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Abstract
Modular co-culture engineering has been applied to divide labor among different strains in the
biomanufacturer of substances through complicated metabolic pathways. However, dynamic instability,
uncontrollable population ratios, and lack of mathematical models have hindered its further application.
In this study, we built a mathematical model and used it to design a self-stable co-culture system with
adjustable population ratios of two engineered Escherichia coli strains. As an indicator product, the yield
of chlorogenic acid was successfully increased by 16.5% by adjusting the population ratio in the system.
This system provides a robust and scalable production platform for modular co-culture engineering.

The co-culture system was con�rmed to be a symbiotic system with high carbon atom economy for
acetyl-CoA-derived chemicals by optimization of poly-β-hydroxybutyrate production, which was 2.82-fold
higher than it was for wild-type E. coli. The conversion rate of glucose to poly-β-hydroxybutyrate also was
3.19-fold higher in the co-culture system. Our results provide new insights into possible future
applications of co-culture systems.

1. Introduction
Traditional metabolic engineering using axenic cultures has provided great opportunities for the
production of many valuable compounds1,2; however, bottlenecks in the construction of relatively
complex metabolic pathways3–7 have hindered its wider application. They include excessive metabolic
pressure of a single strain8, interferences in the process of metabolic pathway optimization9, and
imbalance of competitive metabolic pathways10. To overcome these obstacles, modular co-culture
engineering, which is realized by co-culture of multiple strains, is considered to be a smart solution and
has been studied extensively. A complex metabolic pathway is divided into different modules that
become the responsibility of different strains. Therefore, modular co-culture engineering can reduce the
metabolic burden of individual strains, offer the �exibility to balance the biosynthetic strength between
pathway modules, reduce the undesired interference of different pathway modules, and plug-and-play
modules for the biosynthesis of different target products4.

Modular co-culture engineering is an emerging �eld that has some challenges, including how to maintain
the stability of and how to adjust the population ratio, as well as the lack of analytical and predictable
mathematical models.

Maintaining the stability of the strain population ratio can be di�cult3–7. Despite this, many remarkable
achievements using modular co-cultivation engineering have been reported11–17. These studies showed
the advantages of modularity, but the population ratio did not maintain long-term balance, and each
strain grew relatively independently because there was no growth-related relationship among the co-
cultured strains. Competition among co-cultured members for substrates results in a highly dynamic
population composition. Such populations are di�cult to replicate steadily and are not conducive to
further optimization, and therefore are unsuitable for large scale applications.
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To maintain a relatively balanced population ratio, a number of different methods have been used. For
example, different strains that synergistically ingested complex carbon sources were co-cultured18,19.
However, the utilization of degraded carbon sources is often competitive. Co-culture of strains that
exclusively use different carbon sources can avoid competition to a certain extent20,21, but in such a
population there is no interdependent relationship among members, and therefore it lacks the
spontaneous stability of population ratio. Quorum sensing can be used to automatically maintain
population ratio stability in a certain range22–24; however, the cell density will be limited because quorum
sensing is based on the response to cell density, rather than on relative proportions in a co-culture25,26.
Establishing cross-feeding has also been widely used to stabilize the population proportion through the
interaction of metabolites27–34, and this method has had some positive effects in maintaining the
stability of population ratios. However, the deeper issues of which type of cross-feeding is better at
maintaining a stable proportion, and how to select appropriate interactive metabolites to maintain the
balance of population ratio, have not yet been reported.

The key to the optimization of inter-module strength is how to adjust the population proportion to a
desired value3–7. Most studies have focused on the initial population ratio, but the inevitable overgrowth
of dominant strains within the system15 and failure to change the �nal population ratio because of the
inherent stability of the symbiosis35 are still challenges in co-culture systems.

Analytical and predictable mathematical models are urgently required to provide general principles for the
establishment of stable co-culture systems and for the rational design of modular co-culture engineering
platforms3–7, 36,37.

In this study, we aimed to build a universally applicable production platform for modular co-culture
engineering with population ratio self-stability, adjustability, predictability, and scalability. We constructed
a mathematical model to analyze the population structure in high cell density cultivation of three types of
dual-strain co-culture modes. Key factors that were needed to maintain the equilibrium state of the
population ratio and the ratio value determinants were deduced using the model.

A self-stable and population-adjustable Escherichia coli co-culture system was successfully designed
(Fig. 1). It was a unidirectional cross-feeding co-culture system composed of an α-ketoglutaric acid (AKG)
donor strain (DS) and an AKG acceptor strain (AS), which we called the DS-AS co-culture system. To
measure the performance of the system, the chlorogenic acid (CGA) synthesis pathway was divided into
two modules and implanted into the DS-AS co-culture system. The yield of the indicator product CGA in a
bioreactor was increased by 16.5% by adjusting the population ratio, which veri�ed the applicability of the
co-culture system.

This symbiotic DS-AS co-culture system has attractive overall metabolic characteristics that result in high
carbon atom economy for acetyl-CoA-derived chemicals, as was shown by the optimization of poly-β-
hydroxybutyrate (PHB) yield and conversion rate of glucose to PHB. These �ndings provide new insights
into the application of DS-AS co-culture systems.



