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Abstract
[bookmark: OLE_LINK1]Synthetic biology provides powerful tools and novel strategies for designing and modifying microorganisms to function as cell factories for biomanufacturing, which is a promising approach for realizing chemical production in a green and sustainable manner. Recent advances in genetic component design and genome engineering have enabled significant progresses in the field of synthetic biology chassis that have been developed for enzymes or biochemicals production based on synthetic biology strategies, with particular reference to model microorganisms, such as Escherichia coli, Bacillus subtilis, Corynebacterium glutamicum, and Saccharomyces cerevisiae. In this review, strategies for engineering four different functional cellular modules which encompass the total process of biomanufacturing are discussed, including expanding the substrate spectrum for substrate uptake modules, refactoring biosynthetic pathways and dynamic regulation for product synthesis modules, balancing energy and redox modules, and cell membrane and cell wall engineering of product storage and secretion modules. Novel strategies of integrating and coordinating different cellular modules aided by synthetic co-culturing of multiple chassis, artificial intelligence-aided data mining for guiding strain development and the process for designing automatic chassis development via biofoundry are expected to generate next generations of model microorganism chassis for more efficient biomanufacturing.

Key Points:
1.Engineering of functional cellular modules facilitate next generations of chassis construction.

2. Global optimization of biosynthesis can be improved by metabolic models.

3. Data-driven and automatic strain development can improve microorganism chassis construction.
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Introduction
[bookmark: OLE_LINK2]Production of biochemicals via microorganism is a promising approach for manufacturing chemicals in a green and sustainable manner with biomass as feedstock. This provides unique advantages, resulting in the efficient production of bioactive nutraceuticals and structurally complex natural products, as compared to chemical synthesis (Choi et al. 2019; Clomburg, Crumbley, and Gonzalez 2017; Paddon and Keasling 2014). Model microorganisms, including gram-negative Escherichia coli, gram-positive Bacillus subtilis and Corynebacterium glutamicu，and eukaryotic microorganism Saccharomyces cerevisiae, are the major chassis used as expression hosts for introducing synthetic pathways and synthetic biology devices serving as bases for bio-based chemicals production (Lee and Kim 2015; Liu et al. 2019; Nielsen and Keasling 2016). Model microorganism chassis development is a key topic in synthetic biology field and provides a basis for constructing cell factories with improved biomanufacturing efficiency (Hutchison et al. 2016; Reuss et al. 2017)

Therefore, there is a great need for next generation microorganism chassis, which should hold the following features: 1) broad substrate spectrum; 2) high carbon yield and efficient synthesis pathway; 3) balanced cellular energy and redox status, and 4) efficient storage and exportation ability of target products. Function-oriented model microorganism optimization has made significant progress within these aspects of biomanufacturing. However, previous reviews of model microorganism chassis have focused on how to turn the classical bacteria (E. coli, B. subtilis, and Pseudomonas putida) and non-traditional bacteria (Vibrio natriegens, Cyanobacteria, and Halomonas) into bacterial chassis for bioproduction, chassis construction via genome reduction, or chassis development for specific target products (Adams 2016; Beites and Mendes 2015; Calero and Nikel 2019; Chi et al. 2019; Jouhten et al. 2016; Leprince, van Passel, and dos Santos 2012; Martinez-Garcia and de Lorenzo 2016; Liu et al. 2019; Zhang et al. 2017). Reviews focusing on function-oriented and generally applicable chassis optimization are lacking, and to this end, summarizing and discussing model microorganism chassis for general product development is relevant.

In the current review, advances in engineering strategies geared towards producing next generations of chassis via the designing and engineering of 4 different functional cellular modules that encompass the whole biomanufacturing process, ranging from substrate import into the cell to product export out of the cell, are discussed. The 4 functional modules are as follows: 1) the substrate uptake module, focusing on expanding substrate spectrum; 2) the product synthesis module, focusing on refactoring biosynthetic pathways with dynamic regulation; 3) the energy and redox supply module, focusing on redesign of energy and redox metabolism; and 4) the product storage and exportation module, focusing on cell membrane and cell wall engineering (Fig. 1). In addition, advances in global metabolic optimization of biosynthesis via metabolic models, which are important for integrating cellular modules to construct next generation model microorganism chassis, are discussed. We hope this review may be helpful for the scientists working in the metabolic engineering and synthetic biology field to improve the biomanufacturing efficiency. 

The substrate uptake module: expanding the substrate spectrum 
Substrates used for biomanufacturing are major factors that determine the cost of biomanufacturing. Therefore, de novo biosynthesis from cheap and abundant feedstock, is desired in biomanufacturing. Expanding from using a single carbon source to the co-utilization of multiple carbon sources has been proven to be more advantageous for balancing precursor supply and improving the yield of target products (Tashiro, Desai, and Atsumi 2015a; Wu, Sun, et al. 2017a; Zhang, Liu, et al. 2018). Moreover, co-utilization of multiple carbon sources facilitates the sustainable bio-based manufacturing via efficient use of agriculture waste, such as lignocellulosic hydrolysates, as substrates, which also solves the issues related to the limited resources (Jansen et al. 2017; Papapetridis et al. 2018). One-carbon (C1) feedstocks, including carbon dioxide (CO2), methanol, formaldehyde, formate and methane, are also important for expanding the substrate spectrum, which has been systematically reviewed (Clomburg, Crumbley, and Gonzalez 2017). Therefore, we will not focus on C1 feedstocks utilization. Herein, we focus on novel strategies for designing and constructing multiple carbon source co-utilization pathways, which are important both for using lignocellulosic hydrolysates as substrate and balancing key precursor supply. 

