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SUMMARY
Microbial communities execute metabolic pathways to drive global nutrient cycles. Within a community,
functionally specialized strains can performdifferent yet complementary stepswithin a linear pathway, a phe-
nomenon termed metabolic division of labor (MDOL). However, little is known about how such metabolic be-
haviors shape microbial communities. Here, we derive a theoretical framework to define the assembly of a
community that degrades an organic compound through MDOL. The framework indicates that to ensure
community stability, the strains performing the initial steps should hold a growth advantage (m) over the ‘‘pri-
vate benefit’’ (n) of the strain performing the last step. The steady-state frequency of the last strain is then
determined by the quotient of n and m. Our experiments show that the framework accurately predicts the
assembly of our synthetic consortia that degrade naphthalene through MDOL. Our results provide insights
for designing and managing stable microbial systems for metabolic pathway optimization.
INTRODUCTION

Microorganisms colonize all major ecological niches on our

planet, from deep terrestrial biosphere miles beneath the land

surface (Ian et al., 2003; Jie-Yu et al., 2021; Manuel et al.,

2018; Thompson et al., 2017), to the intestinal tracts of mammals

(Doron et al., 2021; Flint et al., 2012). In order to thrive in these

ever changing habitats, microorganisms have evolved highly so-

phisticated characteristics to accomplish complex metabolic

tasks for biochemical transformations, such as converting a

complex substrate into a nutrient suitable for cell growth. As a

result, their metabolic activities drive global biogeochemical cy-

cles, and thus profoundly influence the stability of the ecosys-

tems as well as the health of their inhabitants (Paul et al., 2008).

Most of these metabolic tasks are accomplished through long

metabolic pathways, which are performed by a single microbial

strain. Alternatively, these tasks are divided across different in-

teracting strains, a phenomenon called metabolic division of la-

bor (MDOL) (Emily et al., 2014; Jan-Ulrich et al., 2020; Meghan

et al., 2019; Ryan et al., 2018). Several studies have shown

that numerous ecologically and environmentally important path-

ways are accomplished through MDOL. In particular, microbial

degradation of complex organic compounds is frequently
Ce
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executed through MDOL. For example, the gut communities

digest plant polysaccharides into either sugars or short-chain

fatty acids in an MDOL manner, which are then absorbed by

the host cells (Hao et al., 2019; Xuefeng et al., 2021). During

the Deepwater Horizon oil spill Gulf of Mexico (2010), complete

degradation of polycyclic aromatic hydrocarbons (PAHs)

required the partitioning of key pathway steps into different bac-

terial groups (Nina et al., 2016). In more specific cases, syringate

can be degraded through MDOL between Acetobacterium

woodii and Pelobacter acidigallici (Bernhard and Norbert,

1982); Marinobacter performs only a subset of tasks in phenan-

threne degradation, while other marine bacteria perform the re-

maining steps (Chongyang et al., 2020). As the functioning of a

microbial community is determined by its compositional makeup

(Emily et al., 2016; Jed, 2009), it is critical to understand the fac-

tors that determine the stability and the structure of microbial

communities engaged in MDOL (simplified as MDOL commu-

nities thereafter).

Inspired by natural MDOL communities, numerous studies

have recently engineered synthetic communities engaged in

MDOL for the removal of organic pollutants (Pablo et al., 2020).

For instance, one study engineered a defined consortium

composed of an Escherichia coli strain and a Pseudomonas
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Figure 1. Assembly rule of microbial community engaged in two-step MDOL

(A) Schematic diagram showing the assumptions of our basic model. We assumed a conceptualized organic substrate (S) could be degraded into an intermediate

metabolite (I) by a strain [1, 0], then to a final product (P) by the other strain [0, 1]. All the reactions occurred intracellularly, while S, I, and P passively diffused

across the cell membrane. Importantly, the growth of both strains is dependent on the intracellular concentration of P, which is the sole limiting resource of this

system.

(B) The density map indicates the assembly rule of the two-step MDOL community. The value of privatization benefit (n) and relative growth advantage (m)

determines whether [1, 0] and [0, 1] can stably co-exist (shown by the colorized space), as well as the relative abundance of [0, 1] in the stable community (shown

by the color gradient). The corresponding curve graph illustrates the community dynamics of the community under six specific n and m combinations. In these

simulations, the growing cost of the strain [0,1] (c2) was adjusted to modifym, and the diffusion coefficient of the final product (gp) was adjusted to modify n. The

default values listed in Table S2 were assigned for other parameters.
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aeruginosa strain for phenanthrene bio-removal via MDOL (Xiao-

qiang et al., 2019). Another study investigated how MDOL in a

consortium composed of Stenotrophomonas and Advenella af-

fects phenol biodegradation (Chang-Mei et al., 2020). These

studies tested mainly whether MDOL enhances the efficiency

of biodegradation compared with relevant monocultures com-

posed of single species. However, specific strains may not be

able to stably co-exist in an artificial co-culture system (Bruce

and Korneel, 2012; David, 2012; Jonathan et al., 2017; Lori

et al., 2019), resulting in the collapse of the community. To guide

the rational engineering of stable MDOL communities, it is

essential to build quantitative rules that reliably predict whether

a specific combination of strains can successfully assemble

into a robust MDOL system.

One of our recent works was performed to define such quan-

titative rules (Miaoxiao et al., 2022). We found that the properties

of the substrate, such as its concentration and toxicity, largely

affected the assembly of the MDOL community. Nevertheless,

a number of biotic and abiotic factors, such as the metabolic

burden of each strain (the energy cost of performing its specific

functional step within the pathway), mass transfer rate, as well as

the toxicity of substrate or intermediates, may also contribute to

the assembly of MDOL community. A general rule combining all

these factors remains absent, rendering any prediction of how

MDOL communities assemble challenging.
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Here, we addressed this knowledge gap using a bottom-up

approach. We first built an ordinary differential equation (ODE)

model to formalize a rule that predicted how an MDOL commu-

nity assembled. We next tested this rule by performing in vitro

assays using a series of engineered synthetic consortia imple-

menting naphthalene degradation through two- or multi-step

MDOL.

RESULTS

Model framework for a community performing two-step
MDOL
To describe the dynamics of a community engaged in metabolic

division of labor (MDOL community), we conceptualized the

degradation of an organic compound by a microbial consortium

composed of two strains using a simple mathematical model

(Figure 1A). In this consortium, the first strain (named [1, 0]) ex-

presses an enzyme (E1) to catalyze the conversion of an organic

substrate (S) into an intermediate metabolite (I), while the second

strain (named [0, 1]) performs the subsequent conversion of I to a

final product (P) by expressing another enzyme (E2). In the basic

model, transport of S, I, and P across the cell membrane was

assumed to occur via passive diffusion mediated by coefficients

gs, gi, and gp. Following these assumptions, we formulated the

dynamics of intracellular and extracellular concentrations of I
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and P by using seven ordinary differential equations (Equations

8, 9, 10, 11, 12, and 13 in STAR Methods). Consistent with our

previous hypotheses and observations (Miaoxiao et al., 2022),

we next assumed that P, which was produced by the second

strain, was the sole resource for the growth of both strains, while

S and I cannot be directly assimilated as a carbon source.