Page 4/28

2. Results

2.1 Establishing a mathematical model of cross-feeding co-
culture system
Mathematical models of independent growth, and unidirectional and bidirectional cross-feeding co-
culture systems were established based on the Monod equation. Then, the factors necessary for a stable
population ratio were investigated.

To achieve a stable population ratio, the same speci�c growth rate of the two strains should be
guaranteed (see Eqs. S32–S34 in Supplementary Information). For the independent growth model,
forming a stable population ratio is di�cult unless μm1=μm2 because the proportion of the strain with a
larger μm will approach 100% with culture time (Fig. 2A3).

The unidirectional cross-feeding model has self-stability of population ratio when μm1<μm2 (see Eq.
S37 in Supplementary Information, Fig. 2B3). The equilibrium ratio (ER) for population can be

represented as ER=
X1

X2
=

1
YH1KH1

 (where X is the biomass, YH1 is the biomass yield coe�cient on H1, and

KH1 is the generation coe�cient of H1; see Eqs. S38–S42 in Supplementary Information for details),
which implies the ER is determined by only the product of two constants. This relationship indicates the
robustness to the maximum speci�c growth rate and initial population ratio of the two strains. No
obvious accumulation of interactive substance H1 was found at the ER (Fig. 2B4). If μm1>μm2, the
donor strain will overgrow the acceptor strain, resulting in an unbalanced population ratio (Fig. 2B3).

In the bidirectional cross-feeding model, the two strains are donor and acceptor to each other. Only the
interactive substance H1 provided by the strain with relatively low μm was able to stabilize the
population ratio, which is not substantially different from unidirectional cross-feeding. The ER can be

represented by: 
X1

X2
=

1
KH1YX2/H1

, where Strain1 has a lower μm (see Eq. S50 in Supplementary

Information). The other interactive substance H2 will accumulate in the environment, which is not
conducive to high cell density growth (Fig. 2C4, C5). Furthermore, each yield coe�cient must meet 
KH1YX2/H1KH2YX1/H2>1; otherwise, the material circulation of the co-culture system will be

interrupted, and the growth of each strain will stop (see Eqs. S51–S54 in Supplementary Information).

The unidirectional cross-feeding model was therefore shown to be more suitable than the bidirectional
cross-feeding model for constructing a stable population ratio because it was easy to design and no
obvious accumulation of interactive metabolites was found.

2.2 Design of a unidirectional cross-feeding co-culture
system in E. coli
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We applied the mathematical model to design a unidirectional cross-feeding co-culture system with AKG
as the interactive substance with two E. coli strains each with a central carbon metabolic pathway
modi�cation (Fig. 1A). The AKG DS with sucA knocked-out and the AKG AS with icd knocked-out carried
constitutively expressed mCherry and GFP, respectively. The �uorescent proteins were used to help
determine the numbers of the two strains.

The DS cannot express 2-ketoglutarate dehydrogenase and tends to accumulate AKG due to downstream
blocking. Thus, succinyl-CoA, which is an important precursor for cell growth38, can only be produced by
a reverse tricarboxylic acid (TCA) cycle rather than the forward TCA cycle, which results in a low speci�c
growth rate39. Overaccumulation of AKG in the environment can cause growth inhibition40, and therefore
the DS could hardly grow when cultured independently.

The AS has no isocitrate-homoisocitrate dehydrogenase activity and therefore cannot synthesize AKG,
which is also an important precursor for cell growth38. As a result, the AS cannot grow independently with
glucose as the sole carbon source unless supplemented with exogenous AKG. We assumed that when the
DS and AS were co-cultured, the AS could grow by absorbing the AKG secreted by the DS, thereby
eliminating the growth inhibition caused by excessive AKG accumulation. (Indeed, both AKG and AKG-
derivatives such as glutamate can be released by the DS as interactive substances and absorbed by the
AS. To simplify the description of our results, AKG and AKG-derivatives were treated as AKG without
distinction because the abundance of AKG and AKG-derivatives would form a dynamic balance catalyzed
by bidirectional enzymes in cells.)

To illustrate the symbiotic relationship between the two strains, non-contact spreading tests were
performed on solid medium. The growth of the two strains increasingly improved as the two strains came
closer to each other. On the far side, the DS showed weak growth and the AS hardly grew (Fig. 3A, B). This
�nding suggests that the DS formed a symbiont relationship with the AS by extracellular metabolite
exchange without physical contact.

At shaker scale, the DS and AS could hardly grow independently when cultured overnight in chemically
de�ned medium supplemented with 10 g/L glucose, whereas the co-culture groups grew well regardless
of the inoculation ratio (Fig. 3C).

When cultured in the modi�ed inorganic medium independently in a batch bioreactor, the AS barely grew
and the growth rate of the DS gradually decreased with the �nal OD = 5 with the 20 g/L glucose
exhausted (Fig. 3D). The DS-AS co-culture system grew exponentially and the OD600 was 21.1 when the
glucose was exhausted. The experiments at different scales showed that symbiosis occurred in the DS-
AS co-culture system, and this relationship ensured that the two strains could coexist stably.