Biomass is often comprised of many different sugars, and their use by microorganisms is limited by carbon catabolite repression mechanisms which sequentially utilize different carbon sources. However, carbon catabolite repression is a ubiquitous metabolic regulation mechanism used by microorganisms to sequentially utilize different carbon sources, which limits the wide use of lignocellulose and marine biomass macroalgae as carbon sources. To this end, synthetic multiple carbon source utilization pathways and novel engineering strategies have been designed and developed in model microorganisms, including E. coli, B. subtilis, C. glutamicum, and S. cerevisiae. Rational design and construction of carbon source co-utilization pathways, synthetic substrate channeling construction for strengthening carbon source co-utilization pathways, and adaptive evolution for improved carbon source co-utilization efficiency are 3 major strategies for designing synthetic multiple carbon source utilization pathways in model microorganisms (Table 1).

The first strategy is to rationally design and construct carbon source co-utilization pathways. Various synthetic carbon source utilization pathways have been constructed, including glucose-xylose co-utilization pathways in B. subtilis, mixed sugar co-utilization in C. glutamicum and S. cerevisiae, mainly focusing on the co-utilization of glucose with xylose, cellobiose, glycerol, starch, glucosamine and mannitol, respectively (Becker, Rohles, and Wittmann 2018; Jansen et al. 2017; Hoffmann et al. 2018; Majidian et al. 2017; Papapetridis et al. 2018; Wu et al. 2018). In addition to enhance utilization ability of lignocellulose and marine biomass macroalgae, carbon source co-utilization pathways design can also balance key precursor supply during biosynthesis. Based on target molecule structure and key precursor analysis, glucose-glycerol and glucose-acetate co-utilization pathways have been designed for trehalose and isobutyl acetate biosynthesis in E. coli, leading to a 2-fold and 1.7-fold improvement in the yield of target products, respectively (Wu, Sun, et al. 2017b; Tashiro, Desai, and Atsumi 2015b). 
The second strategy used for enhancing the efficacy of multiple carbon source co-utilization is synthetic substrate channeling, as demonstrated in S. cerevisiae for the co-utilization of glucose and xylose (Thomik et al. 2017). By co-localizing an endogenous sugar transporter (Gal2) and heterologous xylose isomerase (XI) with a synthetic protein scaffold, xylose consumption rate can be substantially enhanced due to the decrease of the intermediate xylitol (Thomik et al. 2017). The third important strategy for establishing a multiple carbon source co-utilization pathway is adaptive laboratory evolution, indicating the general applicability of the pathway for various model microorganisms, such as B. subtilis, C. glutamicum and S. cerevisiae (Lee et al. 2016; Papapetridis et al. 2018; Reuss et al. 2018). Adaptive laboratory evolution can be used to recover the growth of the engineered B. subtilis by removing carbon catabolite repression via the deletion of ccpA, which encodes a major transcriptional regulator of catabolite repression. The chassis, which lacks catabolite repression and rapid cell growth, is expected to be widely used for fermenting mixed sugars, such as lignocellulosic hydrolysates (Reuss et al. 2018).

Based on the systematic study of substrate spectrum expansion, combining the rational synthetic carbon source co-utilization pathway design with laboratory adaptive evolution has been demonstrated to be highly effective for establishing non-native carbon source utilization pathways. Further improvement of already demonstrated approaches to engineering spatial organization of key enzymes via synthetic substrate channeling construction, may lead to the development of a powerful method for constructing next generation model microorganism with highly efficient carbon source utilization pathways (Lee et al. 2018; Wheeldon et al. 2016).

The product synthesis module: refactoring biosynthetic pathways and dynamic regulation
Metabolic flux of target product synthesis pathways is the result of synergistically metabolic regulation via multiple levels, such as gene expression levels, allosteric regulation and post-translational modification (Chubukov et al. 2014). Fine-tuning of gene expression levels by engineering regulatory elements that modulate gene expression patterns, such as promoters, ribosome binding site sequences, N-terminal coding sequences and terminators, has been widely used to optimize target pathways (Fischer et al. 2006; Curran et al. 2013; Dahl et al. 2013; Nowroozi et al. 2014; Salis, Mirsky, and Voigt 2009; Tian et al. 2019). Advances in biochemistry and systems biology have fueled the development of novel strategies for engineering the product synthesis module as follows: 1) refactoring stoichiometry of the synthetic pathway; 2) spatial organization engineering of key pathway enzymes; and 3) engineering of dynamic patterns of key genes expression (Bogorad, Lin, and Liao 2013; Gupta et al. 2017; Hammer and Avalos 2017; Henard, Smith, and Guarnieri 2017; Lee et al. 2018; Lee, Palmer, and Warren 2019; Tai et al. 2016; Tashiro, Desai, and Atsumi 2015a; Xu 2018; Lau et al. 2018). The abovementioned three strategies have been established to maximize the theoretical yield of a target product, synergistically strengthen the catalytic efficiency of key enzymes, and coordinate both target product synthetic pathways and cell growth (Table 2).

