
fitness and productivity opening future perspective for synthetic novel
communities that exploit cross-feeding interactions to achieve complex
and/or energetically difficult tasks in a stable, robust way (Yang et al.,
2020).

In the present work, we succeeded in establishing stable, genome-
reduced co-cultures of C. glutamicum by generating single community
strains carrying broad gene deletions in selected amino acid biosynthesis
pathways. Most surprisingly, no fitness advantage was observed when
the amino acid auxotrophic strains were cultivated in a mono-culture in
supplemented media. Specific growth rate and final biomass yield were
carefully analyzed in comparison with the parental non-auxotrophic
strain using well-controlled microbioreactor experiments with online
monitoring of biomass growth. In another study it was shown, by
counting the colony-forming units after 24 h cultivation, that E. coli
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model parameters.

strains auxotrophic for different amino acids or vitamins, constructed
with single-gene deletions, obtained a growth advantage of 13%
compared to their parental strain (D’Souza et al., 2014). Instead, in this
work, despite the growth rate increase predicted by our model-based
analysis, no improved growth performances were detected, possibly
due to other limitations occurring such as nutrient uptake or oxygen
transfer.

In particular, the AHIS and ATRP strains not only did not reach the
predicted growth benefits (Fig. 2B), but also performed worse than the
WT. This indicates effects not taken into account by the model, which
could be related to the uptake of the respective amino acid or yet un-
known systemic effects of the deleted genes (i.e. hisE hisG hisH hisA impA
hisF hisI hisD hisC hisB and hisN for the AHIS strain as well as trpP trpE
trpG trpD trpCF trpB and trpA for the ATRP strain). Specifically, the up-
take of r-histidine occurs in C. glutamicum via the transporter PheP
(cg1305) and should not be impaired in the AHIS strain. Kulis-Horn and
coworkers reported on the growth effect of single deletions of 1-histidine
biosynthesis genes and no other auxotrophies besides 1-histidine are
currently known (Kulis-Horn et al., 2014). Also, it was previously
speculated about a possible role of HisA in i-tryptophan biosynthesis
because in other actinobacteria missing TrpF (i.e. the HisA homologue),
HisA plays a bifunctional role in both i-tryptophan and i-histidine
biosynthesis (Barona-Gomez and Hodgson, 2003). In our case, however,
no L-tryptophan auxotrophy occurred after the deletion of hisA.
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Moreover, r-histidine biosynthesis is linked to the de novo purine
biosynthetic pathway via the AICAR (5'-phosphoribosyl-4-carbox-
amide-5-aminoimidazole) cycle, with AICAR being a byproduct of the
reaction by HisFH (Alifano et al., 1996). Therefore, deletion of hisF and
hisH and the resulting absence of this AICAR source might impair the de
novo biosynthesis of AMP (adenosine monophosphate) and GMP (gua-
nosine monophosphate). Nevertheless, the primary precursor PRPP
(5-phosphoribosyl 1-pyrophosphate) of the purine pathway can still be
synthesized in the AHIS strain, so the reasons for the slow growth rate
under supplemented conditions remain elusive.

As for the other slow-growing ATRP strain, the uptake of L-trypto-
phan occurs mainly via the general amino acid importer AroP, but is has
been hypothesized that there is another import system (Wehrmann
et al., 1995). In particular, the trpP gene (cg3357) has been suggested to
encode an L-tryptophan permease in C. glutamicum (Heery et al., 1994),
and it was also accordingly annotated after genome sequencing (Kali-
nowski et al., 2003). Of all the tryptophan operon genes, it is also the
only one that can be deleted without causing L-tryptophan auxotrophy
(Mormann et al., 2006). Indeed, an 1-tryptophan auxotrophic strain still
possessing the trpP gene grew with a growth rate similar to WT (un-
published data), strongly hinting at a important role of TrpP as a
permease for i-tryptophan uptake. Despite the growth limitations of the
AHIS and ATRP strains, we continued to use them for setting up our
synthetic communities.
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Table 2

Specific uptake and production rates of engineered C. glutamicum amino acid
producer strains during cultivation in supplemented monocultures and co-
cultures, respectively. Rates were derived from model-based analysis by fitting
suitable bioprocess models to the time-dependent measurements of replicate
cultures in small-scale phenotyping experiments. Asymmetric confidence
bounds were estimated by following a parametric bootstrapping approach.