Consequently, [0, 1] possesses preferential access to the final

product (P), resulting in a ‘‘private benefit’’ derived from product

privatization (Figure 1A). Details about the model construction

are described in STAR Methods, as well as supplemental infor-

mation (see the resource availability section in STAR Methods).

Meanings of the variables and parameters of themodel are listed

in Tables S1 and S2.
Deriving the criterion for maintaining a stable two-step
MDOL community
To derive the criterion defining the stability of a two-step MDOL

community, we solved steady-state expressions of Equations 8,

9, 10, 11, 12, 13, 14, 15, 16, and 17. We obtained a simple for-

mula, which suggests that if the steady state of a two-step

MDOL community exists, the relative abundance of [0, 1]

(R½0;1�) should follow:

R½0;1� =
n

m
: (Equation 1)

Here, n = Ig1=gp, reflecting whether the supply of P (pro-

duced and secreted by [0, 1]) is sufficient for the growth of

[1, 0] (defined as the ‘‘product demand gap’’ for [1, 0]). For

example, a lower ‘‘product demand gap’’ of [1, 0] suggests

that [0, 1] privatized more P and share less to [1, 0], thus n also

indicates the ‘‘private benefit’’ of [0, 1] derived from the product

privatization. m =
�
c1 Ig1y1

d1
� c2 Ig2y2

d2

�.
c2 Ig2y2

d2
is the normalized dif-

ference between the inherent growth rates of the two strains.

Importantly, because R½0;1� ranges from 0 to 1, we derived a pre-

requisite defining the conditions when the two strains were able

to stably co-exist:

0 < n < m : (Equation 2)

We offer two intuitive explanations for Equation 2. First, the

requirement m > 0 suggests that [1, 0] must hold a growth

advantage than [0, 1]. Second, the requirement n < m indicates

that the ‘‘private benefit’’ of [0, 1] must be lower than the growth

advantage of [1, 0]. We visualized Equations 1 and 2 by a two-

dimensional density map. As shown in Figure 1B, the MDOL

community assembled to a steady state only when the values

of n and m fell inside the range defined by Equation 2, and the

community structure at the steady state can be directly as-

sessed by Equation 1. We next performed additional analyses

to test whether other parameters that are not included in n and

m also affect the proposed rule (Figure S1). Our results indicated

that the stability of theMDOL community also requires the speed

of the first reaction (a1; Figures S1A and S1B) and the initial

biomass (xi,0; Figures S1K–S1M) to reach the critical thresholds.

We also linked the stability and structure of anMDOL community

with its function (the degradation ability of the substrate). As

shown in Figures S1N and S1O, the MDOL community shows
higher degradation ability when it meets our proposed condition

defining the stability, and the degradation ability of the steady-

state community was positively correlated with the steady-state

frequency of [1, 0].

In summary, our mathematical model defined a rule that de-

fines the condition when the two strains in an MDOL community

can stably co-exist, namely, when the strain [1, 0] possesses a

growth advantage that outweighs the ‘‘private benefit’’ of the

strain [0, 1] (Equation 2). When the steady state exists, this rule

also provides a prediction of the steady-state community struc-

ture (Equation 1).

Stability of MDOL in response to changing metabolic
conditions
For simplicity, our basic model ignored many complex pathway

mechanisms. For example, mass transport across the cell mem-

brane can be mediated by an active transporter protein (Nicole

and Marlon, 2014) (Figures 2A, S2A, and S2B). In addition,

both metabolic reactions involved in an MDOL pathway might

be performed extracellularly (Blair et al., 2021) (Figures 2B and

S2D). Moreover, the intermediates of an MDOL pathway can

be converted to chemicals unavailable to microorganisms via

spontaneous reactions (Greg et al., 2018; Shalini et al., 2014)

(Figure 2C; Figure S3A). Furthermore, metabolic by-products

may be generated from the conversion from S to I (Debajyoti

et al., 2016; Rafael et al., 1999; Shalini et al., 2014) (Figures 2D

and S3C), which may facilitate the growth of [1, 0]. Finally, toxic

effects of substrate (Graham and Eugene, 2007; Park et al.,

2004), intermediates (Graham and Eugene, 2007; Mariana

et al., 2009;Muoz et al., 2007; Park et al., 2004), and final product

(Aiba et al., 2000; Alejandro, 1983) are common during microbial

degradation of organic compounds (Figures 2E–2G, S4A, S4C,

and S5A). Therefore, we modified the basic form of our model

to address how these additional mechanisms affect the assem-

bly of an MDOL community:

1. The MDOL community becomes more likely to reach a

steady state when we assumed that the final product

(P) is actively taken up by [1, 0], or is actively secreted

by [0, 1] (Figure 2A; Figure S2C).

2. When only the first metabolic step is catalyzed extracel-

lularly, the basic prediction of our rule remains un-

changed (Figures 2B and S2D). However, once the sec-

ond metabolic step is performed extracellularly, the

rule change considerably. Our results indicated that

the co-existence of the two strains requires an addi-

tional condition defined by Equation S2.35. In addition,

the structure of the stable MDOL community is strongly

dependent on the initial abundance of the two strains

(Figures S2E and S2F).

3. When we included the spontaneous conversion of I, P, or

both in ourmodel, we found that the points defining the sta-

bility of an MDOL community were restricted to a smaller

part of the parameter space (Figures 2C and S3B).

4. We next assumed that the conversion of S to I can

generate a by-product that can be assimilated by [1, 0]

as a carbon source (Figures 2D and S3C). Under this con-

dition, the ‘‘private benefit’’ of [0, 1] was counteracted by
Cell Reports 40, 111410, September 27, 2022 3



Figure 2. Additional pathway mechanisms influence the assembly of the two-step MDOL community

(A–G). Seven additional pathway mechanisms were tested: (A) different configurations for the transport of the intermediate and product (Figures S2A–S2C);

(B) alternative or both metabolic reactions occurring in the extracellular space (Figures S2D–S2F); (C) presence of abiotic conversion of intermediate and product

(Figures S3A and S3B); (D) presence of by-product generated from the first reaction (Figures S3C and S3D); (E) presence of biotoxicity of the substrate

(Figures S4A and S4B); (F) presence of biotoxicity of intermediate (Figures S4C–S4F); and (G) presence of biotoxicity of the end product (Figure S5). First column:

descriptions of the specific pathway mechanisms. Second column: representative density maps shows how the additional pathway mechanisms change the

assembly rules. Third column: summary of how the additional pathway mechanisms change the criterion for the stability of the community. ‘‘Tightening’’ means

that the size of the parameter space required for stability decreases, thus the two-stepMDOL community becomesmore difficult to maintain stability. In contrast,

‘‘relaxing’’ means that the size of the parameter space required for stability increases, thus the two-step MDOL community becomes easier to maintain stability.

Fourth column: summary of the derived formulas that determine the assembly of two-step MDOL community at steady state in each scenario. For simplicity, the

key influencing factors of the scenarios in (C), (D), (F), and (G) are listed. Detailed expressions of these formulas are available are described in the publicly available

supplementary file (Mendeley Data, https://doi.org/10.17632/87ctyv6chg.1), of which the tracking number is listed.
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the by-product, strongly favoring [1, 0] and the co-exis-

tence of the two strains (Figure S3D).