The stoichiometry of synthetic pathways determines the theoretical maximal carbon yield of a target product, which is the goal of metabolic pathway fine-tuning and fermentation process optimization. In order to surpass the theoretical maximal carbon yield by avoiding carbon loss, reduction of reaction steps and rearrangement of metabolic pathways have been proposed and performed (Bogorad, Lin, and Liao 2013; Lu et al. 2019; Tai et al. 2016; Tashiro, Desai, and Atsumi 2015a). For example, the non-oxidative glycolysis pathway was constructed by introducing a heterologous phosphoketolase reaction, which enabled complete carbon conversion from glucose to acetyl-CoA without carbon loss (Bogorad, Lin, and Liao 2013). Using acetyl-CoA as a target molecule, the synthetic pathway was shortened to 3 steps from 9 with formaldehyde as the substrate, which was catalyzed by the engineered glycolaldehyde synthase and acetyl-phosphate synthase (Lu et al. 2019). Non-phosphorylative metabolism of lignocellulosic sugars, namely xylose, arabinose and galacturonate, was designed and used to convert these three lignocellulosic sugars into the common intermediate, 2,5-dioxopentanoate, and further to 1,4-butanediol with a theoretical carbon molar yield of 100% (Tai et al. 2016). Synthetic redesign of metabolic pathway for increasing the theoretical maximal carbon yield is an effective strategy used for optimizing the product synthesis module, thereby laying a solid foundation for high-level bioproduction.

Spatial organization engineering of key pathway enzymes has been demonstrated to be a powerful strategy for synergistically improving catalytic cascade efficiency in vivo. This can be achieved either by co-localizing key enzymes via synthetic macromolecules, such as DNA, RNA or protein, as scaffolds, scaffoldless enzyme assemblies, or co-targeting key enzymes into organelles (Avalos, Fink, and Stephanopoulos 2013; Delebecque, Silver, and Lindner 2012; Dueber et al. 2009; Hammer and Avalos 2017; Price et al. 2016; Siu et al. 2015). Noticeably, advances in synthetic bacterial microcompartmentalizaion have recently been applied to compartmentalize key enzymes in both prokaryotic and eukaryotic model microorganisms (Lee et al. 2018; Lee, Palmer, and Warren 2019; Lau et al. 2018). Citrobacter freundii Pdu bacterial microcompartments, which were modified and introduced into E. coli, formed a scaffold encompassing the entire E. coli cytoplasm. Following co-localization of pyruvate decarboxylase and alcohol dehydrogenase via synthetic bacterial microcompartments, a 2.2-fold increase of ethanol production was achieved (Lee et al. 2018). To reduce potentially undesired interactions between target enzymes and native organelles in S. cerevisiae, bacterial microcompartments were constructed from Myxococcus xanthus. Cascade catalysis efficiency of enzymes targeted in bacterial microcompartments was improved without affecting the functionality of native S. cerevisiae organelles (Lau et al. 2018).

[bookmark: OLE_LINK8]Metabolic pathways of endogenous microorganisms are dynamically regulated, which is important for adaption to the cellular environment and native pathway balance (Link et al. 2015). However, dynamic control is usually lacking in non-native product synthetic pathways. Strategies for the dynamic regulation of metabolic pathways have been established for fine-tuning gene expression in target chemical synthetic pathways of model microorganisms (Brockman and Prather 2015; Ceroni et al. 2018; Doong, Gupta, and Prather 2018; Gupta et al. 2017; Johnson et al. 2017; Lo et al. 2016; Skjoedt et al. 2016; Xu 2018; Xu et al. 2014). Specific metabolite responsive biosensors based on allosteric transcriptional factors or riboswitches, have been typically used for dynamic regulation of synthetic pathways (Xu 2018; Xu et al. 2014). Biosensors can sense the abundance of specific intracellular metabolite in biosynthesis pathway and control key genes expression level based on the abundance of specific intracellular metabolite. For instance, malonyl-CoA biosensors that can up-regulate or down-regulate gene expression has been developed based on B. subtilis fatty acids pathway transcriptional regulator FapR. To balance key precursor malonyl-CoA in fatty acids synthetic pathway, malonyl-CoA biosensor that can up-regulate and down-regulate gene expression were used for malonyl-CoA sink pathway and malonyl-CoA source pathway, respectively (Xu et al. 2014). Despite biosensor based dynamic regulation is a powerful tool for fine-tuning biosynthetic pathways, available allosteric transcriptional factors or riboswitches that can specifically sense specific metabolite is the prerequisite for biosensor construction and dynamic regulation. Compared with the diverse chemicals that can be produced via microbial fermentation, the limited numbers of available allosteric transcriptional factors or riboswitches limit the dynamic regulation. To overcome this issue, quorum-sensing-based dynamic regulation that is pathway independent and does not require chemical inducers has been developed (Gupta et al. 2017). The quorum-sensing system from Pantoea stewartii was engineered and optimized to down-regulate expression levels of competitive genes at desired times and cell densities in E. coli. Five-fold and ten-fold increases in myo-inositol and glucaric acid titers were achieved by quorum-sensing-dynamic regulation (Gupta et al. 2017). Besides introducing a heterologous quorum-sensing system from P. stewartii in E. coli, a B. subtilis native Phr60-Rap60-Spo0A-mediated quorum-sensing system was engineered for simultaneous dynamic up-regulation and down-regulation of gene expression (Cui et al. 2019). Effectiveness of the engineered B. subtilis quorum-sensing system for fine-tuning the menaquinonae-7 synthetic pathway was demonstrated by a 40-fold improvement in the menaquinone-7 titer at 360 mg/L in a shake flask culture (Cui et al. 2019). Multi-layered dynamic regulation of metabolic pathways can be realized via integrative design and application of metabolite responsive biosensors and quorum sensing-based dynamic regulation, which has been demonstrated to be effective for balancing target product synthesis and cell growth (Doong, Gupta, and Prather 2018; Lo et al. 2016).