2.3 Stability test of population ratio in a batch bioreactor
The experimental data of different initial population ratios are consistent with the predictions (Fig. 4A–
D). (The mathematical model of the DS-AS co-cultivation system is described in section 3 of
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Supplementary Information.) The OD600 was > 120 (Fig. 4A, B) and the proportion of the DS gradually
approached 20% and remained stable regardless of the inoculation ratio (Fig. 4C-D), indicating that the
co-culture system was self-stable in population ratio and was robust to proportion �uctuations. The trend
of the results predicted by the model was highly consistent with the experimental results, which further
con�rmed the good predictability accuracy of the model.

2.4 Population ratio control
To precisely control the population ratio to desired values, we set about changing one of the two yield
coe�cients—KH1 and YH1—that determined the ER derived from the model. For the DS, succinyl-CoA,
which can be synthesized from succinic acid (SCA), is a limiting factor that affects growth. When
supplemented with SCA, the utilization rate of AKG by the DS increases because of the demand for cell
growth, which reduces the exocytosis of AKG, thereby reducing the KH1 value and increasing the
population ratio of the DS. For the AS, AKG is one of the factors that limits growth rate. When AKG is
supplemented in the environment arti�cially, more of the AS can be grown, thus increasing the population
ratio of the AS.

In the fed-batch bioreactor, AKG or SCA was supplemented into the feeding medium containing 60%
glucose. The OD600 of each experimental group was not affected by the addition of these substances
(Fig. 4E). Supplementation with 3% AKG decreased the proportion of the DS from 19.8–6.9% and
supplementation with 3% SCA increased the proportion of the DS to 31.9% (Fig. 4F). After adjustment, the
DS:AS population ratios remained stable with the growth of strains. These results con�rmed that the ER
was successfully controlled by exogenous inputs of AKG or SCA under the premise of self-stability.
Although the population ratio of the DS is currently adjustable from 6.9–31.9%, when applied to modular
co-culture metabolic engineering, combinations of strains and modules can be interchanged to increase
the proportion range.

2.5 Modular co-culture engineering for CGA production
To test the applicability of the DS-AS co-culture system in modular co-culture engineering, we selected the
biosynthesis of CGA as an example. Caffeic acid (CA) de novo synthesis (CA pathway) and CGA
conversion from CA (CGA pathway) are relative independent12. We integrated the CA and CGA pathways
into the DS-AS co-culture system to form CA and CGA modules with exogeneous quinic acid
supplementation, which was expected to reduce the accumulation of toxic intermediate CA and increase
the content of the �nal product CGA by balancing the proportion between modules (Fig. 5A).

The CA and CGA pathways were implanted into the DS and AS, respectively, to form two combinations.
The proportion of CA modules in combination 1 tended to reach 36.7% (Fig. 5B), whereas the proportion
of CA modules in combination 2 remained above 95% (Fig. 5C). In combinations 1 and 2, 0.65 mM and
0.02 mM CGA were obtained, respectively, and 1.6 mM CA was detected in both combinations. In the two
combinations, the ratio of the two strains stabilized to a relatively �xed range, indicating that the co-
culture system stabilized the proportion of different modules and uncontrolled overgrowth of one module
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was avoided. The accumulation of CA indicates that the CA module needs to be down-regulated to obtain
higher CGA concentrations.

To achieve higher CGA production and a lower CA proportion, the proportion of each module was tuned
by the population ratio control described in section 2.4. Increasing of the proportion of CGA modules
improved CGA production (Fig. 6D) and reduced CA accumulation (Fig. 6C), indicating that the lack of the
CGA module may be the limiting factor in CGA synthesis. CGA yield was signi�cantly increased (P < 0.05)
in 6% AKG group (0.813 mM in 84 h) compared with its yield in the control group (0.698 mM in 84 h). The
ratio of CGA to CA was 1.20 in the 6% AKG group, indicating an increase of 154% compared with the ratio
in the control (0.473). These results indicate that the ratio of CA and CGA modules was successfully
optimized to enhance CGA production with the co-culture system, which veri�ed the applicability of the
DS-AS co-culture system in modular co-culture engineering.

2.6 Economical carbon e�ciency of the DS-AS co-culture
system for PHB production
In the DS-AS co-culture system, the overall TCA cycle �ux is relatively low because of the interruption of
the TCA cycle, and therefore some cellular intermediates, such as acetyl-CoA (Ac-CoA), may be more
easily accumulated. This characteristic can be used to facilitate the enhanced production of
corresponding chemicals and reduce ine�cient carbon burning caused by the TCA cycle.

The abundance of Ac-CoA, citric acid, cis-aconitic acid, isocitric acid, phenylpyruvate, and other
substances in the DS-AS co-culture system was analyzed by metabolomics and was found to be
signi�cantly (P < 0.05) higher than their abundance in the control group (Fig. 7A). In particular, the
abundance of Ac-CoA in the DS-AS co-culture system was 25 times higher than that in the control group,
and this feature was used to boost PHB production (Fig. 7B).