5 .We then tested the toxic effects of S, I, and P on the com-

munity assembly (Figures 2E–2G, S4, and S5). Although

substrate toxicity neutralizes the ‘‘private benefit’’ of [0, 1]

(Figure S4B), the presence of intermediates toxicity offers

an additional benefit to [0, 1], which restricts the points of
Cell Reports 40, 111410, September 27, 2022
stability to a smaller part of the parameter space

(Figures S4D–S4F).

Experimentally testing the rules of community assembly
and stability achieved by synthetic microbial consortia
To experimentally test our proposed rule, we engineered three

synthetic consortia that degrade naphthalene via two-step

https://doi.org/10.17632/87ctyv6chg.1
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MDOL. In these systems, a first Pseudomonas stutzeri strain con-

verts naphthalene into its intermediate (i.e., 1,2-hydroxynaphtha-

lene, salicylate, or catechol), which can diffuse between the cyto-

plasm and the external environment (Isabel et al., 2012; Rafael

et al., 2000) but cannot be directly used as the carbon source to

support bacterial growth. The second strain possesses the ability

to degrade the intermediate to the final products (pyruvate and

acetyl-coenzyme A [CoA]), which are then partially and passively

secreted to the environment and utilized by the consortia as the

limiting carbon source (Figures 3A, S6A, and S6E). To predict

the assembly of these synthetic ecosystems, we modified our

basic model to include specific pathway mechanisms corre-

sponding to these consortia. For instance, the toxic effects of

naphthalene, as well as the three intermediates, were experi-

mental measured and introduced as the model parameters. The

spontaneous conversions of 1,2-hydroxynaphthalene and cate-

chol were included according to previously reported reaction ki-

netics (Greg et al., 2018). Accordingly, wemathematically derived

the quantitative criteria to predict the stability and assembly of our

synthetic consortia (Figures 3B, S6B, and S6F).

Using the consortium composed of strain AN1000 and strain

AN0111 (Figure 3A) as an example, our modeling analyses sug-

gest that the points defining the stability of this consortium were

located in a larger parameter space compared with those in our

basic rule (Figure 3B compared with Figure 1B), mainly because

of the toxic effect of naphthalene. To test the predictive power of

our theoretical criterion, we cultured the consortium using naph-

thalene as the sole carbon source. As the two strains exhibited a

similar inherent growth rate (meaningm =�0.031), the consortia

were found to be ecologically unstable (Figure S7A), consistent

with the prediction of our model.

To obtain a stable MDOL community, we set out to modify the

m value of this system according to our theoretical framework. To

this end, we introduced two toxic genes to control the growth of

the strain AN0111, that is, ccdB and phiX174 E. The toxin CcdB

inhibits the activity of DNA gyrase, causing the breakage of

plasmid and chromosomal DNA, and thus deactivates the cells

(Minh-Hoaet al., 2005). The phiX174 E is the lysis protein of bacte-

riophage phiX174,whichdisrupts bacterial peptidoglycan biosyn-

thesis by inhibiting the phospho-MurNAc-pentapeptide translo-

case (MraY) (Henrich et al., 1982). We engineered two genetic

modules, inwhich the expression of ccdB orphiX174 E, is control-

lably induced by rhamnose (Figure 3A). Then, we introduced the

ccdB module into the cells of strain AN0111, generating strain

AN0111ccdB. Similarly, the phiX174 E module was knocked in

to generate strain AN0111x174. Quantitatively fitting analysis

suggests that the death rate of these strains (d2) is linearly corre-

lated with logarithmic forms of the rhamnose concentration. Asm

is directly associatedwith d2 (according to the definition ofm), the

experimental modifications ofm can be fulfilled by setting up the

rhamnose concentration. We co-cultured the modified strain

AN0111 with strain AN1000, mimicking the community dynamics

with a given n value of 2.53 (estimated by the experimental mea-

surement of Ig divided by the previously reported value of gp (Chi

Kyu et al., 2006)), and a gradient ofm values (Figure 3B, blue line).

The results showed that when the value of m is lower than the

threshold at which our models predict that the two strains fail to

stably co-exist (that is when m < 1.7), our synthetic consortium
collapsed (Figures 3C, 3D, S7D, and S7G). In contrast, when m

was set over the threshold, the consortium stabilized (Figures

3C and 3D), and the two strains co-existed for at least three

growth cycles (Figures S7D and S7G). Further analyses showed

that our mathematical modeling accurately predicted the

steady-state frequency of strain AN0111 in the consortium (R2 =

0.927; Figure 3E).

We then tested our proposed rule using two additional syn-

thetic consortia degrading naphthalene. One consortium is

composed of strains AN1100 (converting naphthalene to salicy-

late) and AN0011 (further degrading salicylate to pyruvate;

Figure S6A), and the other is composed of strains AN1110 (con-

verting naphthalene to catechol) and AN0001 (further degrading

catechol to pyruvate; Figure S6E). In both cases, pyruvate was

produced from the first reaction as a by-product. Our models

predicted that the points defining the stability of these two con-

sortia were located in a larger parameter space than those in the

consortium composed of AN1000 and AN0111 (Figures S6B and

S6F compared with Figure S3B). These predictions were verified

by our co-culture experiments (Figures 3F, 3G, S6, and S7).

Together, these results indicated that our mathematical frame-

work accurately predicts the assembly of our consortia, and

thus can be a reliable guide for the construction of stable syn-

thetic consortia engaged in MDOL.

Assembly and stability of a community performingmulti-
step MDOL
We next investigated the assembly rule of a community

executingmulti-stepMDOL, a situation inwhich a longmetabolic

pathway is distributed among more than two strains in microbial

communities (Jones et al., 2017). To this end, we expanded our

basic model (based on 2-step MDOL) to build a mathematical

framework conceptualizing the dynamics of an N-step MDOL

community (Figure 4A; Equations 18, 19, 20, 21, 22, and 23 in

STAR Methods). We derived a formula on the basis of the ana-

lyses of these equations, which defines the steady-state fre-

quency of the strain that performs the last step in a community

performing N-step MDOL:

RN =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

XN� 1

k = 1

�
nk

mk

�h
h

vuut : (Equation 3)

Here, nk = Igk = gp represents the ‘‘product demand gap’’

of the kth strain, reflecting the relative ‘‘private benefit’’ of

the strain performing the last step (simplified as the last

strain thereafter; Figure 4A) against the kth strain, while

m =
�
ck Igkyk

dk
� cNIgNyN

dN

�.
cNIgNyN

dN
represents the normalized differ-

ence between the inherent growth rates of the kth strain and

the last strain; h is a fitted exponent affected by the environ-

mental capacity and reaction speed of each metabolic step.

Our analysis also identified the two prerequisites that define

the co-existence of the strains involved in these complex

systems:

n1 + 1

m1 + 1
=

n2 + 1

m2 + 1
= . =

nk + 1

mk + 1
= . =

nN� 1 + 1

mN� 1 + 1
= ra:

(Equation 4)
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Figure 3. Dynamics of the synthetic community composed of P. stutzeri AN1000 and P. stutzeri AN0111ccdB

(A) Schematic diagram of the construction of the synthetic consortium. To experimentally modify the m value, two genetic modules were introduced into strain P.

stutzeri AN0111, generating P. stutzeri AN0111ccdB and P. stutzeri AN0111x174, in which the expression of a toxic protein, CcdB or phiX174 E, are controllably

inducedby rhamnose. Therefore, the death rate of themodified strain can bequantitativelymodulated byadjusting rhamnoseconcentration, as shown in the left plot.