In summary, refactoring stoichiometry of synthetic pathway for maximize theoretical yield, spatial organization engineering of key pathway enzymes for synergistically strengthen catalytic efficiency, and dynamic regulation for balancing bioproduction and cell growth are three important strategies for improving the product synthesis module.

The energy and redox supply module: redesigning of energy and redox metabolism
Balancing energy and redox cofactor metabolism between the chassis and product synthetic module is extremely important for efficient biomanufacturing. Efforts have been made to engineer the chassis to balance energy metabolism between cell growth and product synthesis in the following two aspects: 1) reducing energy costs by designing and constructing pathways for energy-saving carbon and nitrogen source uptake; 2) balancing intracellular ATP levels by regulating ATP-dissipating futile cycle (Feng et al. 2017; Hadicke, Bettenbrock, and Klamt 2015; Liu et al. 2016; Marques et al. 2018; Milne et al. 2015). 

For indispensable but energy consuming and costly cellular processes, such as carbon and nitrogen source uptake pathways, energy costs may be reduced by introducing energy-saving techniques, as demonstrated in B. subtilis and S. cerevisiae (Feng et al. 2017; Marques et al. 2018). Native sucrose proton-symport and extracellular hydrolysis were replaced by a synthetic sucrose transport and phosphorolysis system operating via heterologous facilitated diffusion and phosphorolytic cleavage reactions, followed by facilitated diffusion of the monosaccharides, glucose and fructose. Compared to the native sucrose proton-symport with phosphorolysis and extracellular hydrolysis sucrose uptake system with phosphorolysis, synthetic sucrose transport and phosphorolysis system reduces 2 moles and 1 mole of ATP for every 1 mole of sucrose uptake and phosphorolysis, respectively (Marques et al. 2018). Similar energy-saving sucrose pathways have also been constructed in B. subtilis, which was used as a chassis for facilitating 2,3-butanediol bioproduction (Feng et al. 2017). For dispensable, energy costing cellular processes, such as undesired futile cycles in B. subtilis, blocking these process via gene deletion has proved to be an effective approach for reducing energy waste (Liu et al. 2016). Balancing intracellular energy metabolism, which is important for cell growth and product synthesis, is especially vital for product synthesis pathways involving net ATP-consumption or ATP-generation with high metabolic flux (Hadicke, Bettenbrock, and Klamt 2015). Stoichiometric analyses indicated that lactate production using E. coli as the chassis can result in a net ATP gain, and strengthening the futile cycle between phosphoenolpyruvate (PEP) and pyruvate catalyzed by PEP synthase and pyruvate kinase was effective for improving lactate production (Hadicke, Bettenbrock, and Klamt 2015).

Engineering of the redox cofactor balance is required to achieve efficient biosynthesis in net NADPH-dissipating processes such as reduced target product biosynthesis or product synthetic pathways. Redox cofactor engineering has focused on the following three aspects: 1) replacing the native enzymes with heterologous enzymes that show differences in cofactor preference for cofactor balance; 2) construction of an in vivo redox balance system; and 3) redox regeneration via bioinorganic hybrid systems (Gu et al. 2019; Guo et al. 2018; Kracke et al. 2018; Qiao et al. 2017; Wang et al. 2017; Wu et al. 2019). For the first strategy, enzymes that catalyze NADPH-dissipating reactions can be replaced with heterologous enzymes that catalyze NADH-dissipating reactions but conserve sufficient NADPH for product biosynthesis, as demonstrated by fatty acid methyl ester synthesis in Yarrowia lipolytica and lysine production in Corynebacterium glutamicum (Qiao et al. 2017; Wu et al. 2019). For the second strategy, an in vivo redox balance system has been constructed for 2-phenylethanol biotransformation from phenylalanine in E. coli and generalized for D-phenyllactic acid. Both production of 2-phenylethanol and D-phenyllactic acid using phenylalanine as the substrate consumed 2-oxoglutarate and NADPH while generating glutamate and NADP+, respectively. Introducing glutamate dehydrogenase to regenerate 2-oxoglutarate and NADPH from glutamate and NADP+, improved biotransformation efficiency by 3.8-fold (Wang et al. 2017). The third strategy to realize redox balance has been implemented by constructing a bioinorganic hybrid system to overcome the incapability of model microorganisms to execute extracellular electron transfers, which hampers the use of external electrons for redox generation. Indium phosphide nanoparticles and the engineered S. cerevisiae were combined to form a bioinorganic hybrid platform, which used light to induce indium phosphide nanoparticles to generate electrons that were then transferred to the engineered S. cerevisiae to generate NADPH from NADP+. This system enabled redox balance in S. cerevisiae and enhanced the biosynthesis of NADPH-consuming product, shikimic acid, demonstrating that bioinorganic hybrid system may be a promising strategy for solving redox balance issues (Guo et al. 2018).