Plasmid pRB1s-CAB carrying the PHB synthesis genes was transferred into both the DS and AS, and the
co-culture system was fermented as a single strain (DSAS/CAB). Wild-type E. coli carrying pRB1s-CAB
was used as control (Bw/CAB). The highest production rate of PHB obtained in the co-culture system was
0.54 g/(L·h), which is a two-fold increase over that in the wild-type strain (0.27 g/(L·h)). The PHB
concentration in the co-culture system reached 26.04 g/L in 68 h, which was 3.06 times higher than that
in wild-type strain (8.50 g/L) (Fig. 7C). The dry weight content of PHB (59.3%) and the conversion rate of
glucose to PHB (17.61%) in the co-culture system were 2.70 times and 3.05 times higher than those of the
wild-type strain (22.0% and 5.78%), respectively (Fig. 7D), which indicated that the TCA cycle was
weakened and more Ac-CoA was redirected to synthesize PHB.

The relative oxygen consumption rate for the co-culture system (bioreactor 1) was compared with that for
the wild-type control strain (bioreactor 2). The dissolved oxygen was automatically maintained at 30%,
and therefore the relative oxygen consumption rate could be determined according to the agitating speed
in each bioreactor. The results showed that the oxygen consumption rate of the co-culture system after
induction was lower than that of the wild-type strain (Fig. 8A). Dissolved oxygen was kept at 30–50% by
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auto-adjusted agitate (Fig. 8B). These �ndings showed that the co-culture system with a weakened TCA
cycle directed more Ac-CoA to the PHB synthetic pathway and less carbon was being burned ine�ciently
through the TCA cycle, which showed that the co-culture system had better economical carbon e�ciency
than the wild-type strain.

3. Discussion
Co-culture systems have attracted increasing attention and have been widely used for modular metabolic
engineering. In this study, we constructed three types of co-culture models. Notably, the unidirectional
cross-feeding model, which is an often-overlooked model, was more conducive to the formation of a
stable population ratio than the bidirectional cross-feeding. The key principles and factors that affected
the ER were analyzed, and general principles for the establishment of a stable co-culture system were
obtained. The principles can be applied to promote the progress of modular co-culture metabolic
engineering research.

On the basis of the mathematical model theory, we developed a self-stable and population ratio
adjustable co-culture system in this study, and showed that high cell density cultivation can be achieved,
thereby overcoming the problems of instability and uncontrollable population ratio of traditional co-
culture systems. The success of simulating multistage fermentation proves that the system can be
scaled up to an industrial scale (see section 4 of Supplementary Information for details). The adjustable
population ratio was vital for optimization of the inter-module, as was found for the synthesis of CGA.
This also con�rmed that the characteristics used to maintain a stable population ratio did not affect the
expression of genes that encode exogenous proteins or pathway construction. To our knowledge, this is
the �rst co-culture system for population ratio self-stability, adjustability, predictability, and scalability to
be reported. The co-culture system provides a general platform for modularized co-culture engineering.

The ER of our co-culture system is, however, limited to within a certain range, and therefore, in future work,
we will expand the adjustable range of the ER using genetic engineering strategies to adjust the
correlation coe�cient between bacteria and interactive substances. In particular, the ER was beyond the
range in the co-culture systems with heterologous pathways (Fig. 5D), perhaps because of the metabolic
burden that affected the secretion and absorption coe�cients of AKG. Thus, rational use of metabolic
burden is expected to be a promising strategy for regulating ER in the future studies.

Ac-CoA is located at the entrance of the TCA cycle in the metabolic pathway of E. coli and has been
widely used for the biosynthesis of various value-added chemicals41–43. Completely blocking the TCA
cycle to increase the abundance of Ac-CoA has been a commonly used strategy; however, the resultant
poor growth affects the industrial production of Ac-CoA-derived chemicals. Weakening the TCA cycle by
altering key gene promoters has also been used, but the disruption of the feedback regulation of gene
expression led to metabolic disorders and hampered high cell density cultivation41. The DS-AS co-culture
system developed in this study can be regarded as a symbiotic system, which not only reduced the �ux of
the TCA cycle but also retained the original regulatory elements. Such a design is di�cult to achieve in a



Page 9/28

single cell. The DS-AS co-culture system was successfully used to improve the PHB yield and conversion
rate of glucose to PHB as well as reduce the oxygen consumption rate and emission of carbon dioxide.
The low oxygen consumption and release of carbon dioxide make it a favorable system for industrial
production in view of the increasing need for systems to be carbon neutral. This seems to be the �rst
report of a manufactured symbiotic co-culture system being used to change the abundance of
intracellular metabolites and achieve high production of target chemicals, and this provides a new insight
into the application of co-culture systems. In addition to the accumulation of Ac-CoA, more cis-aconitic
acid, citric acid, phenylpyruvate were obtained in the DS-AS co-culture system compared with the wild-
type control strain, indicating the co-culture system can be applied for the enhanced production of other
compounds.