Strain/condition ~ Monoculture® Coculture”

AARG ALEU AARG ALEU AARG

LEU** ARG™ LEUT* ARG LEU'" &
ALEU
ARG™

Growth rate 0.41 0.40 0.41 0.45 0.44¢

[h™4 [0.405, [0.397, [0.410, [0.437, [0.426,
0.411] 0.409] 0.411] 0.472] 0.444]
p-glucose 4.46 5.54 4.44 5.52 -
uptake rate [4.428, [5.321, [4.441, [5.521,
[mmol gE[1>w 4.499] 5.903] 4.441] 5.521]
h™]

t-leucine - 0.32 - 0.13 -
uptake rate [0.300, [0.128,

[mmol gehw 0.333] 0.138]
h™]

L-arginine 0.09 - 0.09 - -
uptake rate [0.088, [0.093,

[mmol gcdw 0.102] 0.093]
h™]

1-leucine 0.22 - 0.17 - 0’ [0, 0]
production [0.210, [0.164,
rate 0.232] 0.173]

[mmol gcow
h™]

L-arginine - 0 [0, 0] - 0.52 0.25°
production [0.305, [0.132,
rate 0.746] 0.368]
[mmol gcpw
h™]

# Rates were constant throughout the exponential growth phase, and values
represent the mean of maxima across all replicates and time points.

b Rates were not constant, and values represent the mean across all replicates
at time t = 12 h (see Jupyter notebooks for details).

¢ Calculated as:p,,, = (Hasrg -Xaare + Hagy Xareu)/Xeor

4 Net rate calculated aS:Vnet LEU = (Vsyn, LEU, AARG “XaARG —
Vupt, LEU, ALEU -XALEU) /Xtot
¢ Net rate calculated aS:Vnet ARG = (Vsyn, ARG, aLEU “XaLEU —

Vupt ARG, AARG “XaARG)/Xtot

At this point, we established different CoNoS, each combining two
different amino acid auxotrophic strains. For all CoNoS tested, growth
was observed only in the AARG < ALEU community. The sufficient
biosynthesis and extracellular exchange of the dependent amino acids -
arginine and 1-leucine allowed this CoNoS to form a niche that could
support the growth of both strains. Noteworthy, it has already been
shown that C. glutamicum (among other prokaryotic and eukaryotic
model organisms) excretes amino acids such as r-arginine as a result of
extended overflow metabolism (Paczia et al., 2012). Our results
demonstrate that cooperation of C. glutamicum strains can indeed arise
solely from genome reduction without further engineering, underlining
the enormous potential of niche construction through bacterial
cross-feeding even in a homogeneous environment (San Roman and
Wagner, 2018).

However, we found that amino acid exchange was limiting for the
growth of our communities and therefore proceeded with rational
metabolic engineering. To strengthen cross-feeding interactions and
allow overproduction of amino acids, we first relieved the corresponding
end-product feed-back inhibitions, a strategy that has recently been
successful in amino acid auxotrophic E. coli (Pande et al., 2014) and
S. cerevisiae (Shou et al., 2007).

This indeed led to a significant increase in growth in all engineered
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CoNoS (Fig. 3C). However, the growth rates of the co-cultures were still
below the level of the wild-type mono-culture. Therefore, we focused on
the AARG < ALEU CoNoS and performed further rational metabolic
engineering to gradually and reciprocally debottleneck the amino acid
exchange. As expected, the growth limiting bottleneck oscillated from
one of the two amino acids to the other at each engineering step. This
clearly shows the difficulty of optimally balancing amino acid exchange
between two auxotrophic strains in a purely rational manner.

