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19  Abstract

20  Metabolic division of labor (MDOL) is commonly observed in microbial communities,
21  where a metabolic pathway is sequentially implemented by several members similar to
22 anassembly line. Uncovering the assembly rules of the community engaged in MDOL
23 is crucial for understanding its ecological contribution, as well as for engineering high-
24  performance microbial communities. To investigate the assembly of the community
25  engaged in MDOL, we combined mathematical modelling with experimentations using
26  synthetic microbial consortia. We built a theoretical framework predict the assembly of
27  MDOL system, and derived a simple rule: to maintain co-existence of the MDOL
28  members, the populations responsible for former steps should hold a growth advantage
29  (m) over the ‘private benefit’ (n) of the population responsible for last step, and the
30 steady-state frequency of the last population is determined by the quotient of » and m.
31  Our experiments further indicated that our theoretical framework accurately predicted
32 the stability and assembly of our engineered synthetic consortia that degrade
33  naphthalene through two-step or multi-step MDOL. Our results demonstrate that the
34  assembly of microbial community engaged in MDOL is determined by a limited
35 number of parameters. This quantitative understanding provides novel insights on
36  designing and managing stable microbial systems to address grand challenges facing
37  human society in agriculture, degradation of the environment, and human health.

38

39  Key words: Metabolic division of labor; Assembly; Mathematical analysis; Synthetic

40  microbial consortium.
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42  Introduction

43  Microorganisms colonize all major ecological niches on our planet, from deep
44 terrestrial biosphere miles beneath the land surface'™, to the intestinal tracts of
45  mammalians™®. In order to survive in these ever-changing habitats, microorganisms
46 have evolved highly sophisticated characteristics to accomplish complex metabolic
47  tasks for biochemical transformations, such as converting an unavailable resource into
48  a substrate suitable for cell growth. As a result, their metabolic activities drive global
49  biogeochemical cycles, and thus profoundly influence the health of both ecosystems as
50  well as their inhabitants’.

51  Most of these metabolic tasks are accomplished through long metabolic pathways,
52  which are performed by a single microbial population. Alternatively, these tasks are
53 divided across different interacting populations complementarily at the community
54 level, a phenomenon called metabolic division of labor (MDOL)*!!. The former
55  requires a series of enzymes being produced by a single population, and thus create a
56  substantial metabolic burden that limits the productivity and growth of the population
57  carrying out these tasks™!. In contrast, if a long pathway is distributed among different
58  populations in communities engaged in MDOL (simplified as MDOL communities
59 thereafter), each member only needs to specialize for its respective metabolic step.
60  Since each population only contains a subset of genetic components required for the
61  overall pathway, MDOL is thought to be a key evolutionary strategy to reduce
62  metabolic burden'>!3,

63  Several studies have shown that numerous ecologically and environmentally important
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64  pathways are accomplished through MDOL. In particular, microbial degradation of
65  complex organic compounds is frequently executed through MDOL. For example, the
66  gut communities comprised of microbial symbionts digest plant polysaccharides into
67  either sugars or short chain fatty acids in a MDOL manner, which are then absorbed by
68  the host cells'*!°. During the Deepwater Horizon oil spill Gulf of Mexico (2010),
69  complete degradation of polycyclic aromatic hydrocarbons (PAHs) required the
70  partitioning of key pathway steps into different bacterial groups'®. In more specific
71  cases, syringate can be degraded through MDOL between Acetobacterium woodii and
72 Pelobacter acidigallici'’; Marinobacter is only responsible for a subset of tasks in
73 phenanthrene degradation, while other marine bacteria perform the remaining steps'®.
74 As the proper functioning of a microbial community is determined by its compositional

75  makeup'®?

, 1t is critical to understand and predict the ecological functions of MDOL
76 ~ communities. To this end, uncovering how MDOL systems are stabilized and how they
77  influence community dynamics is of paramount importance.

78  Inspired by natural MDOL communities, numerous studies have recently explored how
79  to adopt their MDOL strategies for the removal of organic pollutants?!. For instance,
80  one study engineered a defined consortium composed of an Escherichia coli strain and
81  a Pseudomonas aeruginosa strain for phenanthrene bio-removal via MDOL?2. Another
82  study investigated how MDOL in a consortium composed of Stenotrophomonas sp. N5
83  and Advenella sp. B9 affects the phenol biodegradation?. These studies mainly tested

84  whether MDOL enhances the efficiency of biodegradation compared to relevant

85  monocultures comprised of single species. However, specific strains may not be able to
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86  stably co-exist in an artificial co-culture system?*?’

, resulting in the collapse of the
87  community. To fully understand how MDOL systems are stabilized and assembled, it
88 is essential to build quantitative rules that reliably forecast whether a specific
89  combination of strains can successfully assemble into a robust MDOL system.
90  Establishing these rules is vital to rationally adopt MDOL strategies to engineer high-
91  performance microbial communities.

92  Our recent work combined mathematical modelling and experiments with a synthetic
93  consortium?®. We found that the traits of the substrate, such as its concentration and
94  toxicity, largely affected the assembly of the MDOL community. Nevertheless, a mass
95  ofbiotic and abiotic factors, such as metabolic burden of each population, mass transfer
96 rate, as well as the toxicity of substrate or intermediates, may also contribute to the
97  assembly of MDOL community. A general rule combining all of these factors remains
98  absent, rendering any prediction of how MDOL communities assemble challenging.
99  Here, we bridged this gap using a bottom-up approach. We first built an ordinary
100  differential equation (ODE) model to formalize a rule that forecasted how MDOL
101  community assembled. We next tested this rule by performing in vitro assays using a

102  series of engineered synthetic consortia implementing naphthalene degradation through

103 two- or multi-step MDOL.