∆sucA and ∆icd E. coli strains have unique metabolic characteristics in single culture, and therefore they
have many potential applications. For example, the ∆icd strain has more shunt in the glyoxylic acid cycle
branch than wild-type E. coli, and is more conducive to the accumulation of glycolate44 and glycine. The
∆sucA strain can accumulate more AKG than wild-type E. coli, and therefore could potentially be used to
improve the yield of AKG-derived products45,46. However, these strains have a blocked TCA cycle, and
therefore high cell density cultivation cannot be achieved when they are cultured separately using
inexpensive cultivation methods, which limits their application. In this study, the high cell density
cultivation of these two strains was realized simultaneously in the co-culture system, which provided a
new approach for the culture of strains that are di�cult to cultivate separately.

Other cross-feeding co-culture systems have been reported but they did not achieve good proportional
stability28,35. Our mathematical model suggests that this may be because inappropriate interaction
substances were used in their design. For example, acetate, as a bypass of central metabolism, is not
suitable as an interactive substance because of the competitive inhibitory effect of glucose on acetate
consumption. A variable acetate–biomass correlation coe�cient under different glucose concentrations
would lead to disorders of a co-culture system. A substance that is part of the central carbon metabolism
pathway has more stable correlation coe�cients and is more suitable as an interaction substance in co-
culture systems, which is why we chose AKG as the interactive substance.

We found that unidirectional cross-feeding was more conducive to the formation of a stable population
ratio than bidirectional cross-feeding, but this conclusion was based on a simple cross-feeding model. In
nature, bidirectional cross-feeding is common and its population structure is generally stable mainly
because symbionts often maintain the population ratio through complex feedback and regulation
mechanisms. The main purpose of symbiotes in nature is survival in complex and changeable
environments. Different from natural environments, the purpose of modular co-culture metabolic
engineering is obtaining high yields of target products under arti�cially controlled conditions. An ideal co-
culture system is one that is stable through simple genetic manipulation and one in which the population
ratio can be controlled in a very simple way. However, the di�culty of adjusting population ratios
arti�cially increases with the complexity of the symbiosis mechanism. Although a lot can be learned from
natural symbiotic systems, because they have a different purpose, simply copying them may not be a
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useful approach when designing modular co-culture metabolic engineering systems. Instead, a deeper
consideration of what needs to be imitated and what should not be imitated from nature will contribute
greatly to the development of e�cient co-culture systems.

4. Methods
Strains

The strains and plasmids used in this study are listed in Table 1. Escherichia coli K12 (BW25113) was
used as the parental strain for genetic modi�cation. The CRISPR-Cas9 system was used for DNA
manipulation47. The exogenous genes were obtained by PCR ampli�cation and ligased using the Gibson
assembly method48.
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Table 1
Strains and plasmids used in this study

Strains Description Source

BW25113 rrnBT14ΔlacZWJ16hsdR514ΔaraBADAH33ΔrhaBADLD78 Invitrogen

Donor strain
(DS)

BW25113, ∆sucA::Ptac-mCherry This study

Acceptor
strain (AS)

BW25113, ∆icd::Ptac-GFP This study

CGA30 BW25113, ∆ydiI, harboring plasmid pCGA21 12

CGADS DS, ∆ydiI, harboring plasmid pCGA21 This study

CGAAS AS, ∆ydiI, harboring plasmid pCGA21 This study

Bw/CAB BW25113 harboring pRB1s-CAB This study

DS/CAB DS harboring pRB1s-CAB This study

AS/CAB AS harboring pRB1s-CAB This study

CADS DS, ∆tyrR, harboring pCA This study

CAAS AS, ∆tyrR, harboring pCA This study

Plasmids Description Source

pRB1s araBAD promoter, RSF1030 ori, Strr our lab

pYB1k araBAD promoter, p15A ori, Kanr our lab

pRB1s-CAB pRB1s containing PhaC from Pseudomonas stutzeri, PhaA and PhaB
from Ralstonia eutropha

This study,
49,50

pCA pYB1k containing HpaBC from E. coli MG1655 and TAL from
Saccharothrix espanaensis

This study,
12

pCGA21 HQT expressed from promoter P119, 4CL2 expressed from promoter
PGAP, ColA ori

12

DS, donor strain; AS, acceptor strain; Bw, E. coli BW25113; pCGA21, plasmid carrying chlorogenic acid
synthesis module; pCA, plasmid carrying caffeic acid synthesis module; pRB1s-CAB, poly-β-
hydroxybutyrate (PHB) synthesizes related plasmids carrying phaA, phaB, and phaC genes.

Chemicals

T4 DNA ligase, Gibson kits, and restriction enzymes were purchased from New England Biolabs (USA).
Plasmid extraction and gel puri�cation kits were purchased from Omega (Beijing, China). DNA
polymerase (2× High Fidelity Master Mix) was purchased from TSINGKE (Beijing, China). Media
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components were purchased from Becton–Dickinson (Beijing, China). Standards of Glucose, PHB, CGA,
CA and other chemicals were obtained from Sigma-Aldrich (Shanghai, China).

Media

Luria–Bertani (LB) medium

Tryptone 10 g/L, NaCl 10 g/L, and yeast extract 5 g/L.