Nevertheless, the final engineered CoNoS AARG LEU't « ALEU
ARG™ showed a specific growth rate and biomass titer of approxi-
mately 83% and 86% of the control strain, respectively (Fig. 5A).
Because the applied metabolic engineering steps in AARG LEU'™" and
ALEU ARG were already sufficient to achieve nearly optimal cross-
feeding interactions, it is unclear whether a further increase in amino
acid production can improve the growth of CoNoS. Nevertheless, further
improvements are desirable, since a slightly delayed onset of exponen-
tial growth and lower biomass formation occurred in the co-culture,
while neither effect occurred in the supplemented monocultures.

At this point, the 1-leucine production could be further increased by
integrating more copies of the gene encoding the feedback-resistant
LeuA into the AARG LEU'™ strain, by deleting IthR, encoding the
repressor of leuBCD, by increasing p-glucose uptake or by increasing
precursor supply as achieved in the currently best L-leucine producer
strain MV-Leu F2 (Vogt et al., 2014). Similarly, the -arginine production
could be the target of further metabolic engineering, e.g., by deletion of
farR, by increasing the NADPH-level and via overexpression of r-argi-
nine biosynthesis genes, especially of the production rate-controlling
step encoded by argGH (Park et al., 2014). In addition to amino acid
biosynthesis, other parameters such as p-glucose uptake, amino acid
uptake and amino acid secretion may also be considered. The observed
“dilution effect” could indicate a CoNoS limitation due to an insufficient
secretion rate of the cross-fed amino acid, as well as difficulties of the
strains to take up the corresponding amino acid when present only in
low concentrations.

Specifically, 1-arginine was shown to be exported via LysE and CgmA
(Lubitz et al., 2016), while for r-leucine, BrnFE was identified as an
exporter (Kennerknecht et al., 2002). Therefore, overexpression of these
export systems could be a valuable option to increase amino acid
secretion and thus optimize crossfeeding in the AARG < ALEU CoNoS.
Interestingly, there is currently no known import mechanism for
r-arginine in C. glutamicum. This might be due to the fact that this amino
acid is not metabolizable or even harmful for the cells as shown recently
for a corresponding dipeptide supplementation experiment (Lubitz
et al., 2016). However, with the r-arginine auxotrophic strain AARG
growing similar to the WT (Fig. 3A), some L-arginine import must exist.
On the other hand, the amino acid import of 1-leucine could likely be
improved by overexpression of the branched-chain amino acid importer
BrnQ (Tauch et al., 1998). Since the K, value was determined to be 9 pyM
and the uptake followed conventional Michaelis-Menten kinetics
(Ebbighausen et al., 1989), the initial low amino acid concentrations in
liquid culture could be considered as the main problem of the CoNoS to
overcome.

This factor fits well with an example of a co-culture of two amino
acid auxotrophic E. coli strains: Evolution of this community in an un-
structured environment led to increased formation of spatial structures
of multicellular aggregates to enhance metabolite exchange (Preussger
et al.,, 2020). The use of adaptive laboratory evolution (ALE) could
indeed be a viable approach to address the bottlenecks in CoNoS
development, and the general feasibility of the repetitive batch
approach has been successfully demonstrated (see Fig. 6C). Because
many targets for optimization, e.g., the mechanism of r-arginine import,
are unknown, the ALE approach is particularly useful for identifying
novel uptake and production traits (Radek et al., 2017; Tenhaef et al.,
2018). Identification and characterization of these traits would provide
valuable insights not only into synthetic co-cultures but also into the
platform organism C. glutamicum in general.
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4. Conclusions heterologous pathways.

In the present work, following a model-based design, several amino
acid-auxotrophic C. glutamicum strains were constructed by deleting the
entire biosynthetic machinery for the target amino acid. In most cases,
the fitness of the newly constructed strains was comparable to that of the
control strain when cultured in amino acid-supplemented media, con-
firming the suitability of the strain in a CoNoS. Releasing feedback in-
hibition by metabolic engineering proved to be a successful strategy to
enhance amino acid exchange and improve the growth performance of
new and further engineered CoNoS. The best performing CoNoS AARG
LEU™ « ALEU ARG'™ exhibited a specific growth rate of 83% and a
biomass titer of 86% of the control strain, making it the fastest co-culture
of two auxotrophic C. glutamicum strains to date.

