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ARTICLE INFO ABSTRACT
Keywords: High-quality genome-scale metabolic models (GEMs) could play critical roles on rational design of microbial cell
Genome-scale metabolic models (GEMSs) factories in the classical Design-Build-Test-Learn cycle of synthetic biology studies. Despite of the constant

Non-model industrial microorganism

establishment and update of GEMs for model microorganisms such as Escherichia coli and Saccharomyces cer-
Zymomonas mobilis

. . evisiae, high-quality GEMs for non-model industrial microorganisms are still scarce. Zymomonas mobilis subsp.
Biolog phenotype microarray . . . . . . . . I
Succinate mobilis ZM4 is a non-model ethanologenic microorganism with many excellent industrial characteristics that has
1,4-Butanediol been developing as microbial cell factories for biochemical production. Although five GEMs of Z. mobilis have
been constructed, these models are either generating ATP incorrectly, or lacking information of plasmid genes, or
not providing standard format file. In this study, a high-quality GEM iZM516 of Z. mobilis ZM4 was constructed.
The information from the improved genome annotation, literature, datasets of Biolog Phenotype Microarray
studies, and recently updated Gene-Protein-Reaction information was combined for the curation of iZM516.
Finally, 516 genes, 1389 reactions, 1437 metabolites, and 3 cell compartments are included in iZM516, which
also had the highest MEMOTE score of 91% among all published GEMs of Z. mobilis. Cell growth was then
predicted by iZM516, which had 79.4% agreement with the experimental results of the substrate utilization. In
addition, the potential endogenous succinate synthesis pathway of Z. mobilis ZM4 was proposed through simu-
lation and analysis using iZM516. Furthermore, metabolic engineering strategies to produce succinate and 1,4-
butanediol (1,4-BDO) were designed and then simulated under anaerobic condition using iZM516. The results
indicated that 1.68 mol/mol succinate and 1.07 mol/mol 1,4-BDO can be achieved through combinational
metabolic engineering strategies, which was comparable to that of the model species E. coli. Our study thus not
only established a high-quality GEM iZM516 to help understand and design microbial cell factories for economic
biochemical production using Z. mobilis as the chassis, but also provided guidance on building accurate GEMs for
other non-model industrial microorganisms.

1. Introduction sustainable bioeconomy [1]. The rational design of cell factories is
becoming reality with the development of systems and synthetic

Robust and efficient microbial cell factories are crucial for bio- biology. Before the practices of metabolic engineering, it is important to
manufacturing and the transformation of petroleum-based economy to investigate the metabolic network within the chassis cells to identify
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metabolic pathways and genetic targets associated with them for genetic
manipulation. Genome-scale metabolic model (GEM) is an effective tool
to simulate metabolic fluxes in silico with algorithms such as flux balance
analysis (FBA) [2]. Meanwhile, GEM can be used to perform metabolic
analyses under different conditions, explore new scientific findings, and
guide the design and modification of metabolic pathways and synthetic
microorganisms for economic biochemical production [3].

High-quality GEMs have been constantly established and updated for
model microorganisms such as E. coli [2] and S. cerevisiae [4]. For
example, the model iJE660 was the first GEM of E. coli after its genome
was sequenced [5]. After that, a series of GEMs were reconstructed with
different degrees of quality improvement [2]. iML1515 was the latest
stoichiometric model of E. coli, of which ~50% of function-known genes
(1515 genes) were included in the model [6]. Meanwhile, iML1515 in-
tegrated with 1515 protein structural information, enabling analysis of
structural proteome comparison and evaluation of mutational impact
across strains [6]. Recently, multiple constraints of thermodynamic and
enzymatic were integrated into iML1515, making the pathway analysis
and phenotype prediction more realistic [7]. The same development
route happened with the yeast model [4], into which the enzyme con-
straints were introduced recently [8].

However, similar work is still scarce for non-model microorganisms
with excellent characteristics from industrial practices. Zymomonas
mobilis is a gram-negative ethanologenic bacterium with unique physi-
ological properties and extraordinary ethanol production characteristics
such as high sugar uptake rate, high ethanol yield and ethanol tolerance
[9], which is the only known microorganism that can utilize the
Entner-Doudoroff (ED) pathway under anaerobic conditions [10].
Therefore, Z. mobilis has been engineered for economic production of a
variety of biofuels and biochemicals such as lignocellulosic ethanol [11,
12], poly-3-hydroxybutyrate (PHB) [13], p-lactic acid [14,15], 2,3-buta-
nediol [16], sorbitol [17], acetaldehyde [18], and isobutanol [19].