Modi�ed inorganic salts medium (chemically de�ned (CD) medium) for small scale culture

Glucose 10 g/L, KH2PO4 14 g/L, (NH4)2PO4 4 g/L, MgSO4·7H2O 0.6 g/L, and trace elements [8.4 mg/L
EDTA, 2.5 mg/L CoCl2·6H2O, 15 mg/L MnCl2·4H2O, 1.5 mg/L CuCl2·2H2O, 3 mg/L H3BO3, 2.5 mg/L
Na2MoO4·2H2O, 13 mg/L Zn(CH3COO)2·2H2O, and 100 mg/L Fe3 + citrate]. To adjust the pH to 7.4
before the cultures were autoclaved, 5 M NH3·H2O was used.

CD medium for fermentation

Glucose 20 g/L, KH2PO4 14 g/L, (NH4)2PO4 4 g/L, MgSO4·7H2O 0.6 g/L, and trace elements [8.4 mg/L
EDTA, 2.5 mg/L CoCl2·6H2O, 15 mg/L MnCl2·4H2O, 1.5 mg/L CuCl2·2H2O, 3 mg/L H3BO3, 2.5 mg/L
Na2MoO4·2H2O, 13 mg/L Zn(CH3COO)2·2H2O, and 100 mg/L Fe3 + citrate]. To adjust the pH to 7.0, 5 M
NH3·H2O was used. For the fed-batch fermentation, the feeding medium contained 600 g/L glucose, 2
g/L MgSO4·7H2O, and trace elements [13 mg/L EDTA, 4 mg/L CoCl2·6H2O, 23.5 mg/L MnCl2·4H2O, 2.5
mg/L CuCl2·2H2O, 5 mg/L H3BO3, 4 mg/L Na2MoO4·2H2O, 16 mg/L Zn(CH3COO)2·2H2O, and 40 mg/L
Fe3 + citrate].

LB solid medium and CD solid medium

These media were the same as the corresponding liquid medium with 2% AGAR powder added.

All the above media were supplemented with antibiotics corresponding to the strains, with doses of
Streptomycin sulfate (Str) 50 mg/L and Kanamycin sulfate (Kan) 50 mg/L.

Culture conditions

Molecular construction and strain cultivation

Strains were grown in LB medium at 37°C and 220 rpm unless otherwise stated.

Symbiotic phenomenon display test in solid medium

Strains were pre-cultured in LB medium for 6–8 h. Cells were harvested by centrifugation at 4000 × g for
10 min and resuspended in an equal volume of 0.85% NaCl solution. Then, 20 µL of the �rst strain
suspension was dropped into one side of the CD solid medium, and the plate was turned gently so that
the liquid diffused into a uniform circle. After the �rst solution dried, 20 µL of the second strain
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suspension was dropped into the other side of the medium. The plate was turned gently and left to dry.
The margins of the two bacterial suspensions should be as close as possible, but not in contact. The
inoculated solid plates were incubated at 37°C overnight. Images of each agar plate were captured using
an inhouse multi-color �uorescent imager.

Shake �ask test in CD medium

Strains were pre-cultured in LB medium for 6–8 h. Cells were harvested by centrifugation at 4000 × g for
10 min, resuspended in an equal volume of 0.85% NaCl solution, and then transferred into 50 mL CD
medium with 1% total inoculum in a 500-ml shake �ask with ba�e and incubated at 37℃ and 220 rpm
for more than 12 h.

Fed-batch fermentation in bioreactor

Strains were initially cultured in LB medium at 37°C and 220 rpm to a biomass of OD600 = 1.5–2 to
produce a seed culture. Then, the seed culture was inoculated into 500 mL CD medium in a 1-L fermenter
(Bailun Biotechnology Co., Ltd, Shanghai, China) with a total inoculation ratio of 4%. Each strain was
cultivated independently, and the ratio of each strain in the co-culture was 1:1 unless otherwise noted.
The fermentation was conducted at 37°C with the pH controlled at 7.0 by the automatic addition of 5 M
NH3·H2O. The dissolved oxygen level was maintained at 30% (v/v) by air �ow at 0.5–1 L/min and by
changing the agitation speed from 500 to 1200 rpm automatically. When the initial glucose was
exhausted and the dissolved oxygen value rose sharply, feeding started at a constant rate of 5 g/(L·h) of
glucose. Fermentation was considered complete when the biomass no longer increased.

PHB and CGA production in the bioreactor

Seed preparation and initial fermentation conditions were the same as those described above. The
feeding rate was set at 4 g/(L·h) of glucose as an initial value, and then increased by 1.2 times every 2 h.
When the dissolved oxygen did not �uctuate positively with the feeding, the feeding rate was reduced to
ensure that no glucose accumulated. The maximum feeding rate did not exceed 10 g/(L·h). When the
biomass at OD600 = 30, the fermentation temperature was lowered to 30°C, and L-arabinose (2 g/L) was
added into the culture as inducer. For PHB production, the identical feeding and induction scheme was
used for the co-culture system and the wild-type control strain. For CGA production, 2 g/L of quinic acid
was added during induction.

Model development

The mathematic model of the co-culture system was established using the Python programming
language and the SymPy, NumPy, Pandas, and Matplotlib packages. Cell growth, substance
consumption, and release all followed the modi�ed Monod model51,52. An iterative method was used to
simulate the culture process at a time interval of 0.01 h. Derivation and analysis of the mathematical
model are provided as supplementary information.
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Analytical methods

Cell density

Cell density was estimated by measuring optical density at 600 nm with a spectrophotometer.