(B) Predicting the assembly of the synthetic community by mathematical modeling. The density map shows the parameter space in which the community can

maintain (the colorized space), as well as the relative abundance of P. stutzeri AN0111ccdB or P. stutzeri AN0111x174 in the stable community (the color

gradient). The blue line suggests that in our synthetic community n = 2.53, which is the region we performed experimental verification.

(C and D) The dynamics of the synthetic community composed of P. stutzeri AN1000 and P. stutzeri AN0111ccdB (C) or P. stutzeri AN1000 and P. stutzeri

AN0111x174 (D) from co-culture experiments and mathematical modeling under different rhamnose concentrations (that is, a gradient ofm values). To measure

their relative abundance, the strain performing the first step was labeled with MCherry, while the other strain was labeled with EGFP. Four independent replicates

were performed for each condition. The error bar indicates the standard error of the replicates.

(E–G) Testing the predicting power of our mathematical frameworks. The experimentally measured frequency of the last strains of all the three synthetic com-

munities performing two-step MDOL is compared with the predicted frequency from our mathematical framework. The data are collected in dilution-transfer

experiments (Figure S7), and the values of relative abundance at the end of the third transfer were recorded. Each green dot indicates one experimental replicate.

The blue dashed line indicates the line in which the experimental results and predicted results are identical. The adjusted R2 value is acquired from statistical fit

using the LinearModelfit function of Wolfram Mathematica (version 12.0).

6 Cell Reports 40, 111410, September 27, 2022

Article
ll

OPEN ACCESS



Figure 4. Assembly rule of microbial com-

munity engaged in multi-step MDOL

(A) A schematic diagram shows the assumptions of

the model regarding the assembly of a multi-step

MDOL community. We assumed a conceptualized

organic substrate (S) was degraded into the end

product (P) through N � 1 intermediates, and the

jth intermediate was labeled with Ij. Each reaction

was carried out by one strain and occurred intra-

cellularly.

(B) The first condition required for the stability of

the community engaged in three-step MDOL. The

graph depicts the distribution of 308,913 designed

parameter sets to test the first condition required

for the stability of a three-step MDOL community.

The gray dots indicate the distribution of all the

sets; The green dots and orange dots indicate the

parameter sets that satisfy the proposed condition

defined by Equation 4; the orange dots indicate

the parameter sets that lead to stable community

dynamics.

(C) Assembly rule of microbial community engaged

in three-step MDOL. The relationship between the

relative abundance of [0, 0, 1] and the ratio n1=m1

and n2=m2 in 890 simulated steady-state com-

munities. Each dot shows the relative abundance

of [0, 0, 1] obtained by the simulation parameter-

ized with the corresponding value set. The surface

diagram shows the distribution of the relative

abundance of [0, 0, 1] predicted by Equation 3.

(D) The linear correlation between the relative

abundances of the last strain (RN) in those stable

N-step MDOL communities predicted by Equation

3 and those abundances obtained by simulations.

Comparisons of three- to eight-step MDOL com-

munities are shown (meaning N = 3�8). The

dashed lines show the fitted linear correlation

curve. N is the number of the simulations included,

and h is the optimal mean-square index h. Details

of these simulations are described in are described

in the publicly available supplementary file (Men-

deley Data, https://doi.org/10.17632/87ctyv6chg.

1). The adjusted R2 value is acquired from statis-

tical fit using the LinearModelfit function of

Wolfram Mathematica (version 12.0).
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0 <
nk

mk

< 1: (Equation 5)

Here, ra represents the relative inherent growth rates of the

strain performing the last step to the kth strain performing the

kth step.

Using three-step MDOL community as an example (the three

strains performing the first to third steps were named [1, 0, 0],

[0, 1, 0], [0, 0, 1], respectively), our simulations showed that the
Cell
three strains co-exist only when the ra

value of [1, 0, 0] equals that of [0, 1, 0] (pre-

requisite defined by Equation 4; Figure 4B)

and the values of nk=mk belong to the

range defined by Equation 5 (Figure 4C).

This result suggests that an MDOL com-

munity can maintain stability if the strains
performing the initial steps (the steps except for the last step; Fig-

ure 4A) exhibit comparable inherent growth rates (Equation 4). In

addition, these strains are required to maintain a growth advan-

tage that outweighs the ‘‘private benefit’’ of the last strain (Equa-

tion 5). Under steady-state conditions, we successfully estimated

the frequencies of [0, 0, 1] using Equation 3 (Figure 4C). Impor-

tantly, Equation 3 can be expanded to estimate the results of

mathematical simulations considering an MDOL community

with more steps (Figure 4D; up to n = 8). Remarkably, the rule
Reports 40, 111410, September 27, 2022 7

https://doi.org/10.17632/87ctyv6chg.1
https://doi.org/10.17632/87ctyv6chg.1


Figure 5. Dynamics of the four-step synthetic community

(A) Schematic diagram of the construction of the synthetic community. To experimentally modify mk , strain P. stutzeri AN0001ccdB or P. stutzeri AN0001x174

was used.

(B) The dynamics of the synthetic community composed of P. stutzeri AN1000, P. stutzeri AN0100, P. stutzeri AN0010, and P. stutzeri AN0001ccdB from co-

culture experiments under a gradient of nk=mk value conditions (i.e., using a medium with different rhamnose concentrations). The cultures were diluted

by a factor of 20 after 96 or 72h of culturing (indicated by the dashed line) and transferred into a new freshmedium. Tomeasure their relative abundances, strain P.

stutzeri AN1000 was labeled with ECFP, strain P. stutzeri AN0100 was labeled with DsRed, strain P. stutzeri AN0010 was labeled with mBeRFP, and strain

P. stutzeri AN0001ccdB was labeled with EGFP. The dynamics of the community composed of P. stutzeri AN1000, P. stutzeri AN0100, P. stutzeri AN0010, and P.

stutzeri AN0001x174 are shown in Figure S8C. Three independent replicates were performed for each condition. The error bar indicates the standard error of the

replicates.

(C) Predicting the relative abundance of the last strains (that is, P. stutzeri AN0001ccdB or strain P. stutzeri AN0001x174) by mathematical modeling. The

experimental results are summarized from those stable communities shown in (B) and Figure S8C, in which the values of relative abundance at the endpoint of the

third transfer were recorded. The red dots show the results calculated by the Equation 3, while the green dots show the results predicted from the simulations

considering the specific pathwaymechanisms of naphthalene degradation. Themodel is described detailly in the publicly available supplementary file (Mendeley

Data, https://doi.org/10.17632/87ctyv6chg.1). The adjusted R2 value is acquired from statistical fit using the LinearModelfit function of Wolfram Mathematica

(version 12.0). The error bar indicates the standard error of the experimental replicates.

Article
ll

OPEN ACCESS
we proposed about the assembly of a two-step MDOL commu-

nity is a specific case of this rule (when set n = 2 in Equation 3,

we obtain Equation 1). Together, we successfully expanded our

mathematical framework to estimate the assembly of the multi-

step MDOL community.