To conclude, synthetic communities can be established using
genome-reduced microorganisms that grow with mutual dependency.
We have achieved the goal of establishing CoNoS for efficient delivery of
biocatalysts for amino acid production. To use CoNoS for production,
one needs to take a further step by developing a co-culture/process
design that allows enrichment of one of the producer strains and effi-
ciently blocks unwanted consumption of the target amino acid. Here, the
implementation of synthetic regulatory growth switches in combination
with “edible” inducers is conceivable. This would allow growth of
CoNosS to sufficient cell density, enrichment of the targeted production
strain, and continuation of the process for efficient amino acid
production.

Finally, the presented approach is general and should be applicable
to any target product that ensures the necessary interdependence of
CoNoS partners for the co-culture to reach sufficient density prior
switching to production. In this regard, designs with couplings through
native byproducts are also conceivable, which could be particularly
interesting for the production of more complex molecules in
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5. Materials and methods
5.1. Model-based design of CoNoS

For the model-based design and analysis of CoNoS, two different-
sized models of the C. glutamicum metabolic network were created,
namely a genome-scale model (GSM) and a focused model of the central
metabolism, respectively. The GSM was derived from the published
model iEZ475 (Zelle et al., 2015) and has some minor modifications,
which are discussed below. The focused model was created from the
GSM by defining the system boundaries around the amino acid
biosynthetic pathways and omitting all reactions outside the central
metabolism, such as cell wall synthesis. This resulted in a simplified
model with 56% fewer reactions and 51% fewer metabolites. In both
cases, the transport of amino acids was modeled by assuming free
diffusion, and the transport reactions for ARG, GLN, PRO, SER, and TRP
that were missing in the original GSM were additionally introduced.

The COnstraint-Based Reconstruction and Analysis (COBRA) toolbox
(Heirendt et al., 2019) under MATLAB (Mathworks, R2017b) was
applied for cFBA of single amino acid auxotrophic C. glutamicum strains.
According to the experimental conditions, p-glucose was defined as the
sole carbon and energy source, and for quantitative growth rate pre-
dictions, the PTS-coupled uptake rate was constrained to the measured
rate of 5.6 mmol gcpw h L. Biomass growth was defined as optimization
criteria. Amino acid auxotrophies were mimicked by constraining single
essential reactions of the respective amino acid biosynthesis pathway to
carry zero flux.

Simulation of different co-cultures based on the CoNoS approach and
prediction of the abundance of the underlying auxotrophic strains was
performed using the expansion of single-species cFBA (Chan et al.,
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2017). In short, SteadyCom seeks to predict the maximum community
growth rate of two or more microbial species at community steady-state
conditions. The resulting extended linear program is then solved by
stepwise optimization of the community growth rate. For the CoNoS
simulation, the subnetworks were connected by defining exchange re-
actions for the corresponding essential amino acids.

5.2. Strain construction

All C. glutamicum strains used in this study are listed in Table 1 and
are based either on the wild type C. glutamicum ATCC 13032 or on its
genome reduced variant C1* (Baumgart et al., 2018). For molecular
cloning, Escherichia coli DH5a (Hanahan, 1983) was used as host. The
plasmids used are listed in Table S1 and the oligonucleotides in Table S2.
For the construction of deletion strains and for integrating mutations in
C. glutamicum, the pK19mobsacB-system was applied, operating by
introducing double crossover events as described previously (Keilhauer
et al., 1993; Schafer et al., 1994). The genes deleted for constructing the
auxotrophic strains are represented in Fig. 2C. The primer used for the
Colony-PCRs to check for mutations or deletions as well as for differ-
entiating between the different auxotrophic strains in the CoNoS are
listed in Table S3.