Quanti�cation of extracellular metabolites

Concentrations of glucose in culture supernatant were measured by high-performance liquid
chromatography (HPLC) with a Bio-Rad Aminex HPX-87 H column (7.8×300 mm; Hercules, CA, USA) with
a refractive index detector and a diode array detector (210 nm). The analysis was performed with a �ow
rate of 0.6 mL/min using 5 mM H2SO4 as the mobile phase at 55°C.

Quanti�cation of intracellular metabolites

Samples were collected when the bacteria were in the stable state of high-density fermentation. The
bacteria (90 OD) were centrifuged and washed twice with normal saline, then suspended in 1 mL
methanol (90%), followed by ultrasonic crushing and vacuum drying. Metabolites were detected by liquid-
phase mass spectrometry.

Quanti�cation of dry cell weight and PHB

After culturing, the cells were harvested and the dry cell weight was measured. The PHB samples were
treated following the method used in a previous study53. The HPLC method described above was used to
quantify the extracellular metabolites. The amount of crotonic acid produced from PHB was calculated
from the regression equation derived from the known standard PHB obtained from Sigma-Aldrich.

Quanti�cation of CA and CGA

CGA and CA productions were analyzed by HPLC. The culture broth was centrifuged for 10 min at 10,000
× g, and the supernatant was �ltered through a 0.22-µm �lter prior to HPLC analysis. A Shimadzu LC-20A
HPLC system (Shimadzu Corp., Kyoto, Japan) equipped with an SPD-M20A photodiode array detector
operating at 327 nm was used to quantify CGA and CA. Separation of products was achieved with a
Waters Symmetry C18 column (250×4.6 mm, 5 µm) working at 35°C, with a mobile phase of 25%
methanol in 0.05% (vol/vol) acetic acid at a �ow rate of 0.4 mL/min. The CGA and CA concentrations
were calculated using standard curves prepared with authentic CGA and CA.

Quanti�cation of DS and AS cell numbers

The population ratio in the co-culture system was detected by �ow cytometry. Cells samples were
collected and washed twice using PBS buffer (per liter: 0.24 g KH2PO4, 1.44 g Na2HPO4, 8 g NaCl, 0.2 g
KCl, pH 7.4) and diluted with PBS buffer to a cell concentration of OD600nm = 0.2–0.5. Flow cytometry
in�ux was used to detect the proportion of strains with different �uorescent proteins. Strains labeled with
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GFP were detected using the FITC channel (530_40-[488_200]), and strains labeled with mCherry were
detected using the PE channel (593_40-[561_150]).

Statistical analysis

Values are shown as mean ± standard deviation from three (n = 3) biological replicates (Fig. 3C, D) and
two (n = 2) biological replicates (Figs. 4B, D–F, 5B, C, 6A–D, 7A, C, D). Two-tailed t tests were used to
determine statistical signi�cance, which was indicated for P < 0.05.

5. Data Availability
Data supporting the �ndings of this study are available within the article and Supplementary Information
or from the corresponding author upon reasonable request. Source data are provided with this paper.
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Figure 1

Schematic overview of DS-AS co-culture system. (A) Construction of symbiotic E. coli strains. The α-
ketoglutaric acid (AKG) donor strain (DS) is a sucA-knockout strain with constitutively expressed red
�uorescent protein (mCherry). The DS cannot express 2-ketoglutarate dehydrogenase and tends to
accumulate AKG. The AKG acceptor strain (AS) is an icd-knockout strain with constitutively expressed
green �uorescent protein (GFP). The growth of AS depends on the uptake of AKG from the environment.
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(B) Behavior of the DS-AS co-culture system. The DS and AS do not grow well in single culture; whereas,
in the DS-AS co-culture, normal growth is achieved and the population ratio remains stable. (C)
Population ratio control. The population ratio (DS:AS) was up-regulated by adding succinic acid (SCA)
and down-regulated by adding AKG into the culture system.

Figure 2
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Schematic overview and trend prediction on different maximum speci�c growth rate of Strain2 (µm2) of
three co-culture models. (A1–C1) Schematic overview of independent growth, unidirectional cross-
feeding, bidirectional cross-feeding. (A2–C2) Total OD600 biomass by prediction. (A3–C3) Population
ratio of Strain1 by prediction. (B4, C4) Concentration of interactive substance H1 by prediction. (C5)
Concentration of interactive substance H2 by prediction. (Details of the mathematical models are
provided as Supplementary Information.)