The product storage and exportation module: cell membrane and cell wall engineering
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]The composition and structure of cell wall and cell membrane determine cell shape, cell size and metabolite exchange between the internal cytoplasm and the external environment of microorganisms, which is of great importance for product storage and export (Amir et al. 2014; Shi et al. 2018; Soifer and Barkai 2014; Zheng et al. 2016). Strategies for cell membrane and cell wall engineering mainly focus on the following three aspects: 1) creating an intracellular space for intracellular product accumulation; 2) engineering secretion pathways for enhanced extracellular chemicals production; and 3) engineering stress resistance-oriented cell membranes and cell walls (Browning et al. 2017; Cao et al. 2017; Tan et al. 2016; Wu, Ye, et al. 2017; Yang et al. 2018; Zhang, Astorga, et al. 2018; Zhang, Guo, et al. 2018).

Ensuring sufficient intracellular space and structure for storing the target product is essential for maximizing intracellular chemicals production. Creating additional intracellular space for intracellular chemicals accumulated in the cytoplasm via morphology engineering, leading to improved poly-3-hydroxybutyrate (PHB) production, has been demonstrated in E. coli. Elastic cells which provide more space for intracellular PHB production were obtained by altering cell rigidity via combinatorial engineering of key genes regulating the cell wall synthesis pathway via in situ substitution of strong promoters and CRISPRi-based down-regulation of gene expression (Zhang, Guo, et al. 2018). Membrane engineering was carried out for intracellular biomolecules accumulated in the cell membrane, wherein production of intracellular -carotene is a typical example. The intracellular cell membrane area was increased by combinatorially overexpressing membrane-bending proteins and engineering the membrane synthesis pathway, resulting in a 2.9-fold increase of intracellular -carotene production in E. coli (Wu, Ye, et al. 2017). 

Efflux transporter engineering has been widely used to export target compounds out of the cytoplasm and into the external environment for improved production, which is both beneficial for cell growth and product synthesis by avoiding potential adverse influences of intracellular target compound accumulation on cell growth and feedback inhibition of biosynthetic pathway (Hollands et al. 2019; Hu et al. 2018). For example, to improve fatty alcohol production in S. cerevisiae, human fatty acid transporter FATP1 was overexpressed based on testing fatty alcohol transporters from different plant and mammalian cells, leading to five-fold increase of fatty alcohol secretion (Hu et al. 2018). For another case, overexpression of the specific 2'-fucosyllactose transporter CDT2 from Neurospora crassa boosted 2'-fucosyllactose secretion and production in S. cerevisiae (Hollands et al. 2019). In contrast, recombinant protein secretion, which is different from biochemical exportation, usually involves a limited number of different secretion pathways. Therefore, developing an improved, generally applicable, recombinant protein secretion approach may be feasible. Engineering of cell wall and cell membrane biosynthetic pathways have been shown to be effective for recombinant protein secretion in E. coli and B. subtilis, respectively (Browning et al. 2017; Cao et al. 2017; Yang et al. 2018). For engineering of cell membrane for improving protein secretion, Cao et al. (2017) investigated effects of engineering cell membrane lipid composition on α-amylase secretion in B. subtilis. Up to 47% higher secretion of α‐amylase was obtained by increasing the percentage of negatively charged phosphatidylglycerol in cell membrane lipid via deleting pssA and clsA genes, encoding phosphatidylserine synthase and cardiolipin synthase, respectively. The electrostatic interactions between recombinant protein and cell membrane were important for protein secretion efficiency. To test the effects of engineering of cell wall synthesis pathway on protein secretion, Yang et al. (2018) perturbing cell wall peptidoglycan synthesis pathway for improving protein secretion in E. coli. Deletion of D,D-carboxypeptidase genes (dacA and dacB) disrupted the normal rigid structure and potentially increased outer membrane permeability, resulted 2.0-fold increase of α-galactosidase. Combining cell wall and cell membrane biosynthetic pathway engineering and secretion pathway engineering may offer a promising means for developing super secretion cell factories to improve the secretory production of recombinant proteins.