5.3. Bacterial strains and growth conditions

For cultivation of E. coli strains, lysogeny broth (LB) agar plates or
liquid LB (Bertani, 1951) were used at 37 °C. For strains with plasmids,
50 pg mL~! kanamycin was added. For C. glutamicum, either brain heart
infusion (BHI) medium (Difco Laboratories, Detroit, USA) or defined
CGXII medium (Keilhauer et al., 1993) was used at 30 °C. All cultiva-
tions except those for strain construction performed in this study were
carried out in biological triplicates. The cultivations were performed in
defined CGXII medium consisting of (per litre) 20 g of (NH4)2SO4, 5 g of
urea, 1 g of KHyPOy4, 1 g of KsHPOy4, 0.25 g of MgSO4 - 7 H20, 42 g of
3-morpholinopropanesulfonic acid, 13.25 mg of CaCly, 10 mg of FeSO4
7 H20, 10 mg of MnSO4 - H20, 1 mg of ZnSO4 - 7 H20, 0.313 mg of
CuSOy4, 0.02 mg of NiCl, - 6 H20, 0.2 mg of biotin (pH 7), 20 g of
p-glucose, and 0.03 g of protocatechuic acid (PCA). During medium
preparation, some substances were added sterile after autoclaving
(p-glucose, PCA, biotin, MgSO4 - 7 H20, CaCly, FeSO4 * 7 H20, MnSO4 *
H50, ZnSO4 - 7 Ho0, CuSOy4, NiCl; - 6 Hy0) and pH 7.0 was adjusted with
8 M NaOH. In experiments with supplemented CGXII medium, amino
acids supplement was added sterile according to the strain requirements.
In each mono and co-culture showed in this study, each strain was
pre-cultivated in a mono-culture in supplemented CGXII medium inoc-
ulated with a single colony from the correspondent strain. After two
days of incubation at 30 °C, 250 rpm, the pre-cultures were centrifuged,
the pellet was re-suspended in sterile 0.9% (w v NaCl, and used to
inoculate the main cultures.

5.4. Microscale cultivations and transient sampling

The main cultures were performed in 48-well FlowerPlates (m2p-
labs GmbH, Germany) with dissolved oxygen and pH optodes in a Bio-
Lector (m2p-labs GmbH, Germany) at 1400 rpm, 85% humidity and
30 °C. Inoculated FlowerPlates were covered with a sterile gas perme-
able foil (m2p-labs GmbH, Baesweiler). Mono-cultures were started at
an optical density of ODggp =~ 0.2 and co-cultures were started at an
overall optical density of ODggp ~ 1 by inoculating the correspondent
pre-cultures, unless differently specified. The higher CoNoS inoculum
density allow an initial medium enrichment with the shared amino acid.

For characterizing the substrate uptake and amino acid production
rates of the analyzed strains, automated harvesting of cultures was
performed using a Freedom Evo 200 (Tecan, Switzerland) robotic plat-
form which embeds a BioLector cultivation device. The robotic work-
station employs a liquid handling arm using eight steel needles, a
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gripper arm for transport of plates, a Rotanta 460 RSC MTP centrifuge
(Hettich) and an Infinite M 200 Pro MTP reader (Tecan). For cultures,
15 ml of supplemented CGXII medium was inoculated with pre-
cultivated cells in triplicates as described before. An aliquot of the
inoculated media was centrifuged (4500 rpm for 10 min) and the su-
pernatant was stored for HPLC analysis and glucose assays. For each
replicate, 800 pL of the inoculated media were distributed in 16 wells of
a 48-well FlowerPlate. Inoculated FlowerPlates were covered with a
sterile gas permeable foil and the main culture was carried out at 1400
rpm, 85% humidity and 30 °C. For each replicate, one well was har-
vested and centrifuged (4500 rpm for 10 min) every hour since the
beginning of the cultivation using the automated platform. Each su-
pernatant was stored chilled and further processed using the robotic
platform in a separated workflow.

At the end of the first automated workflow, the stored cell-free su-
pernatants were filtered through a 96 well filterplate (AcroPrep™
Advance, 1 ml, 0.2 pm Supor® membrane, PES) using the centrifuge and
were appropriately diluted with MilliQ water preparing 4 different 96-
well micro titer plates (MTP), two MTP were used for amino acid
quantification and two for glucose quantification.