104
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105  Results
106  Assembly and stability of the microbial community engaged in two-step MDOL

107  Model framework for two-step MDOL

108  To depict the dynamics of the community engaged in metabolic division of labor
109  (MDOL community), we conceptualized the degradation of an organic compound
110  implemented by a microbial consortium composed of two populations using a simple
111 mathematical model (Figure 1A). In this consortium, the first population (named as [1,
112 0]) expressed an enzyme (E1) to catalyze the conversion of an organic substrate (S) into
113 an intermediate metabolite (I), while the second population (named as [0, 1]) was
114  responsible for the subsequent conversion of I to a final product (P) by expressing
115  another enzyme (E2). In the basic model, transport of S, I, and P across the cell
116 ~ membrane was assumed to occur via passive diffusion mediated by coefficients y, 7,
117  and Yy Following these assumptions, we formulated the dynamics of intracellular and
118  extracellular I and P by using seven ordinary differential equations (ODEs) (Eqns. [8]-
119  [13] in Methods section). Consistent with our previous hypotheses and observations?®,
120  we next assumed that P, which was produced by the second population, was the sole
121 resource for the growth of both populations, while neither S nor I could be directly used
122 for growth. As a consequence, [0, 1] possesses a preferential access to the final product
123 (P), resulted in a ‘private benefit’ derived from the product privatization (Figure 1A).
124  Details about the model construction are described in the Method Section, as well as in
125  the Supplementary Information S1. Meanings of the variables and parameters of the

126 model were listed in Table S1 and S2.
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127  Deriving the criterion for maintaining a stable two-step MDOL community

128  To derive the criterion for stable two-step MDOL community, we solved steady-state
129  expressions of Eqns. [8]-[17] (Supplementary Information S1.3). We obtained a simple
130  formula, which suggests that if the steady-state of a two-step MDOL community exists,
131  the relative abundance of the [0, 1] (Ry,;;) should follow:

132 Ry = [1]

n
m

2

133 Here n=1Ig [/yp is the ‘Product demand gap’ of [1, 0], reflecting the ‘private benefit

cilgy, _ c2lgyy, )/021g2y2 is
dj d> dy

134  of [0, 1] derived from the product privatization, while m = (
135  the normalized difference between the inherent growth rates of the two populations (see
136 Supplementary Information S1.3 for further explanation). Importantly, since Ry
137  ranges from 0 to 1, we derived a prerequisite defining the conditions when the two
138  populations were able to stably co-exist:

139 0<n<m [2]
140  Eqn. [2] represents two meanings. Firstly, the requirement, m > 0, suggests that [1, 0]
141  must hold a higher growth advantage than [0, 1]. Secondly, the requirement, n < m,
142  indicates that ‘private benefit’ of [0, 1] must lower than the growth advantage of [1, 0].
143 We visualized these formulations by a two-dimensional density map. As shown in
144 Figure 1B, MDOL community succeeded to a steady-state only when the values of n
145 and m fell inside the range defined by Eqn. [2], and the community assembly at the
146  steady-state can be directly assessed by Eqn. [1]. We next performed additional analyses
147  to test whether other parameters that are not included in » and m also affect the proposed

148  rule (Supplementary Information S1.4; Figure S1). Our results indicated that the
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149  stability of the MDOL community also requires speed of the first reaction (a;) reaches
150  athreshold (Figure S1A-B).

151  In summary, our mathematical modelling formulized a rule that defines the condition
152  when the two populations in the MDOL community can stably co-exist, namely when
153  the population [1, 0] possesses a growth advantage that outweighs the ‘private benefit’
154  of the population [0, 1] (Eqn. [2]). When the steady-state exists, this rule also provides

155  aprediction on the steady-state community structure (Eqn. [1]).

156  Stability of MDOL in response to changing metabolic conditions

157  Our basic model only considers the effects of 17 basic parameters (Table S2). To
158  investigate how our general rule responds to changing metabolic conditions associated
159  with more specific parameters, we introduced additional assumptions regarding
160  complex pathway mechanisms hitherto excluded into the basic equations. Our model
161  analyses indicated that these additional pathway mechanisms affect the basic assembly
162  rule of MDOL community. In general, the scenarios that benefits [1, 0] relaxed the
163  parameter areas for stable MDOL communities, whereas scenarios that benefits [0, 1]
164  tightened parameter areas (Supplementary information S2).

165 1) Our basic model assumed that the intermediate (I) and product (P) are transported
166  across the cell membrane by passive diffusion. When we assumed that the final product
167  (P) is actively absorbed by [1, 0], or is actively secreted by [0, 1] (Figure 2A; Figure
168  S2A-B), the MDOL community becomes more likely to reach a steady-state
169  (Supplementary Information 2.1.2-2.1.3; Figure S2C).

170  2) Both metabolic reactions involved in a MDOL pathway might be performed
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171  extracellularly® (Figure 2B; Figure S3A-B). When only the first metabolic step is
172  catalyzed extracellularly, the basic prediction of our rule remains unchanged
173 (Supplementary Information S2.2.1; Figure S3). However, once the second metabolic
174  step is performed extracellularly, the rule change considerably. Our results indicated
175  that the coexistence of the two populations is only present if the two populations exhibit
176  similar relative fitness (as defined by Eqn. [S2.35]). In addition, the assembly of the
177 stable MDOL community is strongly dependent on the initial abundance of the two
178  populations (Supplementary Information S2.2; Figure S3B-C).

179  3) The intermediates of a MDOL pathway can be converted to chemicals unavailable
180  to microorganisms via spontaneous reactions**3! (Figure 2C; Figure S4A). When we
181  included spontaneous conversion of I, P, or both in our model, we found that achieving
182  stability of MDOL community became more untenable (Supplementary Information
183  S2.3; Figure S3B).