To develop model microorganism chassis that meet the industrial application requirements, such as toxicity of products and scarcity of nitrogen sources, stress resistance-oriented cell membrane and cell wall engineering have been developed (Tan et al. 2016; Zhang, Astorga, et al. 2018). Expression of cis-trans isomerase from Pseudomonas aeruginosa in E. coli led to an increase in the content of trans-unsaturated fatty acids in cell membranes, thereby decreasing cell membrane fluidity and improving resistance to product toxicity associated with carboxylic acids (Tan et al. 2016). Another example of stress resistance-oriented cell wall engineering was reported wherein resistance to nitrogen-limiting conditions and high sugar contents of S. cerevisiae were increased (Zhang, Astorga, et al. 2018). Inactivation of ECM33 conferred S. cerevisiae with resistance to nitrogen-limiting conditions and high sugar content during fermentation. Transcriptional analysis revealed that ECM33 inactivation disrupted cell wall integrity as well as high osmolarity glycerol pathways, which were the major reasons that enhanced the stress-resistance phenotype during fermentation (Zhang, Astorga, et al. 2018). 

Globally optimizing biosynthesis aided by metabolic model
In order to enhance the precision and efficiency of engineering global metabolic networks with high complexity, constraint-based genome-scale stoichiometric metabolic models, kinetic models of metabolism and pathway design algorithm have been developed and applied to engineering strategy design. Recent advances focus on the following three aspects: 1) introducing enzyme costs as constraints with optimized algorithm in genome-scale metabolic model for improving global metabolic network simulation and engineering target identification; 2) extending the kinetic model from central metabolic pathways to genome-scale metabolic network; 3) establishing multivariate design criteria pathway design approaches for guiding pathway construction (Andreozzi, Miskovic, and Hatzimanikatis 2016; Delepine et al. 2018; Ding et al. 2017; Garcia and Trinh 2019; Hameri, Boldi, and Hatzimanikatis 2019; Khodayari and Maranas 2016; Khodayari et al. 2014; Klamt et al. 2018; Kumar et al. 2018; Kuwahara et al. 2016; Mellor et al. 2016; Sanchez et al. 2017).

Enzyme abundance and the turnover number of enzymes were incorporated into a constraint-based genome-scale stoichiometric metabolic model of S. cerevisiae, which enabled improved growth and production phenotype prediction, compared to genome-scale metabolic models lacking enzyme constraint incorporation (Sanchez et al. 2017). To evaluate the effects of combinatorially engineering metabolic pathway for multiple product biosynthesis on the yield and production rate of target products, a novel optimization algorithm was developed, which expanded application fields for constraint-based genome-scale stoichiometric metabolic models in model microorganisms (Garcia and Trinh 2019; Klamt et al. 2018). Another noticeable trend in modeling of microorganisms is optimization and expansion of the kinetic model from local pathways to genome scale. A genome-scale E. coli kinetic metabolic model, k-ecoli457, consisting of 457 metabolic reactions together with related regulatory interactions, was established. Global parameterization using known metabolic flux data sets enabled the construction of improved kinetic models. Improved prediction of various target product yields, compared with predictions based on constraint-based genome-scale stoichiometric metabolic models was achieved, providing an important foundation for designing synthetic pathways for biomanufacturing (Khodayari and Maranas 2016). Based on improved metabolic models, synthetically designed pathways guided by multivariate design criteria may be further introduced to enhance the efficiency of biosynthesis (Delepine et al. 2018; Ding et al. 2017; Kumar et al. 2018; Kuwahara et al. 2016; Mellor et al. 2016). Aided by genome scale metabolic models and increasingly available omics data, iterative optimization processes leading to efficient biomanufacturing are expected to be developed through model based integration of different modules via design-build-test-learn cycles (Fig. 2). 

Challenges and perspectives 
Although the integration of various well-organized and efficient functional cellular modules may lead to the development of next generation model microorganism chassis, the following three issues pose a major challenge to efficient biomanufacturing: 1) inherently insufficient substrate utilization and inability to express specific genes shown by one species model organism chassis, 2) data-mining bottlenecks which restrict effective data interpretation, that are encountered during the design-build-test-learn cycle, and 3) the labor-intensive nature of cellular functional cellular module integration and iterative chassis optimization (Fig. 3). 