To experimentally verify our expanded rule, we separated

the naphthalene degradation pathway into four steps and en-

gineered four P. stutzeri strains (P. stutzeri AN1000, P. stutzeri
8 Cell Reports 40, 111410, September 27, 2022
AN0100, P. stutzeri AN0010, and P. stutzeri AN0001) that

possess similar inherent growth rates (Figure S8A) and

execute complementary metabolic reactions to degrade

naphthalene by exchanging the three intermediates (Fig-

ure 5A). The limiting carbon source of this consortium was

mostly supplied by the last strain, P. stutzeri AN0001, which

converts catechol to pyruvate and acetyl-CoA that can be

assimilated (Figure 5A).

https://doi.org/10.17632/87ctyv6chg.1
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Wenext cultured this consortium using naphthalene as the sole

carbon source. Because the inherent growth rates of strains

AN0001, AN1000, AN0100, and AN0010 are nearly identical,

meaning mk z 0, the community showed signs of collapse (Fig-

ure S8B), consistent with our basic predictions (Equation 5).

To generate a stable synthetic consortium, we applied a

similar strategy to that used in stabilizing our two-stepMDOLcon-

sortia: experimentally modifying the value of mk by co-culturing

the consortia containing a P. stutzeri AN0001 strain integrated

with the CcdB or phiX174 E module (named P. stutzeri

AN0001*). In these experiments, we found that the consortia

maintained stability when the values of nk=mk were present within

a suitable range (Figures 5B and S8C) given by Equation 5. In

addition, as shown in Figure 5C (red dots), Equation 3 accurately

predicts the steady-state frequency of strain P. stutzeri AN0001*

(R2 = 0.946). Moreover, although the assembly of this synthetic

consortium may be affected by various factors, including the

by-product generated from the initial steps, spontaneous conver-

sion of intermediates, as well as toxic effects of the metabolites,

we found that the model excluding these factors (Figure 5C; red

dots) enables similarly accurate prediction of the community as-

sembly to the model considering these factors (Figure 5C, green

dots). However, whether these factors actually affect the commu-

nity assembly requires further tested. Taken together, these re-

sults demonstrated that our theoretical framework can be

expanded tomulti-stepMDOL communities, thus greatly contrib-

uting to a more detailed understanding of their assembly.

The effects of the initial frequency on the assembly
The structure of the founding community is a key factor that

governs the assembly of a community (Jonathan, 2003; Tada-

shi, 2015). For example, microbial communities can display

alternative assembly trajectories dependent on the initial fre-

quency of different members (Eulyn et al., 2017; Ori et al.,

2020). Nevertheless, one recent study observed that a syn-

thetic community composed of two strains that perform two-

step MDOL converges to a stable state regardless of their

initial frequency (Robin and Dani, 2017). We thus set out to

test whether this characteristic can be captured by our quan-

titative framework, as well as whether a community engaged

in multi-step MDOL also remains robust to the changing initial

frequency.

For the two-step MDOL community, our simulations indi-

cated that the rule given by Equation 2 still accurately predicts

whether the two strains stably co-exist (Figure S9A). If a com-

munity maintains stability, our modeling results suggested that

the steady-state ratio of the two strains involved converged to

the same value that can be quantitatively predicted by Equa-

tion 1 (Figures S9A and S9B). Similar results were observed

in our verification experiments (Figures S9C–S9E). These re-

sults suggest that the assembly of the two-step MDOL com-

munity is independent of the initial ratio of the two strains

involved.

We then set out to test whether the assembly of a multi-step

MDOL community was influenced by the initial frequency of

the different members involved. As shown in Figure S10, when

one of the strains dominated the initial community, the parameter

space for the stable co-existence decreased, suggesting that
these extreme initial conditions considerably destabilize the

community. If the community maintains stability, the frequency

of one strain performing the initial steps was significantly posi-

tively correlated with its initial frequency (Figures S11A, S11D,

and S11G) and was determined largely by the proportion of its

initial abundance accounting for the total initial abundance of

all the former strains (Figures S11B, S11E, and S11H). We

defined this proportion as sk :

sk =
x0kPN� 1
k = 1x

0
k

: (Equation 6)

Here,x0k represents the initial biomassof thekthstrain (k=1�N).

Moreover, the frequency of the last strain in the steady-state com-

munity remained unchanged despite changing initial conditions

(Figures S10A, S10B, S11A, S11D, and S11G), but this frequency

did not match well with the prediction of Equation 3. This

result suggests that the steady-state frequency of the last

strain is affected by the structure of the founding community.

To quantitatively describe this characteristic, we added sk as a

weight to the original formula Equation 3, generating a novel

formula:

RN =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN� 1

k = 1

sk

�
nk

mk

�h
h

vuut : (Equation 7)

Our simulations and fitting analysis indicated that Equation 7

predicted the frequency of the last strain more accurately than

Equation 3 (Figures S10A, S10B, S11C, S11F, and S11I). These

mathematical predictions were then verified in our synthetic

consortium engaged in four-step MDOL (Figures 6B–6D and

S8D–S8F). Together, these results suggested that the initial strain

ratio, especially the initial ratio of the former strains, plays a critical

role in governing the assembly of a multi-step MDOL community.
DISCUSSION

Here, we proposed a simple rule to predict the assembly of mi-

crobial communities engaged in metabolic division of labor

(MDOL community) using a mathematical model. This rule was

verified by experimental work using synthetic microbial consor-

tia. Our rule demonstrates that the stability and assembly of an

MDOL community are mostly determined by how benefits are

allocated among the community members.

Importantly, our rule is built on one basic assumption derived

frommost organic compound degradation pathways, that is, the

final product of an MDOL pathway is the sole carbon source for

all the strains involved in the community. This feature offered a

‘‘private benefit’’ to the last strain, which destabilizes MDOL

communities and challenges the development of such commu-

nities. This phenomenon has been observed in many MDOL

communities. For instance, one study engineered a dual-species

consortium for removal of the insecticide parathion, in which an

Escherichia coli strain hydrolyzes parathion, yielding two inter-

mediates including p-nitrophenol, while another Pseudomonas

putida strain metabolizes p-nitrophenol (Gilbert et al., 2003).

That study revealed that P. putida largely dominated the final
Cell Reports 40, 111410, September 27, 2022 9



Figure 6. Effects of initial strain ratio on the assembly rule of microbial community engaged in MDOL

(A) The assembly rule of the two-step MDOL community is independent of the changing initial strain ratio. Culture experiments and mathematical modeling of the

community composed of P. stutzeri AN1000 and P. stutzeri AN0111ccdB (or P. stutzeri AN0111x174) were performed by setting seven differentm values, as well

(legend continued on next page)
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community, which is in accordance with our observation. Ano-

ther study investigated the interactions among five bacterial spe-

cies in a cellulose-degrading community and also found that the

strains performing the last step of the cellulose degradation

dominated the community (Souichiro et al., 2005). Moreover,

one study investigated the dynamics of a consortium composed

of two isolates from the same soil microcosms treated with the

pesticide fenitrothion (Chie et al., 2009). In this MDOL con-

sortium, the final product, methylhydroquinone, served as the

common resource for the two strains. That study showed that

the strain executing the last step overwhelmingly dominated

the community and proposed that the co-existence of twomem-

bers requires the second member to excrete enough methylhy-

droquinone to support the growth of anothermember. Therefore,

privatization of the sole carbon source by the last strain may

represent a common challenge when engineering microbial sys-

tems for organic compound degradation. However, the afore-

mentioned studies constructed synthetic consortia using

different species so that the inherent traits of different members

in the consortia cannot be well controlled. For example, the last

population may inherently grow faster than the other popula-

tions. For better application of our framework, we suggest further

studies carefully control or quantify the inherent traits of different

engineered strains involved in the MDOL communities.