184  4) Metabolic by-products may be generated from the first-step reaction of MDOL
185  pathway®!"* (Figure 2D; Figure S5A). Under this condition, the ‘private benefit’ of [0,
186 1] was counteracted by the byproduct, strongly favoring [1, 0] and co-existence of the
187  two populations (Supplementary Information S2.7; Figure S4B).

343537 and final product’®® are

188  5) Toxic effects of substrate®*3® intermediates
189  commonly occur during microbial degradation of organic compounds (Figure 2E-G;
190  Figure S6-8A). While substrate toxicity neutralizes the ‘private benefit’ of [0, 1]

191  (Supplementary Information S2.8.1; Figure S6B), the presence of intermediates toxicity

192  offers an additional benefit to [0, 1], leading to a more rigorous criterion for stabilizing
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193  the community (Supplementary Information S2.8.2; Figure S7B-D).

194  Experimentally testing the rules of community assembly and stability achieved by

195  synthetic microbial consortia

196  To experimentally test our proposed rule, we engineered three synthetic consortia that
197  degrade naphthalene via two-step MDOL. In these systems, the first Pseudomonas
198  stutzeri strain converts naphthalene into its intermediate (i.e., 1, 2- hydroxynaphthalene,
199  salicylate, or catechol), which are exchanged among different cells***® but cannot be
200 directly used as the carbon source to support bacterial growth. The second strain
201  possesses ability to degrade the intermediate to the final products (pyruvate and acetyl-
202  CoA), which are then partially secreted to the environment and utilized by the consortia
203 as the limiting carbon source (Figure 3A; Figure S9A; Figure S10A; see Supplementary
204  Information S4.1 for the strain construction). To predict the assembly of these synthetic
205  ecosystems, we modified our basic model to include specific pathway mechanisms
206  corresponding to these consortia (see Supplementary Information S4.2 for details about
207  the modifications), and mathematically derived the criteria governing the assembly of
208  these consortia (Figure 3B; Figure S9B; Figure S10B).

209  Setting the consortium composed of strain AN1000 and strain ANO111 (Figure 3A) as
210  an example, our modelling analyses suggest that this system is more likely to be stable
211 compared with our basic rule (Figure 1B), mainly due to the toxic effect of naphthalene.
212 To test the predicting power of our theoretical criterion, we cultured the consortium
213 using naphthalene as the sole carbon source. Since the two strains exhibited a similar

214  inherent fitness (m = -0.031), the consortia were found to be ecologically unstable
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215  (Figure S12A), consistent with the prediction of our model. To obtain a stable MDOL
216  community, we changed the relative inherent fitness of the two populations (the value
217  of m) according to our theoretical framework. To this end, we introduced two genetic
218  modules to modify the inherent fitness of the strain ANO111 (see Supplementary
219  Information S4.1.4; Figure 3A and 3C; Table S7). We co-cultured the modified strain
220  ANO111 with strain AN1000, mimicking the community dynamics with a given n value
221 of 2.53, (estimated by the experimental measurement of Ig divided by previously
222  reported value of yp‘“; see Supplementary information S4.2.2 for details) and a gradient
223 of m values (The blue line in Figure 3B). The results showed that when the value of m
224 is lower than the threshold (that is, when m < 1.7), at which our models predict that the
225  two populations fail to stably co-exist, our synthetic consortium collapsed (Figure 3D;
226  Figure S13A; Figure S14A; Figure S15A). In contrast, when m was set over the
227  threshold, the consortium stabilized (Figure 3D; Figure S13A), even after reaching
228  three passaging cycles (Supplementary Fig 14A; Figure S15A). Further analyses
229 showed that our mathematical modelling accurately predicted the steady-state
230  frequency of strain ANO111 in the consortium (R?= 0.927; Figure 3E).

231  We also tested our proposed rule using two additional synthetic consortia, and observed
232  similar results. As pyruvate was produced from the conversion of 1, 2-
233 hydroxynaphthalene to salicylate as a byproduct, our models related to these consortia
234  predicted that these two consortia remain stable easier than the consortium composed
235 of AN1000 and ANOI111 (Figure S9B; Figure S10B). Nevertheless, our mathematical

236  framework accurately predicted the stability and assembly of these two consortia
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237  (Figure S9-15). Together, these results indicated that our mathematical framework
238  reliably guide to construct stable synthetic consortia engaged in MDOL, as well as
239  accurately forecast the assembly of these consortia.

240  Assembly and stability of the community engaged in multi-step MDOL

241  We next investigated the assembly rule of community executing multi-step MDOL, at
242  which a long metabolic pathway is distributed among more than two populations in
243  microbial communities*?. To this end, we expanded our basic model (based on 2-step
244  MDOL) to build a more complex mathematical framework (Eqns. [18]-[23] in Methods
245  section; Supplementary Information S3), which conceptualizes the dynamics of /V-step
246 MDOL community (Figure 4A). We derived a formula based on the analyses of these
247  equations (Supplementary Information S3.2 and S3.4), which defines the steady-state
248  frequency of the population that performs the last step in a community engaged in N-

249  step MDOL.:

h

T () [3]

n

h| [

250 Ry= |+

251  Here, ny=1Ig,/ 7, Tepresents the ‘Product demand gap’ of the kth population, reflecting

252  the relative ‘private benefit’ of the population performing the last step (simplified as the

( crlgyy _

253  last population thereafter; Figure 4A) against the kth population, while m = y
k

enlg\yy )/CNIgNyN

254 y y

, represents the normalized difference between the inherent fitness of the
255  kth population and the last population; % is a fitted exponent affected by maximum
256  biomass capacity and reaction speed of each metabolic step (Supplementary

257  Information S3.2 and S3.4). Our analysis also identified the two prerequisites that

258  define the co-existence of the populations involved in these complex systems:
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ny+l ny+1 np+1 nn.j+1
= =..= = . = = ra [4]
m1+1 m2+1 mk+1 mN_1+1

259

260 0<% <1 [5]
261  Here, ra represents the relative fitness of the population performing the last step to the
262  kth population performing the kth step (see Supplementary information S3.2.1 and
263  S3.4.1 for the definitions and discussions).