[bookmark: _Hlk49465890]The first challenge can be promisingly solved via the construction of a synthetic microbial consortium by the co-culture of multiple chassis. Labor division of bioproduction can be realized by designing and constructing synthetic microbial consortia (Zhang and Wang 2016; Zhao et al. 2019; Zhou et al. 2015). For instance, oxygenated taxanes-producing S. cerevisiae-E. coli consortium was successfully constructed via dividing oxygenated taxanes synthetic pathway into two modules and expressing the two modules in engineered S. cerevisiae and E. coli, respectively. In the S. cerevisiae-E. coli consortium, taxadiene was formed in E. coli with further oxygenated taxanes production in S. cerevisiae expressing cytochrome P450 taxadiene 5α-hydroxylase (5αCYP) and its reductase, which facilitated oxygenated taxanes production and overcame difficulty for cytochrome P450 taxadiene 5αCYP expression in E. coli (Zhou et al. 2015). AI-aided data mining strategies, such as machine learning and deep learning, have already demonstrated their potential for usefulness in analyzing large omics datasets for a better understanding of metabolic mechanisms, guiding strain development and bioprocess optimization to overcome the challenge of data-mining bottlenecks (Costello and Martin 2018; Noor, Cherkaoui, and Sauer 2019; Oyetunde et al. 2018; Oyetunde et al. 2019; Zhou et al. 2018). For instance, Oyetunde et al. (2019) extracted key design features of cell factories both from 1200 experimentally constructed cell factories and genome-scale metabolic modeling. Next, support vector machines-, gradient boosted trees- and neural networks algorithm-based data augmentation and ensemble learning were carried out for improving key design features data sets and evaluating key engineering targets for bioproduction efficiency, which should be useful for guiding cell factory construction. Further application of AI-aided data mining is expected to enhance throughput and reduce bias in data interpretation, thus accelerating the iterative model organism chassis optimization process. To overcome the obstacles of labor-intensive and time-consuming process for affecting next generation chassis construction, application of a biofoundry, which involves programmable integration of recombinant genetic engineering, cellular property characterization, and outperformer strain screening in an automated, high-throughput manner, may be required (Chao et al. 2017; Hillson et al. 2019). Moreover, further combination of rational chassis cell optimization with adaptive evolution is expected to globally optimize cellular properties and identify hitherto unnoticed engineering targets for chassis cell optimization (Crook et al. 2016; Ravikumar et al. 2018).

Concluding remarks
Based on expanding substrate spectrum, refactoring biosynthetic pathways and dynamic regulation, balancing energy and redox metabolism, and cell membrane and cell wall engineering, improved functional modules of model microorganism have been constructed. Challenges of integration of various improved modules for constructing next generations of model microorganism chassis can be overcome by synthetic co-culture of multiple chassis, AI-aided data mining for guiding strain development, and design of an automatic chassis development process via biofoundry. Constructed next generation model microorganism chassis cells are expected to revolutionize the efficiency of chemical biomanufacturing.
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[bookmark: _Hlk40375108]Table 1 Novel strategies for cellular functional module engineering for model microorganisms
	Module names
	Strategies
	Applications for model microorganisms
	References

	Substrate uptake module

	expanding substrate spectrum
	1) rational design and construction of carbon source co-utilization pathways
	i E. coli: glucose-glycerol and glucose-acetate co-utilization 
ii B. subtilis: glucose-gluconate and glucose-xylose co-utilization 
iii C. glutamicum: glucose-xylose co-utilization and also extended to cellobiose, glycerol, starch, glucosamine, and mannitol
iv S. cerevisiae: glucose-xylose co-utilization
	(Tashiro, Desai, and Atsumi 2015a; Wu, Sun, et al. 2017a; Papapetridis et al. 2018; Jansen et al. 2017; Majidian et al. 2017; Becker, Rohles, and Wittmann 2018; Wu et al. 2018)

	
	
	2) adaptive laboratory evolution for improved carbon source co-utilization
	i B. subtilis: recovered cell growth of engineered B. subtilis with removal of carbon catabolite repression by deleting ccpA 
ii S. cerevisiae: glucose-xylose co-utilization
	(Papapetridis et al. 2018; Reuss et al. 2018)

	
	
	3) construction of synthetic substrate channeling
	i S. cerevisiae: glucose-xylose co-utilization
	(Thomik et al. 2017)

	Product synthesis module

	refactoring biosynthetic pathways and dynamic regulation

	1) refactoring stoichiometry of the synthetic pathway
	i E. coli: Non-oxidative glycolysis, nonphosphorylative metabolism of lignocellulosic sugars, acetyl-CoA from nine steps with one-carbon substrate
	(Bogorad, Lin, and Liao 2013; Tai et al. 2016; Lu et al. 2019) 

	
	
	2) spatial organization engineering of key pathway enzymes via bacterial microcompartment
	i E. coli: bacterial microcompartment construction
ii S. cerevisiae: bacterial microcompartments construction
	(Lau et al. 2018; Lee et al. 2018)

	
	
	3) engineering dynamic patterns of key gene expression via the quorum sensing system and multiple layers dynamic control
	i E. coli: dynamic regulation via quorum sensing system; multiple layers dynamic control
	(Gupta et al. 2017; Lo et al. 2016; Doong, Gupta, and Prather 2018)

	Energy and redox supply module

	redesign of energy and redox metabolism

	1) reducing energy costs by designing and constructing energy-saving carbon and nitrogen source uptake pathways
	i B. subtilis: designing and constructing energy-saving sucrose uptake pathways
ii S. cerevisiae: constructing energy-saving sucrose and ammonium source uptake pathways
	(Feng et al. 2017; Marques et al. 2018)

	
	
	2) reducing energy wastage by the removal of ATP-dissipating futile cycle and blockage of inefficient respiration chain
	i B. subtilis: removal of ATP-dissipating futile cycle and blockage of inefficient respiration chain
	(Liu et al. 2016)

	
	
	3) balancing intracellular ATP levels by enforcing the ATP futile cycle
	i E. coli: enforcing ATP futile cycle
	(Hadicke, Bettenbrock, and Klamt 2015)

	
	
	4) replacing native enzymes with heterologous enzymes that hold different cofactor preference
	i C. glutamicum: replacing native enzymes with heterologous enzymes those holds different cofactor preference
	(Wu et al. 2019)