Our model provides several avenues to stabilize MDOL com-

munities. First, it is feasible to reduce the inherent growth rate

of the last strain, which can be accomplished by either rationally

engineering a slow-growing strain performing the last step or as-

signing more tasks (metabolic reactions) to this strain that incur

higher energetic costs. Second, the ‘‘private benefit’’ of the last

strain can be alleviated if the strains performing the initial steps

are capable of obtaining metabolic by-products generated

from the initial reactions. From this perspective, when designing

a synthetic consortium engaged in MDOL for pollutant degrada-

tion, it may be useful to assign a by-product to the initial strains.

Third, our results also showed that if the substrate is toxic, the

microbial system will be more stable, which is consistent with

the results in our previous study (Miaoxiao et al., 2022). More-

over, our results also showed that active transport of the final

product (P) facilitated the stability of the MDOL communities.

This finding offers another potential strategy to stabilize the en-

gineered MDOL consortia through overexpressing the trans-

porter of the final product of the strains involved. In summary,

our results provide a quantitative way to evaluate the feasibility

of applying these strategies to a specific pathway engineering,

and thus should greatly assist in designing andmanaging related
as five different initial ratios. The relative abundances ofP. stutzeri AN0111ccdB o

modeling (green, second row) are shown.

(B) Growth dynamics of the synthetic community composed of P. stutzeri AN100

different initial ratios. In these experiments, rhamnose concentration was set to

abundance of each strain. The pie charts denote the community structure at the

each condition.

(C) PCA analyses of the dynamics of the synthetic consortium composed of P.

rhamnose was set to 0.005% (nk=mk value equals 0.29). The pie charts on the rig

with (B). The community structure data used for PCA analysis is the same as tha

(D) Naphthene degradation rate of the consortia containing P. stutzeri AN0001x17

same experiments using synthetic community composed of P. stutzeri AN1000, P

Figures S8D–S8F.
artificial microbial systems. In addition to the strategy proposed

here, the previously proposed programmed ‘‘self-lysis’’ system

(Lingchong et al., 2004; Spencer et al., 2017) can be introduced

to the last population so that its population size can be self-

regulated to enable the co-existence of different members.

Moreover, the strains involved can be engineered to achieve

an interdependent interaction through the exchange of essential

and leaky metabolites (e.g., amino acids, vitamins), which is

another potential strategy to maintain co-existence (Elin and Da-

vid, 2019; Wenying et al., 2007). Notably, one recent study

distributed different community members into spatially sepa-

rated microcapsules, but proteins and small molecules can be

freely transported among the capsules (Lin et al., 2022). Such

a ‘‘spatial partitioning’’ strategy also enables the co-existence

of multiple strains with different growth rates, as well as the

manipulation of community structure.

Our study also has implications for our understanding of the

evolution of MDOL among microorganisms. First, our results

suggest that the individuals of the last population must evolve

to possess a slower growth rate to maintain system stability. In

this case, natural selectionmay not operate at the individual level

(i.e., achieve the individual success of the last population) but at

the community level (i.e., multi-level selection) (Charles, 2012;

Craig and Maarten, 2002; Jos and Joël, 2016; Samir, 2006) to

drive the evolution of MDOL communities. For example, natural

communities usually undergo a standard life cycle (Diane et al.,

2011; George et al., 2000; John et al., 2009; Leibold et al.,

2004): (1) a random number of individuals with genotypes from

a metacommunity is allocated to different local communities;

(2) each local community grows independently; (3) the local com-

munities are merged to form a new metacommunity so that the

global genotypic frequencies are updated. Applying such a life

cycle to a metacommunity engaged in MDOL, faster growing in-

dividuals of the population performing the last step may be

favored within a local community, but this local community is

not stable and accumulate less biomass than those with the

slower growing last population after enough long period of local

growth (stage 2). As a result, the slower growing last population,

as well as the associated MDOL local communities, is favored at

the higher level of metacommunity. This hypothesis may be

examined using well-designed experimental evolution assays

associated with the eco-evolutionary model (Jonas et al., 2012;

Nuno et al., 2014) considering such a microbial life cycle. Such

experiments andmodels can be also designed to define the suit-

able level of partitioning from metacommunity to local commu-

nities that enables the evolution of MDOL communities (Feilun
rP. stutzeri AN0111x174 from experiments (orange, first row) andmathematical

0, P. stutzeri AN0100, P. stutzeri AN0010, and P. stutzeri AN0001ccdB at eight

0.005% (nk=mk value equals 0.29). Each color region represents the relative

starting and end time points. Three independent replicates were performed for

stutzeri AN0001ccdB at eight different initial ratios when the concentration of

ht denote the eight initial inoculation ratios, and the color marks are consistent

t in (B). The arrows show the direction of community succession.

4. The degradation rates were measured at the end of each transfer. Results of

. stutzeri AN0100, P. stutzeri AN0010, and P. stutzeri AN0001x174 are shown in
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et al., 2022). Second, as we discussed above, the presence of

several specific pathway features, such as substrate toxicity

and by-product production, relax the constraints ensuring the

stability of an MDOL community. Therefore, MDOL among

different members may be easier to evolve in pathways that

possess these specific features, and the beneficial mutations

of the last population may again destabilize the community.

For example, the mutants resistant to substrate toxicity may

evolve in the last population. However, these mutants will not

be selectively favored in the presence of the group-level selec-

tion, as we proposed above. This hypothesis can be examined

using large-scale bioinformatic analysis. Third, the presence of

spatial structure can also help maintain the evolutionary stability

of an MDOL community (Craig and Maarten, 2002). Our previous

study found that although the last strain generally grewmore in a

two-member colony engaged inMDOL, the initial strain is usually

not completely excluded (Miaoxiao et al., 2022), suggesting that

specific spatial organizing of a community may facilitate their co-

existence. In these spatially structured environments, the inter-

action between the two strains would require their cells to be

spatially proximal to each other (Alma Dal et al., 2020; Babak

et al., 2013; Miaoxiao et al., 2020; Samay et al., 2015). Even if

the cells from the last strain can obtain asymmetric ‘‘private

benefit,’’ they must be located in close proximity to their part-

ners. Therefore, the spatial organization of an MDOL community

may help maintain the co-existence of its members, thus favor-

ing the evolution of MDOL processes. This hypothesis can be

examined by comparing the results of evolutionary experiments

in biofilms and well-mixed systems.

In conclusion, our results provide a basis for a theory guiding

the application of MDOL strategy to design and manipulate arti-

ficial microbial systems and also provide new perspectives for

understanding the evolution of natural MDOL systems.

Limitations of the study
We acknowledge several important limitations of our study.

First, using the mathematical model, we simulated the assem-

bly of the MDOL community in many different metabolic condi-

tions (Figure 2). However, our three synthetic consortia only

represent three specific cases of MDOL communities associ-

ated with the given set of metabolic conditions. The model pre-

dictions of how every single factor of metabolic conditions

affects the assembly of the MDOL community has not been

rigorously verified because of the limitations of the experimental

setup. Second, the effects of different metabolic conditions

(Figure 2) on the assembly of the multi-step MDOL communities

were not discussed in this study. Finally, we knocked in two

genes encoding two toxins (CcdB and phiX174 E protein) to

control the death rates of the two populations in this study.