264  Using three-step MDOL community as an example (Figure S15A; the three population
265 was named as [1, 0, 0], [0, 1, O], [0, O, 1]), our simulations showed that the three
266  populations only co-exist when the ra value of [1, 0, 0] equals that of the [0, 1, 0]
267  (prerequisite defined by Eqn. [4]; Figure S15B) and the values of n;/m, belong to the
268  range defined by Eqn. [5] (Figure 4B). This result suggests that, a stable community
269  can only be achieved if the populations performing the former steps (simplified as the
270  former populations thereafter; Figure 4A) exhibit comparable fitness levels (Eqn. [4]).
271  In addition, these populations are required to maintain a growth advantage over that
272  outweighs the ‘private benefit’ of the last population (Eqn. [5]). Under steady-state
273  conditions, we successfully estimated the frequencies of the [0, 0, 1] using Eqn. [3]
274  (Figure 4B-C). Importantly, Eqn. [3] can be expanded to estimate the results of
275  mathematical simulations considering MDOL community with more steps (Figure 4C;
276  up to N=8). Remarkably, the rule we proposed about the assembly of two-step MDOL
277  community is a specific case of this rule (when set N =2 in Eqn. [3], we obtain Eqn.
278  [1]). Together, we successfully expanded our mathematical framework to estimate the
279  assembly of the multi-step MDOL community.

280  To experimentally verify our expanded rule, we separated the naphthalene degradation
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281  pathway into four steps and engineered four P. stutzeri populations (P, stutzeri AN1000,
282 P stutzeri AN0100, P. stutzeri AN0010, and P. stutzeri AN0001) that possess similar
283  relative fitness (Figure S17; Supplementary information S3.2.1 and S3.4.1) and execute
284  complementary metabolic reactions to degrade naphthalene by exchanging the three
285 intermediates (Figure 5A). The limiting carbon sources of this consortium were mostly
286  supplied by the last population, P. stutzeri AN00O1, who converts catechol to usable
287  pyruvate and acetyl-CoA (Figure 5A).

288  We next cultured this consortium using naphthalene as the sole carbon source. Because
289  the inherent growth rate of strain AN00O1 is nearly identical to those of strains AN1000,
290  ANO0100, and AN0010, meaning m; =0, the community showed signs of collapse
291  (Figure S18), consistent with our basic predictions (Eqn. [5]). To generate a stable
292  synthetic consortium, we applied a similar strategy to that used in stabilizing our two-
293  step MDOL consortia: experimentally modifying the value of m; by co-culturing a
294  consortium containing an engineered P stutzeri AN0001 (named as P stutzeri
295  ANO0001%*). In these experiments, we found that the community developed in a stable
296  manner when the values of n;/m; were present within a suitable range (Figure 5B;
297  Figure S19A) given by Eqn. [5]. In addition, as shown in Figure 5C (Red dots), Eqn.
298  [3] accurately predict the steady-state frequency of strain P. stutzeri ANO001* (R?=
299  0.946). Moreover, although the assembly of this synthetic consortium may be affected
300 by various factors, including by-product benefit, spontaneous conversion of
301 intermediates, as well as toxic effects of the metabolites, our numeric simulations

302 indicate that these factors negligibly affect the prediction of the community assembly
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303  (Figure 5C; Green dots). Taken together, these results demonstrated that our theorical
304 framework can be expanded to multi-step MDOL communities, and thus greatly
305  contributing to a more detailed understanding of their assembly.

306  Assembly influenced by initial population ratio

307  To test whether the structure of MDOL communities remains robust even when the
308 initial ratio of different members is changed, we simultaneously performed
309  mathematical simulations and experiments using our synthetic consortia, initiated using
310 a wide range of ratios for starting strains.

311  For the two-step MDOL community, our simulations indicated that the rule given by
312  Eqn. [2] still accurately predicts whether the two population stably co-exist (Figure S20
313  A). If the community maintains stable, we found that the steady-state ratio of the two
314  genotypes converged to the same level that can be quantitatively predicted by Eqn. [1]
315  (Figure S20 A and 20 B). Similar results were observed in our verification experiments
316  (Figure S21-22). These results suggest that the assembly of two-step MDOL
317  community is independent of the initial ratio of the two strains involved.

318  We then set out to test whether the assembly of multi-step MDOL community was
319 influenced by the initial abundance of the different members involved. As shown in
320 Figure S23-24, when one of the populations dominated the initial community, the
321  parameter space for the stable co-existence decreased, suggesting that these extreme
322 initial conditions considerably destabilize the community. If the community maintains
323  stable, the frequency of one former population was significantly positively correlated

324  with its initial frequency (Figure S25-27A), and was largely determined by the
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325  proportion of its initial abundance accounting for the total initial abundance of all the
326  former populations (Figure S25-27B). We defined this proportion as oy,
X
327 Gk—m [6]
328  Here, x! represents the initial biomass of the kth population (k= 1 ~ N). Moreover, the
329  frequency of the last population in the steady-state community remained unchanged
330 despite changing initial conditions (Figure S23A; Figure S25-27A), but this frequency
331  did not match well with the prediction of Eqn. [3]. We added o), as a weight to the
332  original formula Eqn. [3], generating a novel formula,
_"/ N-1 ny \h

333 Ry= 2= 0k (m_k) [7]
334  Eqn. [7] predicted the frequency of the last population more accurately than Eqn. [3]
335  (Figure S23A; Figure S25-27C), indicating that the steady-state frequency of the last
336  population was affected by the initial ratio of the former populations. These
337  mathematical predictions were then verified in our synthetic consortium engaged in
338  four-step MDOL (Figure 6B; Figure S19B; Figure S28A-B). Together, these results
339  suggested that the initial population ratio, especially the initial ratio of the former
340  populations, plays a critical role in governing the assembly of a multi-step MDOL

341  community (see Supplementary Information S3.7 for further discussions).