5.5. Supernatant analysis

p-glucose quantification was performed with a hexokinase assay
(DiaSys) in MTP containing the properly diluted cell-free supernatant.
Using the robotic platform described before, 20 pL of diluted cell-free
supernatants were mixed with 280 pL assay mastermix and incubated
for 6 min at room temperature before absorption measurement at 365
nm in the MTP reader. Results were calibrated against p-glucose serial
dilution standards processed in the same way.

For amino acid quantification, 50 mM a-Aminobutyric acid (AABA)
was added as an internal standard to MTPs containing the properly
diluted cell-free supernatant. Separation of amino acids was performed
on a HPLC system (Agilent 1100 Infinity, AgilentTechnologies, Santa
Clara, CA). The method used involves a pre-column (Phenomenex,
KrudeKatcher Ultra HPLC In-line Filter 0.5 pm Depth Filter x 0.004 in
ID) and a reverse phase column (Kinetex 5 pm EVO C18 100 °A, 150 x
4.6 mm) as stationary phase, buffer A (26 mM NaH,PO4 -2H50, 14.8 mM
NayHPO4 -2H50, 7.2 pH) + 0.5% tetrahydrofuran and buffer B (50%
buffer A, 35% methanol, 15% acetonitrile) with a flow rate of 0.9 mL
min~! as mobile phase, a column temperature of 40 °C and an injection
volume of 15 pL. Amino acids were separated with the following linear
gradient elution conditions (min/B%): 0/20, 7/80, 14/80, 17/100, 23/
100, 24/20 and 30/20. Pre-column derivatization with Phthaldialde-
hyde (OPA) reagent (Sigma-Aldrich, ready-to-use mix) was performed in
an automated procedure where 5 pL of OPA, 5 pL of sample and 5 pL of
water were mixed in the injection loop 6 times and incubated for 1 min.
Detection of amino acids was performed using a fluorescence detector
(Agilent 1100 FLD) with excitation wavelength of 230 nm and emission
wavelength of 460 nm. Quantification of target amino acids was per-
formed relatively to the internal standard measured in each sample in
order to correct variation of signal due to different derivatization con-
ditions within the sample.

5.6. Determination of specific rates

Specific growth rates were determined by processing the raw back-
scatter data from BioLector experiments using the bletl tool and
following the spline-based approximation approach (Osthege et al.,
2022). Data visualization was performed using matplotlib (Hunter,
2007).

Specific rates for amino acid uptake and secretion of the ALEU ARG,
ALEU ARG'™" and the AARG LEU "™ strain were determined by process
modelling. Based on the two monoculture (with three replicates, cf.
Fig. 4B) and the final co-culture (with two replicates, cf. Fig. 5A) ex-
periments, three partially dependent models were formulated to
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describe the growth and production kinetics of the strains involved. The
models are structured by one extracellular compartment for the liquid
phase and one intracellular compartment covering either one (i.e.
monoculture), or two (i.e. co-culture) engineered strains (cf. Fig. 5B).
For model implementation, validation and analysis we used the open-
source, python-based modeling tool pyFOOMB (Hemmerich et al.,
2020). For all three models the corresponding Jupyter notebooks are
provided in GitHub (https://github.com/JuBiotech/Supplement-to-Schi
to-et-al.-CoNoS-MetabEng-2022) and contain detailed descriptions of all
modeling procedures and fitting results.