Because inducing these toxins imposes a strong selection

pressure on the mutations of these toxin genes, it may enable

the uncontrollable fast growth of the last populations and lead

to the collapse of the community. Although such mutations

were not detected during the period of our experiments (three

passages cycles; Figure S12), it is still possible that they may

emerge if the long-term experiments were performed, which

may limit the application of our method in enabling the long-

term stability of an MDOL community.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

See Table S3 N/A N/A

Chemicals, peptides, and recombinant proteins

EcoRI Takara Cat# 1040A

HindIII Takara Cat# 1060A

T4 DNA Ligase Takara Cat# 2011B

Phanta� Max Super-Fidelity DNA Polymerase Vazyme Cat# P505-d1

Rapid Taq Master Mix Vazyme Cat# P222-03

YeaRed Nucleic Acid Gel Stain (10,0003 in Water) Yeasen Cat# 10202ES76

Sucrose Sigma-Aldrich Cat# S0389

Kanamycin sulfate Sigma-Aldrich Cat# K1377

Gentamicin sulfate salt Sigma-Aldrich Cat# G1264

Nalidixic acid Sigma-Aldrich Cat# N8878

IPTG Sigma-Aldrich Cat# I6758

L-Rhamnose Sigma-Aldrich Cat# W373011

Naphthalene Sigma-Aldrich Cat# 84679

1,2-dihydroxynaphthalene (1,2-DHN) Sigma-Aldrich Cat# 232505

Sodium Salicylate Sigma-Aldrich Cat# S3007

Pyrocatechol Sigma-Aldrich Cat# C9510

Sodium pyruvate Sigma-Aldrich Cat# P2256

Critical commercial assays

FastPure Bacteria DNA Isolation Mini Kit Vazyme Cat# DC103

EasyPure� Plasmid MiniPrep Kit TransGen Biotech Cat# EM101-01

EasyPure� Quick Gel Extraction Kit TransGen Biotech Cat# EG101-01

EasyPure� PCR Purification Kit TransGen Biotech Cat# EP101-01

Hieff Clone� Plus Multi One Step Cloning Kit Yeasen Cat# 10912ES10

Deposited data

Raw data of coculture This paper Miaoxiao et al. (2022), ‘‘MDOL paper dataset’’,

Mendeley Data, V1, https://doi.org/10.17632/

r58wvpdhb3.1

The detailed protocols for mathematical modeling,

construction of the synthetic consortia, and co-culture

experiments.

This paper Miaoxiao et al. (2022), ‘‘MDOL paper supplementary

materials’’, Mendeley Data, V1, https://doi.org/10.

17632/87ctyv6chg.1

Experimental models: Organisms/strains

P. stutzeri: Strain background: AN10 Brunet-Galmes,

I. et al. 2012

N/A

All strains used in this study can be found in Table S3. This paper N/A

Oligonucleotides

Primers used in this study This paper Wang, Miaoxiao et al. (2022), ‘‘MDOL paper dataset’’,

Mendeley Data, V1, https://doi.org/10.17632/

r58wvpdhb3.1

Recombinant DNA

Plasmids for fluorescent labeling, see Table S6. This paper N/A

Plasmids for constructing the ccdB and phiX174 E

genetic modules, see Table S6.

This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Wolfram Mathematica Wolfram Research Version 12.3

SnapGene Dotmatics https://www.snapgene.com/

Other

The source codes used for the

mathematical modeling in this study

This paper Wang, Miaoxiao et al. (2022), ‘‘MDOL paper-simulation

code’’, Mendeley Data, V1, https://doi.org/10.17632/

rbn7cwb4hn.1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents can bemade to the LeadContact, Xiao-LeiWu, xiaolei_wu@pku.edu.cn.

Materials availability
Requests for plasmids and strains described in this study can be made to the lead contact, Xiao-Lei Wu, xiaolei_wu@pku.edu.cn.

Data and code availability
Raw data of coculture and mathematical simulations are available on Mendeley Data: Wang, Miaoxiao et al. (2022), ‘‘MDOL paper

dataset’’, Mendeley Data, V1, https://doi.org/10.17632/r58wvpdhb3.1. The source codes used for all the models concerning are

publicly available (Mendeley Data, https://doi.org/10.17632/rbn7cwb4hn.1). The detailed derivations of all models, justifications of

our assumptions, and the detailed protocols of the construction and culturing of our synthetic microbial communities are publicly

available on (Mendeley Data, https://doi.org/10.17632/87ctyv6chg.1). Any additional information required to reanalyze the data re-

ported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Construction and culturing of the synthetic microbial communities
Construction of the strains involved in the synthetic microbial communities

The strains and plasmids used in this study are summarized in Table S3. All P. stutzeri strains were engineered from a naphthalene-

degrading bacterial strainP. stutzeriAN10 (Isabel et al., 2012; Rafael et al., 2000). Genes that encode the key enzymes responsible for

the four metabolic steps in the naphthalene degradation pathway were knocked out to generate different strains involved in the syn-

thetic microbial consortia. The details of the strain design and construction are described in the publicly available Supplementary file

(Mendeley Data, https://doi.org/10.17632/87ctyv6chg.1). To label the strains with fluorescence for the measurement of their relative

abundance in synthetic consortia, eCFP, dsRed, mBeRFP, mCherry, or eGFP gene was cloned into a constitutive vector, pMMPc-

Gm (Youqiang et al., 2013), and delivered to the host cells via triparental filter mating (Chao et al., 2015).

Culturing of the synthetic microbial communities

Our synthetic microbial communities were cultured in 25-mL flasks containing 5 mL new fresh minimum medium (Jie-Liang et al.,

2015) supplemented with naphthalene powder (1%w/v) as the sole carbon source. The biomass and relative fraction weremeasured

using the method described previously (Elizabeth et al., 2018; Miaoxiao et al., 2022). The detailed protocols were described in the

publicly available Supplementary file (Mendeley Data, https://doi.org/10.17632/87ctyv6chg.1).

METHOD DETAILS

Formulation of the ODE models
The mathematical models were built using ordinary differential equations, which formulated the dynamics of intracellular and extra-

cellular intermediates and end products, as well as the growth of all the strains involved in the community. In all cases, the models

were built on a well-mixed system (or sufficiently fast metabolite diffusion). Here, the dimensionless forms of the models were pre-

sented. The detailed derivations of all models and justifications of our assumptions are described in the publicly available Supple-

mentary file (Mendeley Data, https://doi.org/10.17632/87ctyv6chg.1). The definitions and dimensionless methods of all the variables

and parameters are listed in Tables S1 and S2.