	
	
	5) in vivo redox balance system construction
	i E. coli: in vivo NADPH regeneration system
	(Wang et al. 2017)

	
	
	6) redox regeneration via the bioinorganic hybrid system
	i S. cerevisiae: electrons generated by indium phosphide nanoparticles for NADPH generation
	(Guo et al. 2018)

	Product storage and exportation module

	cell membrane and cell wall engineering

	1) creating intracellular space for intracellular product accumulation
	i E. coli: creating intracellular space and cell membrane area
	(Wu, Sun, et al. 2017a; Zhang, Liu, et al. 2018)

	
	
	2) secretion pathway engineering for enhanced extracellular biomolecule production
	i E. coli: protein secretion pathway engineering
ii B. subtilis: protein secretion pathway engineering
	(Browning et al. 2017; Cao et al. 2017; Yang et al. 2018)

	
	
	3) stress resistance-oriented cell membrane and cell wall engineering
	i E. coli: cell membrane engineering
ii S. cerevisiae: cell wall engineering
	(Tan et al. 2016; Zhang, Astorga, et al. 2018)





Table 2 The product synthesis module engineering via refactoring biosynthetic pathways and dynamic regulation
	Model microorganism
	Strategies
	Product
	Production
	References

	E. coli
	Synthetic non-oxidative glycolysis construction for improving theoretical carbon yield
	acetate 
	2.2 mole/ mole xylose
	(Bogorad, Lin, and Liao 2013)

	E. coli
	Shortening synthetic pathway via pathway redesign and enzyme engineering
	acetyl-CoA for cell growth
	0.681 g dry cell weight/g glycolaldehyde
	(Lu et al. 2019)

	E. coli
	Design and construct non-phosphorylative metabolism of lignocellulosic sugars (xylose, arabinose, and galacturonate)
	1,4-butanediol
	9.21 g/L from 42.1 g/L of D-xylose;
15.6 g/L from 70.5 g/L of L-arabinose;
16.5 g/L from 50.5 g/L of D-galacturonate
	(Tai et al. 2016)

	E. coli
	Co-localizating pyruvate decarboxylase and alcohol dehydrogenase via synthetic bacterial microcompartments
	ethanol 
	15 mM/ OD unit
	(Lee et al. 2018)

	S. cerevisiae
	Constructing bacterial microcompartments from Myxococcus xanthus
	4-hydroxyphenylacetaldehyde (4-HPAA)
	Stabilized 4-HPAA pathway activity
	(Lau et al. 2018)

	E. coli
	Dynamically controling malonyl-CoA sink pathway and source pathway based on malonyl-CoA biosensor
	fatty acids
	3.86 g/L
	(Xu et al. 2014)

	[bookmark: OLE_LINK9]E. coli
	Dynamically regulating synthetic pathways with synthetic quorum-sensing-based approach
	myo-inositol
glucaric acid
	1.28 g/L
0.68 g/L
	(Gupta et al. 2017)

	B. subtilis
	Dynamically regulating synthetic pathways with native quorum-sensing-based approach
	menaquinonae-7
	360 mg/L
	(Cui et al. 2019)

	E. coli
	Multi-layered dynamic regulation via integrating metabolite responsive biosensors and quorum sensing-based dynamic regulation
	glucaric acid
	2 g/L
	(Doong, Gupta, and Prather 2018)

	E. coli
	Decouple cell growth and production based on hydroxycinnamic acid biosensor and oleic acid biosensor
	vanillic acid 
ethyl oleate 
	900 mg/L
30 mg/L
	(Lo et al. 2016)




Figure captions
Fig. 1 Biomanufacturing modules and novel engineering strategies for model microorganism chassis. Functional cellular modules, such as substrate uptake module, product synthesis module, energy and redox module, and product storage and secretion module, encompass the total process of producing a microorganism chassis for the purpose of efficient biomanufacturing. Novel engineering strategies included expanding the substrate spectrum for substrate uptake modules, refactoring biosynthetic pathways and dynamic regulation for product synthesis modules, balancing energy and redox modules and cell membrane and cell wall engineering of product storage and secretion modules.

Fig. 2 From model microorganism to next generation microorganism chassis. Escherichia coli, a model Gram-negative bacterium, Bacillus subtilis, a model Gram-positive bacterium, Corynebacterium glutamicum, a model Gram-positive bacterium and Saccharomyces cerevisiae, a model eukaryotic microorganism, are the major chassis used as expression hosts for introducing synthetic pathways and synthetic biology devices serving as bases for bio-based chemical production. Functional cellular modules those cover the total process of biomanufacturing from substrate uptake, product synthesis, energy and redox supply to product storage and export, next generation of microorganism chassis are expected to be developed through model based iterative optimization of different modules via design-build-test-learn cycles. 

Fig. 3 Perspectives for next generation microorganism chassis development. Integration of various improved modules for constructing next generations of model microorganism chassis via iterative design-build-test-learn cycles are expected to be accelerated by synthetic co-culture of multiple chassis, artificial intelligence-aided data mining for guiding strain development and design of an automatic chassis development process via biofoundry.
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