Figure 3

Identi�cation of symbiotic relationship in the DS-AS co-culture system. (A, B) Non-contact spreading tests
on solid medium. The acceptor strain (AS, green) is on the left, and the donor strain (DS, red) is on the
right. Visible light photograph (A) and �uorescence images (B) taken separately and later overlayed by
Python programming language. (C) Identi�cation of system symbiotic relationship at shaker scale. (D)
Identi�cation of system symbiotic relationship at batch bioreactor scale. Error bars indicate the standard
deviation of triplicate cultures.
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Figure 4

Model prediction and experimental data of the DS-AS co-culture system at the fed-batch bioreactor scale.
(A) Predicted total OD600 of the DS and AS in the co-culture system. (B) Experimental total OD600 of the
DS and AS in the co-culture system. (C) Proportion of the DS in the co-culture system predicted by the
model. (D) Experimentally determined proportion of the DS in the co-culture system. (E, F) Adjustment of
equilibrium population ratio by supplementing the feeding medium with α-ketoglutaric acid (AKG) or



Page 24/28

succinic acid (SCA). 3% SCA, 3% SCA added in feeding medium (containing 60% glucose); 3% AKG, 3%
AKG added in feeding medium; CK, without population ratio control (no additional substance in the
feeding medium). Error bars indicated the standard deviation of duplicate cultures.

Figure 5
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Schematic diagram of the chlorogenic acid (CGA) biosynthesis pathway in E. coli and CGA production in
a 1-L fed-batch bioreactor. (A) The CGA biosynthesis pathway in E. coli. Heterologous genes introduced to
reconstitute the pathway are indicated in yellow. TAL, tyrosine ammonia lyase; HpaBC, 4-
hydroxyphenylacetate 3-hydroxylase; 4CL, p-coumarate:CoA ligase; HQT, hydroxycinnamoyl-CoA quinate
transferase; PEP, phosphoenolpyruvate; E4P, D-erythrose-4-phosphate; SA, shikimic acid; CHA, chorismite
acid; L-Tyr, L-tyrosine; QA, quinic acid; p-CA, p-coumaric acid; CA, caffeic acid; CA-CoA, caffeoyl-CoA; CGA,
chlorogenic acid. (B, C) CGA production in a -L fed-batch bioreactor without population control. (B)
Combination 1, co-culture of CADS and CGAAS without inter-module adjustment. CADS, DS ∆tyrR,
harboring plasmid pCA (pYB1k containing HpaBC from E. coli MG1655 and TAL from Saccharothrix
espanaensis); CGAAS, AS ∆ydiI, harboring plasmid pCGA21 (a plasmid with HQT expressed from
promoter P1194CL2 expressed from promoter PGAP, ColA ori). (C) Combination 2, co-culture of CAAS (AS
∆tyrR, harboring plasmid pCA) and CGADS (DS ∆ydiI, harboring plasmid pCGA21) without inter-module
adjustment. Error bars indicate the standard deviation of duplicate cultures.

Figure 6
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Chlorogenic acid (CGA) production with population ratio control by combination 1. Changes in (A) OD600,
(B) ratio of CADS (DS ∆tyrR, harboring plasmid pCA), (C, D) concentrations of caffeic acid (CA) and CGA
over time. 3% AKG, 3% α-ketoglutaric acid added in feeding medium; 6% AKG, 6% AKG added in feeding
medium; 3% SCA, 3% succinic acid added in feeding medium; CK, without population ratio control. Error
bars indicate the standard deviation of duplicate cultures.
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Figure 7

Enhanced poly-β-hydroxybutyrate (PHB) production bene�ted by the metabolic characteristics of the co-
culture system. (A) Increased ratios of intracellular metabolite abundance in the DS-AS co-culture system
compared with those in the wild-type strain measured by metabolomics. (B) Schematic diagram of
metabolism and the PHB synthesis pathway in the DS-AS co-culture system. PhaA, acetyl-CoA C-
acetyltransferase; PhaB, acetoacetyl-CoA reductase; PhaC, poly[(R)-3-hydroxyalkanoate] polymerase
subunit; PEP, phosphoenolpyruvate; PYR, pyruvate; Ac-CoA, acetyl-CoA; Cit, citric acid; iCit, isocitric acid;
AKG, α -ketoglutaric acid; SucCoA, succinyl-coA; Suc, succinic acid; Fum, fumaric acid; Mal, malic acid,
OAA, oxaloacetic acid; Glyox, glyoxylic acid; AcAc-CoA, acetoacetyl-CoA; (R)-3HB-CoA, (R)-3-
hydroxybutyrate CoA; PHB, poly-β-hydroxybutyric acid. (C) Cell dry weight (DCW) and PHB production in a
1-L fed-batch bioreactor. Bw/CAB, BW25113 harboring pRB1s-CAB (pRB1s containing PhaC from
Pseudomonas stutzeri, and PhaA and PhaB from Ralstonia eutropha); DSAS/CAB, co-culture of DS/CAB
(DS harboring pRB1s-CAB) and AS/CAB (AS harboring pRB1s-CAB). (D) DCW, PHB, and glucose–PHB
conversion at 68 h fermentation. Error bars indicate the standard deviation of duplicate cultures.

Figure 8

Overview of poly-β-hydroxybutyrate (PHB) production in 1-L fed-batch bioreactors. (A) Online agitation
speed. (B) Online dissolved oxygen. Bw/CAB, BW25113 harboring pRB1s-CAB (control strain); DSAS/CAB,
co-culture of DS/CAB (DS harboring pRB1s-CAB) and AS/CAB (AS harboring pRB1s-CAB).
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