342
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343  Discussion

344  Here, we proposed a simple rule to predict the assembly of microbial community
345 engaged in metabolic division of labor (MDOL community) using a mathematical
346  model. This rule was verified by experimentations using designed synthetic microbial
347  consortia. Our rule demonstrates that the stability and assembly of MDOL community
348  are mostly determined by how benefits are allocated among the community members.

349  Importantly, our rule is built on the feature of most organic compound degradation
350 pathways. One basic assumption of our rule is that the final product of a MDOL
351  pathway is the sole carbon source for all the strains involved in the community. This
352  feature offered a ‘private benefit’ to the last population, which represents a common
353  challenge for developing MDOL communities. This selfish population is analogous to
354  ahuman worker responsible for the final step of an assembly line, who pockets the final
355  product without sharing the resulting profits with other workers. Therefore, we named
356 this final population the ‘Embezzler’ population, and likened the instability of the
357 community caused by ‘Embezzler’ as the ‘Embezzler dilemma’. This phenomenon has
358  been observed in other MDOL communities. For instance, one study engineered a dual-
359  species consortium for removal of the insecticide parathion, in which an Escherichia
360  coli strain SD2 was responsible for hydrolyzing parathion, yielding two intermediates
361 including p-nitrophenol, while another Pseudomonas putida strain KT2440 was
362  responsible for metabolizing p-nitrophenol (Embezzler)*. That study found that the
363  ‘Embezzler’ strain largely dominated the final community, which is in accordance with

364  our observation of ‘Embezzler dilemma’. Another study investigated the interactions
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365 among five bacterial species in a cellulose-degrading community, which also found that
366 the strains responsible for the last step of the cellulose degradation dominated the
367  community*. Therefore, the ‘Embezzler dilemma’ may represent a common challenge
368  when engineering microbial systems to remove pollutants.

369  Our model provides several avenues to address the issue of the ‘Embezzler dilemma’
370 in engineered microbial systems. Firstly, it is feasible to reduce the inherent fitness of
371  the ‘Embezzler’ strain. This can be accomplished by either rationally engineering a
372  slow-growing strain performing the last step, or assigning more tasks to this strain that
373  incur higher energetic costs to the ‘Embezzler’ strain. Secondly, the ‘Embezzler
374  dilemma’ can be also alleviated if the populations performing former steps are designed
375 to be capable of obtaining metabolic by-products generated from the former reactions.
376  From this perspective, when designing a synthetic consortium engaged in MDOL for
377  pollutant degradation, it may be useful to assign a by-product to the former populations.
378  Thirdly, our results also showed that if the substrate is toxic, the microbial system will
379  be more stable, which is consistent with the results in our previous study?®. In summary,
380 our results provide a quantitative way to evaluate the feasibility of applying these
381  strategies into a specific pathway engineering, and thus should greatly assist in
382  designing and managing related artificial microbial systems.

383  Our study also has implications for our understanding on the evolution of MDOL
384 among microorganisms. Our results suggest that the individuals of ‘Embezzler’ must
385  evolve to possess lower relative fitness to eliminate ‘Embezzler dilemma’ and maintain

386  system stability. From this perspective, the evolution of MDOL systems seems to
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387  contradict Darwin’s theory, which emphasizes that individuals must evolve to achieve
388  greatest personal fitness and reproductive success®. This paradox suggests that
389  evolutionary selection at the community-level***® may present a main driving force
390 behind the evolution of MDOL communities. Our analysis presented here offers
391  possible solutions to this paradox. As we discussed above, the presence of several
392  specific pathway features, such as substrate toxicity and by-product production, relax
393 the constraints ensuring the stability of a MDOL community. Therefore, MDOL among
394  different members may be easier to evolve in the pathways that possess these specific
395 features. This hypothesis can be examined using large-scale bioinformatic analysis, as
396 well as the well-designed experimental evolution assays. Another solution to this
397  paradox may be derived from the effects of spatial positioning*®. Our previous study
398  found that although ‘Embezzler’ strain generally grew more in a two-member microbial
399  colony engaged in MDOL, the second strain is usually not completely excluded?,
400  suggesting that specific spatial organizing of a community may facilitate their co-
401  existence. In these spatially structured environments, interaction between the two
402  populations would require their cells to be spatially proximal to each other*2. Even
403  ‘Embezzler’ cells can obtain asymmetric ‘private benefit’, but they must be located in
404  close proximity to their partners. Therefore, spatial organization of a MDOL
405 community may help to maintain the co-existence of its members, thus favoring the
406  evolution of MDOL processes. This hypothesis can be examined by comparing the
407  results of evolutionary experiments in biofilms and well-mixed systems.

408  In conclusion, our results provide a basis for a theory guiding the application of MDOL
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409  strategy to design and manipulate artificial microbial systems, and also provides new

410  perspectives for understanding the evolution of natural MDOL systems.

411
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412 Methods

413  Formulation of the ODE models

414  The mathematical models were built using ordinary differential equations (ODEs),
415  which formulated the dynamics of intracellular and extracellular intermediates and end
416  products, as well as the growth of all the populations involved in the community. In all
417  cases, the models were built on a well-mixed system (or sufficiently fast metabolite
418  diffusion). Here, the dimensionless forms of the models were presented. The detailed
419  derivations of all models and justifications of our assumptions are described in
420  Supplementary Information S1-S4. The definitions and dimensionless methods of all
421  the variables and parameters are listed in Table S1-S5.