The basic ODE models for a two-step MDOL community

As described in the first part of the Results section, we assumed that a two-step pathway was implemented by MDOL between two

strains (Figure S1A). Details about the construction of this basic ODE system are described in the publicly available Supplementary

file (Mendeley Data, https://doi.org/10.17632/87ctyv6chg.1). For simplicity, the basic model was built based on seven simple
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assumptions, namely transport via passive diffusion, intracellular metabolic reactions, negligible abiotic degradation of I and P,

excess of initial substrate, as well as low levels of intracellular accumulation of I and P; importantly, P was assumed to be the

sole and limited resource for the growth of the two strains and its consumption was calculated following Monod equations. Thus,

the dynamics of intracellular and extracellular I and P are given by

di1;in
dt

= a1 � gi,ði1;in � ioutÞ (Equation 8)
di2;in
dt

= � a2i2;in +gi,ðiout � i2;inÞ (Equation 9)
dp1;in

dt
= � Ig1p1;in +gp,

�
pout � p1;in

�
(Equation 10)
dp2;in

dt
= a2i2;in � Ig2p2;in � gp,

�
p2;in � pout

�
(Equation 11)
diout
dt

= x1,gi,ði1;in � ioutÞ � x2,gi,ðiout � i2;inÞ (Equation 12)
dpout

dt
= x2,gp,

�
p2;in � pout

� � x1,gp,
�
pout � p1;in

�
(Equation 13)

Here, i1;in and i2;in represent the intracellular I concentration of two strains; iout is the extracellular concentration of I; pout is the

extracellular concentration of P; p1;in and p2;in are the intracellular P concentration of two strains; x1 and x2 are the biomass of

two strains; a1 and a2 are the reaction rates of two reactions; gi and gP are the diffusion rates of I and P across the cell membrane;

Ig1 and Ig2 are the consumption rate of the product for the growth of two strains. The growth of the two strains was modeled using a

generalized logistic function with first-order cell death:

dx1
dt

= m1x1

�
1 � x1 + x2

r

�
� d1x1 (Equation 14)
dx2
dt

= m2x2

�
1 � x1 + x2

r

�
� d2x2 (Equation 15)

Here, r represents the carrying capacity of the whole community; d1 and d2 represent the apparent maintenance rates of the two

strains. The specific growth rates of the two strains, m1 and m2, are calculated by

m1 = Ig1p1;iny1c1 (Equation 16)
m2 = Ig2p2;iny2c2 (Equation 17)

Equations (16) and (17) are linked with our basic assumption that P is the sole resource for growth. In addition, y1 and y2 represent

the yield coefficients for biomass production of the two strains; coefficients c1 and c2 are used to describe the metabolic burdens of

the two reactions.

The ODE models considering complex pathway mechanisms

Themodels that consider the complex pathwaymechanisms were built bymodifying or adding the relatedmathematical terms to the

basicmodel. Details of thesemodifications are described in the publicly available Supplementary file (Mendeley Data, https://doi.org/

10.17632/87ctyv6chg.1).

The ODE models for multiple-step MDOL community

Assuming that a metabolic pathway is segregated intoN steps that are executed byN strains (Figure S1A), more generalized models

are built by expanding the basic framework of the two-step MDOL community, which was described in the publicly available Sup-

plementary file (Mendeley Data, https://doi.org/10.17632/87ctyv6chg.1) in detail. In this system, an organic substrate (S) is converted
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to a final product (P) through a long metabolic pathway containing N reactions and N-1 intermediate metabolites (I). Each reaction is

carried out by one strain by expressing a specific enzyme. The ODE model was built accordingly,

di1k;in
dt

= ek;1a1 � ek;2a2,i
1
k;in +gi1,

�
i1out � i1k;in

�
(Equation 18)
dijk;in
dt

= ek;jak,i
j� 1
k;in � ek;j +1ak + 1,i

j
k;in +gij,

�
ijout � ijk;in

�
; ðj > 1Þ (Equation 19)
dpk;in

dt
= ek;NaN,i

N� 1
k;in � Igk,pk;in +gp,

�
pout � pk;in

�
(Equation 20)
dijout
dt

= �
XN
k = 1

xk,gij,
�
ijout � ijk;in

�
(Equation 21)
dpout

dt
= �

XN
k = 1

xk,gp,
�
pout � pk;in

�
(Equation 22)
dxk
dt

= Igkpk;inykckxk

 
1 �

PN
k = 1xk
r

!
� dkxk (Equation 23)

In the model, ijk;in represents the intracellular concentration of the jth intermediate of the kth strain; ijout represents the extracellular

concentration of the jth intermediate; pk;in represents the intracellular P concentration of the kth strain; ek represents a vector that

characterizes the phenotype of the kth strain, where ek equals ½0;0;.; 1;.0; 0� denoting that the kth strain is only capable of perform-

ing the kth reaction; xk is the biomass of the kth strain; ak is the reaction rates of the kth reactions; gij and gP are the diffusion rates of

the jth intermediate and P across the cell membrane; Igk are the consumption rate of P of the kth strain; r is the carrying capacity of

the whole communities; dk is apparent maintenance rate of the kth strain; yk is the yield coefficients for biomass production of the kth

strain; ck is the metabolic burdens of the kth strain.

The ODE model used to predict the assembly of our synthetic consortia

The models used to predict the assembly of the three 2-step MDOL synthetic consortia, as well as the four-step MDOL synthetic

consortium, were built by adding the specific mechanisms of each consortium to our basic ODE model. These effects include the

toxicity of the naphthalene and the intermediates, the abiotic conversion of the intermediates, and the generation of metabolic

by-products in the step of converting 1, 2-hydroxynaphthalene to salicylate. In addition, the parameters, such as the reaction rates,

and the consuming rate of P, were experimentally measured or obtained from previous reports. Specifically, the value of d2 (2-step

consortia) and d4 (four-step consortia) are estimated by the experimentally fitted function that links the death rate to the rhamnose

concentration. Details of the formulation of these predicting models are described in the publicly available Supplementary file (Men-

deley Data, https://doi.org/10.17632/87ctyv6chg.1), and the values and sources of all the parameters used in the predicting models

are listed in Table S4.

Model derivation and simulation protocols

Solving and simplifying the ODE models were performed using the Solve, Dsolve, and Simplify functions of Wolfram Mathematica

(version 12.0), associated with the manual arrangement. In order to perform sensitivity analyses of the basic model, as well as solve

those ODE systems that cannot be easily managed using a simple analytic method, numeric simulations were performed using basic

settings of the NDsolve function of Wolfram Mathematica. The details of these model deviations are publicly available (Mendeley

Data, https://doi.org/10.17632/87ctyv6chg.1), Including: (1) the derivation methods of the basic assembly rule of a two-step

MDOL community (see Equations (1) and (2)); (2) Analyses of the models considering those complex mechanisms; (3) Derivation

methods of the assembly rule of multiple-step MDOL community (that is, Equations (3), (4), and (5)); (4) Simulation protocols and

parameterization of the models for predicting experimental results; (5) Simulation protocols that test the effects of initial strain ratio

on the assembly rule. These analyses were performed using custom Wolfram Mathematica scripts. The generated data were then

analyzed and visualized using basic functions in Wolfram Mathematica, of which the custom codes were integrated into the afore-

mentioned scripts.
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QUANTIFICATION AND STATISTICAL ANALYSES

The statistical methods are described in figure legends. To fit the simulation or experimental data with the proposed function,

LinearModelFit function in Wolfram Mathematica (version 12.0) was used for linear fit, while the NonlinearModelFit function was

used for non-linear fit with the default settings, both with default settings. The values of adjusted R-squared can be found in all related

figures.

Replication, randomization, blinding and reagent validations
Replicate experiments have been performed for all key data shown in this study. Biological or technical replicate samples were ran-

domized where appropriate. The numbers of replicates are listed in the related figure legends.
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