5.7. Microfluidics

The microfluidic chip fabrication is based on a soft lithography
protocol described previously (Griinberger et al., 2013). The
PDMS-based microfluidic cultivation device (Kaganovitch et al., 2018)
consists of 6 cultivation rows each with several cultivation chambers,
each 60 pm x 100 pm x 1 pm (width, length, height) in size. The
chamber height enforces the cells to grow in monolayers. Each culti-
vation chamber is coupled to a medium reservoir resulting in a total
cultivation volume of 606 pL in total. The cultivation chamber and the
medium reservoir are separated by a thin PDMS double grid structure,
which prevent cells from entering the medium reservoir and at the same
time ensures diffusive medium exchange between the cultivation
chamber and the reservoir. To prevent the evaporation of the low
cultivation volumes, the following measures were implemented: an
additional water-filled top layer and additional side channels around the
cultivation chambers were used and perfused with water during the
cultivation. Before inoculating the microfluidic cultivation device the
cells were pre-cultivated in mono culture with CGXII medium supple-
mented with the required amino acid amount as described previously
(see Bacterial strains and growth conditions). Cell-free supernatant was
resuspended in 0.9% w v ! NaCl and mixed in a ratio 1:1 with the
partner strain for establishing a CoNoS. The CoNoS cell suspension was
diluted to an ODggg of 0.5 and flushed through the medium channels by
gently applying pressure to a 1 mL syringe. This flow randomly inocu-
lated single cells of both strains into several chambers. Afterwards fresh
media was flushed through the medium channels for 15 min at 200 nl
min (nemeSYS syringe pumps, Cetoni GmbH, Germany). By applying
pressurized air (600 mbar) at the channel inlet, the residual medium is
expelled out of the medium channel, resulting in individual isolated
cultivation chambers. Before starting the experiments, the water reser-
voir and the side channels were filled with deionized water under low
pressure (Pwater reservoir = 40 mbar, pgige channel = 90 mbar). To
monitor the cultivation a time-lapse microscope setup was used that
consists of an inverted fluorescence microscope (Ti Eclipse, Nikon)
equipped with a 100x oil immersion objective (Plan Apochromat A Oil,
N.A. 1.45 and a working distance of 170 pm, Nikon Microscopy). Stable
temperature conditions were ensured by operating the microscope in an
incubation chamber (TempController, 2000-2, PECON, Germany). All
cultivations were performed at 30 °C. For time-lapse imaging, phase
contrast and fluorescence images were acquired with 100 ms exposure,
taking an image every 30 min for the wild type strains and every 20 min
for the co-cultures. For C. glutamicum WT cultivations, a CMOS camera
ANDOR Neo/Zyla (ANDOR, Oxford Instruments, England) was used in
combination with the Intensilight (Nikon Microscopy) light source. For
the C. glutamicum AARG LEU'"::Pgc-crimson < ALEU ARG'':Pg,.
eYFP CoNoS cultivations, a DS-Qi2 camera (Nikon Microscopy) in
combination with the sola light engine (Lumencor, USA) was used. For
fluorescence measurements, NIKON excitation and fluorescence filter
cubes for eYFP (FITC, excitation: 465-495 nm, dichroic mirror: 505 nm,
emission: 515-555 nm) and for crimson(excitation: 540-580 nm,
dichroic mirror: 593 nm, emission: 600-684 nm) (AHF Analysetechnik,
Germany) were used. Acquired time-lapse series were manually
pre-processed. This included image alignment, brightness adjustments
and cropping the region of interest using the software Fiji (Schindelin
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et al., 2012).
5.8. Image and data analysis

Time-lapse videos were segmented using Omnipose, a deep neural
network approach pre-trained on a comprehensive set of bacterial sys-
tems (Cutler et al., 2021), and individual cell contours were computed
for every frame. Artifacts were removed by constraining the minimal
(0.5 pmz) and maximally (4.5 pmz) allowed cell area and enforcing a
maximal length-width ratio (5.5) per cell. The resulting cell contours
were used to compute the median red and green fluorescent colors inside
the cell body using Gaussian filtered fluorescence images. The extracted
colors were normalized per frame, and cells below a fluorescence signal
of 35% were discarded. Depending on the dominant fluorescence
channel, remaining cells were assigned “green” or “red” labels yielding
cell counts and ratio. The results were then manually checked. Due to
the large number of cells in the time-lapse (>100k), the contour
computation and fluorescence extraction were parallelized to reduce the
total computation time to less than 21 min on an AMD Ryzen 7 1800X
and an NVIDIA GeForce RTX 2060 GPU. The code and visualizations for
the analysis are available in GitHub (https://github.com/JuBiotech/
Supplement-to-Schito-et-al.-CoNoS-MetabEng-2022).
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