422  The basic ODE models for two-step MDOL community. As described in the first
423  part of the Results section, we assumed that a two-step pathway was implemented by
424  MDOL between two populations (Figure S1A). Details about the construction of this
425  basic ODE system are described in Supplementary Information S1.1. For simplicity,
426  the basic model was built based on seven simple assumptions, namely transport via
427  passive diffusion, intracellular metabolic reactions, negligible abiotic degradation of I
428  and P, excess of initial substrate, as well as low levels of intracellular accumulation of
429 T and P; importantly, P was assumed to be the sole and limited resource for the growth
430  of'the two populations and its consumption was calculated following Monod equations.
431  Thus, the dynamics of intracellular and extracellular I and P are given by

432 L =1, (i1nour) (8]

diZ,iiz _ . . .
433 7 =-djlyin +yi'(lout_l2,in) [9]
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dp],in _

434 =181,y (PP 1) [10]
de,in _ .

435 T TN (N [11]
d.ou . . . .

436 f =X 'y,'.(l 1,in_lout)'x2 'y,"(lout'llin) [12]
dpou = . . . .

437 dft 2 yp (pZ,in-pout)-xl yp (pout-pi,in) [13]

438  Here, i;;, and i,;, represent the intracellular I concentration of two populations; i,,,
439 is the extracellular concentration of I; p  is the extracellular concentration of P; p,
440 and p,, are the intracellular P concentration of two populations;x; and x, are the
441  biomass of two populations; a; and a, are the reaction rates of two reactions; y, and
442y, are the diffusion rates of I and P across cell membrane; Ig, and Ig, are the
443  consumption rate of product for the growth of two populations. The growth of the two
444  populations was modelled modeled using a general logistic function with first-order

445  cell death:

dx x7+x

446 —L=ux, (1— - 2) -dpx; [14]
dx xX7+x

447 L=, (1- > 2) ~d>x, [15]

448  Here, p represents the carrying capacity of the whole communities; d; and d,
449  represent the apparent maintenance rates of the two populations. The specific growth

450  rates of the two populations, u, and u,, are calculated by
451 H=Igp, Y c [16]
452 :ug:]ggpg,inygcf [17]

453  Eqn. [16] and [17] are linked with our basic assumption that P is the sole resource for
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454 growth. In addition, y, and y, represent the yield coefficients for biomass production
455  of the two populations; coefficients ¢; and ¢, are used to describe the metabolic
456  burdens of the two reactions.

457  The ODE models that consider complex pathway mechanisms. The models that
458  consider the complex pathway mechanisms were built by modifying or adding the
459  related mathematical terms to the basic model. Details of these modifications are
460  described in Supplementary Information S2.

461  The ODE models for multiple-step MDOL community. Assuming that a metabolic
462  pathway is segregated into N steps that are executed by N populations (Figure S1A), a
463  more general models are built by expanding the basic framework of the two-step
464  MDOL community, which was described in Supplementary Information S3 in detail. In
465  this system, an organic substrate (S) is converted to a final product (P) through a long
466  metabolic pathway containing N reactions and N-1 intermediate metabolites (I). Each
467  reaction is carried out by one population by expressing a specific enzyme. The ODE
468  model was built accordingly,

dil;

in 2 ! ;!
469 oGk 1417 €k2A2 Ui T (idur-ihin) ]
dlic,in — l‘i'l ll ll l] i
470 e ChjOk U in™Chj+ 1%+ k,inﬂ’ﬂ"( out™ k,in)’ G>1) L19]
- apy. in =, vaviVi-Jo - +y - ( - ) [20]
e KNANUin™ &1 Prin™ V" \L our Pr,in
diyy _ N ;i
472 T k:IXk'Vl-i'( out” k,in) [21]
473 Poys _ N “y - 22
dr | “k=l Xk yp pout-pk,in [ ]

dx, ZN: X
474 —2=1gDy Vi (1- kpf ’f) -dixy [23]
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475  In the model, /k ., represents the intracellular concentration of the jth intermediate of

476  the kth population; 7

o represents the extracellular concentration of the jth

477  intermediate; p in Tepresents the intracellular P concentration of the kth population; &,
478  represents a vector that characterizes the phenotype of the kth population, where &;
479  equals [0,0,...,1,...0,0] denoting that the kth population is only capable of performing
480  the kth reaction; x; is biomass of the Ath population; a; is the reaction rates of the Ath
481  reactions; y; and y, are the diffusion rates of the jth intermediate and P across cell
482  membrane; [g, are the consumption rate of P of the kth population; p is the carrying
483  capacity of the whole communities; dj is apparent maintenance rate of the kth
484  population; y, is the yield coefficients for biomass production of the kth population;
485  ¢; 1s the metabolic burdens of the kth population.

486  The ODE model used to predict the assembly of our synthetic consortia. The
487  models used to predict the assembly of the three 2-step MDOL synthetic consortia, as
488  well as the four-step MDOL synthetic consortium were built by adding the specific
489  mechanisms of each consortium to our basic ODE model. These effects include the
490  toxicity of the naphthalene and the intermediates, the abiotic conversion of the
491  intermediates, the generation of metabolic by-products in the step of converting 1, 2-
492  hydroxynaphthalene to salicylate. In addition, the parameters, such as the reaction rates,
493  the consuming rate of P, were experimentally measured or obtained from previous
494  reports. Specifically, the value of d, (2-step consortia) and d, (four-step consortia)
495  are estimated by the experimentally fitted function that links death rate to the rhamnose

496  concentration (see Supplementary Information S4.1.4 for details of the measurements).
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497  Details of formulation of these predicting models are described in Supplementary
498  Information S4.2, and the values and sources of all the parameters used in the predicting
499  models are listed in Table S7.

500 Model derivation and simulation protocols. Solving and simplifying of the ODE
501  models were performed using the Solve, Dsolve and Simplify functions of Wolfram
502  Mathematica (version 12.0), associated with manual arrangement. In order to perform
503  sensitive analyses of the basic model, as well as solve those ODE systems that cannot
504  be easily managed using simple analytic method, numeric simulations were performed
505 using basic settings of NDsolve function of Wolfram Mathematica. In particular,
506  derivation methods of the basic assembly rule of 2-step MDOL community (see Eqns.
507 [1] and [2]) are described in Supplementary Information S1.3; Analyses of the models
508  considering those complex mechanisms are described in Supplementary Information
509  S2; Derivation methods of the assembly rule of multiple-step MDOL community (that
510 is, Eqns. [3]-[5]) are described in Supplementary Information S3.2 and S3.4;
511  Simulation protocols and parameterization of the models for predicting experimental
512  results are described in Supplementary Information S4.2; Simulation protocols that test
513  the effects of initial population ratio on the assembly rule are described in
514  Supplementary Information S1.5 and S3.6. These analyses were performed using
515  custom Wolfram Mathematica scripts. The generated data were then analyzed and
516  visualized using basic functions in Wolfram Mathematica, of which the custom codes
517  were integrated to the aforementioned scripts. Specifically, to fit simulation data with

518  the proposed function, NonlinearModelFit function were used with the default settings.
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519  The source codes used for all the models concerning two-step MDOL community are

520 available on: https://github.com/RoyWang1991/MDOL code/tree/master/MDQOL-

521 LVMM-twomember, while the codes for the models concerning multi-step MDOL

522  community are available on

523  https://github.com/RoyWang1991/MDOLcode/tree/master/MDOL-LVMM-mutiple.

524  Construction and culturing of the synthetic microbial communities

525  Construction of the strains involved in the synthetic microbial communities The strains
526  and plasmids used in this study are summarized in Table S6. All P. stutzeri strains were
527  engineered from a naphthalene-degrading bacterial strain P. stutzeri AN10°*4%33_ Genes
528  that encode the key enzymes responsible for the four metabolic steps in naphthalene
529  degradation pathway were knocked out to generate different strains involved in the
530  synthetic microbial consortia. The details of the strain design and construction are
531  described in Supplementary information S4.1. To label the strains with fluorescence for
532  the measurement of their relative abundance in synthetic consortia, eCFP, dsRed,
533  mBeRFP, mCherry, eGFP genes were cloned into a constitutive vector, pMMPc-Gm>*,
534  using the Hieff Clone® Plus One Step Cloning Kit (Yeasen, Shanghai, China), and
535  delivered to the host cells via triparental filter mating™.

536  Culturing of the synthetic microbial communities Our synthetic microbial communities
537 were cultured in 25-mL flask containing 5 mL new fresh minimum medium>®
538  supplemented with naphthalene powder (1% w/v) as the sole carbon source. The
539  biomass and relative fraction were measured using the method described previously?®>’.

540  The detailed protocols were described in Supplementary information S4.1.6.
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713 Figure 1 Assembly rule of microbial community engaged in two-step MDOL. (A)
714  Schematic diagram showing the assumptions of our basic model. We assumed a
715  conceptualized organic substrate (S) could be degraded into an intermediate metabolite
716 (1) by a population [1, 0], then to a final product (P) by the other population [0, 1]. All
717  the reactions occurred intracellularly, while S, I, and P passively diffused across the cell
718  membrane. Importantly, the growth of both populations is dependent on the intracellular
719  concentration of P, which is the sole limiting resource of this system. (B) The density
720  map indicates the assembly rule of the two-step MDOL community. The value of
721  privatization benefit (n) and relative growth advantage (m) determines whether [1, 0]
722 and [0, 1] can stably co-exist (shown by the colorized space), as well as the relative
723 abundance of [0, 1] in the stable community (shown by the color gradient). The
724  corresponding curve graph illustrates the community dynamics of the community under
725  six specific » and m combinations. In these simulations, the growth cost of the

726 population [0,1] (c,) was adjusted to modify m, and the diffusion coffecient of the final
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727  product (yp) was adjusted to to modify n. The default values listed in Table S2 were

728  assigned for other parameters.

729
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730
731  Figure 2 Additional pathway mechanisms influence the assembly of the two-step
732 MDOL community. Seven additional pathway mechanisms were tested: Different
733 configurations for the transport of the intermediate and product (A); Alternative or both
734  metabolic reactions occuring in the extracelluar space (B); Presence of abiotic
735  conversion of intermediate and product (C); Presence of byproduct generated from the
736  first reaction (D); Presence of biotoxicity of substrate (E); Presence of biotoxicity of
737  intermediate (F); Presence of biotoxicity of end product (G). First column:
738  Architectures of two-step MDOL community considering these seven pathway
739  mechanisms. Second column: Representative density maps shows how the additional

740  pathway mechanisms change the assembly rules. Third column: Summary of the how
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741  the additional pathway mechanisms change the criterion for the stability of the
742  community. ‘Tightening’ means that the size of the parameter space required for the
743 stability decreases, thus the two-step MDOL community becomes more difficult to
744  maintain stability. In contrast, ‘Relaxing’ means that the size of the parameter space
745  required for the stability increases, thus the two-step MDOL community becomes easier
746  to maintain stability. Fourth column: Summary of the derived formulas that determine
747  the assembly of two-step MDOL community at steady-state in each scenario. For
748  simplicity, the key impacting factors of the scenarios in (C), (D), (F), and (G) are listed.
749  Detailed expressions of these formulas are available in Supplementary Information S2,

750  of which the tracking number are listed.
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751

752  Figure 3 Dynamics of the synthetic community composed of P. stutzeri AN1000 and P. stutzeri ANO111ccdB. (A) Schematic diagram of the

753  construction of the synthetic consortium. (B) Predicting the assembly of the synthetic community by mathematical modelling. The density map
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shows the parameter space in which the community can maintain (the colorized space), as well as the relative abundance of P, stutzeri ANO111ccdB
or P. stutzeri ANO111x174 in the stable community (the color gradient). The blue line suggests that in our synthetic community » = 2.53, which is
the region we performed experimental verification. (C) To experimentally modify m value, two genetic modules were introduced into strain P,
stutzeri ANO111, generating P. stutzeri ANO111ccdB and P. stutzeri ANO111x174, in which the expression of toxic protein, CcdB or X174, are
controllably induced by rhamnose. Therefore, the death rate of the modified strain can be quantitatively modulated by adjusting rhamnose
concentration, as shown in the left plot and Table S7. (D) The dynamics of the synthetic community composed of P. stutzeri AN1000 and P. stutzeri
ANOI11cedB from co-culture experiments and mathematical modelling under different rhamnose concentrations (that is, a gradient of m values).
To measure their relative abundance, the strain performing the first step was labeled with MCherry, while the other strain was labeled with EGFP.
(E) Testing the predicting power of our mathematical frameworks. The experimentally measured frequency of the P. stutzeri ANO111ccdB (Figure
S14) and P, stutzeri ANO111x174 (Figure S15) in dilution-transfer experiments are compared with the predicted frequency from our mathematical
framework. 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 adjust R? are aquired from statistical

fit using NonlinearModelfit function of Worfram Mathematica.
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768  Figure 4 Assembly rule of microbial community engaged in multi-step MDOL. (A)
769  Schematic diagram shows the assumptions of the model regarding the assembly of
770  multi-step MDOL community. We assumed a conceptualized organic substrate (S) was
771 degraded into the end product (P) through N-1 intermediates, and the jth intermediate
772  was labelled with I;. Each reaction was carried out by one population and occurred
773 intracellularly. (B) Assembly rule of microbial community engaged in three-step
774  MDOL. The relationship between the relative abundance of the [0, 0, 1] and the ratio

775 n;/m; and ny/m, in 890 simulated steady-state communities. Each dot shows the
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776  relative abundance of [0, 0, 1] obtained by the simulation parameterized with the
777  corresponding value set. The surface diagram shows distribution of the relative
778  abundance of [0, 0, 1] predicted by Eqn. [3]. Details of these simulations are provided
779  in Supplementary Information S3.2. (C) The linear correlation between the relative
780  abundances of the last population (Ry) in those stable N-step MDOL communities
781  predicted by Eqn. [3] and those abundances obtained by simulations. Comparisons of
782  three- to eight-step MDOL communities are shown (meaning N = 3~8). The dashed
783  lines show the fitted linear correlation curve. N is the number of the simulations
784  included, h is the optimal mean square index 4. Details of these simulations are

785  described in Supplementary Information S3.4.

786
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Figure 5 Dynamics of the four-step synthetic community. (A) Schematic diagram of
the construction of the synthetic community. To experimentally modify my, strain P,
stutzeri AN00OlccdB or P. stutzeri AN0001x174 was used. (B) The dynamics of the
synthetic community composed of P. stutzeri AN1000, P. stutzeri ANO100, P. stutzeri
ANO0010 and P, stutzeri AN00O1ccdB from co-culture experiments under a gradient of
n;/my, value conditions (i.e., using medium with different rhamnose concentrations).
The cultures were diluted by a factor of 20 after 96 h or 72h of culturing (indicated by
the dashed line), and transferred into a new fresh medium. To measure 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 AN00O1ccdB was labeled with EGFP. The dynamics of the community

composed of P, stutzeri AN1000, P. stutzeri ANO100, P. stutzeri AN0010 and P. stutzeri
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800 ANO0001x174 are shown in Figure S19A. (C) Predicting the relative abundance of the
801 last populations (that is, P. stutzeri AN0001ccdB or strain P. stutzeri AN0O001x174) by
802  mathematical modelling. The experimental results are summarized from those stable
803  communities shown in (B) and Figure S19A, in which the values of relative abundance
804  at the end point of the third transfer were recorded. The red dots show the results
805 calculated the Eqn. [3], while the green dots show the results predicted from the
806  simulations considering the specific pathway mechanisms of naphthalene degradation

807  (see Supplementary Information S4.2 for details).

808
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809

810  Figure 6 Effects of initial population ratio on the assembly rule of microbial community
811  engaged in MDOL. (A) The assembly rule of two-step MDOL community is
812 independent on the changing initial population ratio. Culture experiments and
813  mathematical modelling of the community composed of P. stutzeri AN1000 and P,
814  stutzeri ANO111lccdB (or P. stutzeri ANO111x174) were performed by setting seven
815  different m values, as well as five different initial ratios. The relative abundances of P,
816  stutzeri ANO111ccdB or P. stutzeri ANO111x174 from experiments (orange, first row)
817  and mathematical modelling (green, second row) are shown. (B) Growth dynamics of
818  the synthetic community composed of P stutzeri AN1000, P. stutzeri AN0100, P,

819  stutzeri AN0010, and P. stutzeri AN0OOlccdB at eight different initial ratios. In these
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experiments, rhamnose concentration was set to 0.005% (n;/m, value equals to 0.29).
Each color region represents the relative abundance of each strain. The pie charts denote
the community structure at the starting and end time points. Three independent
replicates were performed for each condition. Results of same experiments using
synthetic community composed of P. stutzeri AN1000, P. stutzeri AN0100, P. stutzeri

ANO0010, and P, stutzeri AN0001x174 are shown in Figure S19B.
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