Although five GEMs of Z. mobilis have been published, no standard
format files were provided before 2020 with only the reaction sets
involved in the model attached, which cannot be directly reused for
simulation [20,21]. Recently, two models iHN446 and iZM4_ 478 were
published with standard SBML files, but still suffered from issues. For
example, amino acids are needed to support cell growth for the iHN446
model, although previous results exhibited that Z. mobilis is not an
amino acid deficient strain and amino acids are not necessary for its
growth in minimal medium [22], which suggests that wrong pathway(s)
may be included in model iHN446 [23]. Meanwhile, instead of 1 mol
ATP per 1 mol glucose under anaerobic condition, iHN446 produced
incorrect amount of 3 mol ATP per 1 mol glucose. Furthermore, most
published GEMs of Z. mobilis ZM4 lack plasmid gene information. The
genome of Z. mobilis ZM4 was sequenced and released in 2005, which
contained a circular chromosome with 1998 open reading frames (ORF)
[24]. In 2009, the genome annotation of ZM4 was improved by
combining systems biology approaches of genome resequencing and
proteomics study [25]. The accurate genome sequence of Z. mobilis
containing gene information of a revised chromosome and four native
plasmids was further updated in 2018 [26], which could help revisit and
improve the GEM of Z. mobilis. However, only iHN446 included four
plasmid genes, and other models did not contain any plasmid
information.

In contrast, the iZM516 constructed in this study for Z. mobilis ZM4
combined the information of the improved genomic annotation
including plasmid, datasets of Biolog Phenotype Microarrays experi-
ments, literature, and Gene-Protein-Reaction information of the recent
models. Meanwhile, we further solved the mass balance and ATP infinite
generation problems to ensure the quality of model, and used the stan-
dard genome-scale metabolic model test suite MEMOTE to improve the
model quality. The construction of high-quality iZM516 model can then
be applied to help design the effective metabolic pathways for the pro-
duction of succinate and 1,4-butanediol in Z. mobilis.
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2. Materials and methods
2.1. Construction of the draft model using ModelSEED

The latest genomic information of Z. mobilis subsp. mobilis ZM4
(chromosome:  NZ_CP023715.1/CP023715.1, plasmid pZM32:
NZ_CP023716.1/CP023716.1, plasmid pZM33: NZ CP023717.1/
CP023717.1, plasmid pZM36: NZ_CP023718.1/CP023718.1, and
plasmid pZM39: NZ_CP023719.1/CP023719.1) was used for model
construction, and the online webserver Rapid Annotation using Sub-
system Technology (RAST) was used to annotate genome with option
“Build metabolic model”, which will automatically build draft model
with ModelSEED [27]. The temporary gene IDs annotated by RAST were
transformed into specific IDs and names of Z. mobilis ZM4 by BLASTp
with the latest Z. mobilis genome annotation from NCBI as reference
[28]. In this process, the threshold of homologues was set as e-value
<1073, and the identity >40%. In addition, the information of genes,
reactions, and metabolites of the draft model was improved by inte-
grating the information from MetaCyc [29], Biochemical, Genetic and
Genomic (BiGG) knowledge base [30], Kyoto Encyclopedia of Genes and
Genomes (KEGG), BRaunschweig ENzyme DAtabase (BRENDA) [31],
and other databases [32].

2.2. Biomass synthesis curation and automatic gap filling

Biomass composition usually includes DNA, RNA, proteins, lipids,
peptidoglycan, carbohydrates, and small molecules. In this study,
biomass composition was set referred to the published literature [20,
21], and was made up of 15 sub-reactions. Macromolecules are impor-
tant in the biomass synthesis. When there is a synthetic or a putative
synthetic pathway for a macromolecule, relevant reactions are involved
in the model, such as the biosynthesis of fatty acids and hopanes in
Z. mobilis [33]. Hopane is an important membrane component of
Z. mobilis contributing to ethanol tolerance, and the possible metabolic
pathway of hopane was reported in literature [33]. Combining the
hopane biosynthesis pathway PWYN-7072 from the MetaCyc database
and the literature, the hopane biosynthesis module was cured in iZM516
constructed in this study. If the detailed knowledge of some macro-
molecule synthesis was not very clear, a total reaction equation was used
for these macromolecules, and the sub-reactions were ignored.

Metabolic gaps usually occur in the draft model, resulting in the
inability of model to synthesize biomass. To achieve automatic gap
filling, a weight-added pFBA algorithm was used [34]. Briefly, biomass
compositions that cannot be synthesized in the model were identified
firstly. Then, the gaps in each composition synthesis pathway were
confirmed using FBA calculation. Finally, the weight-added pFBA
gap-filling algorithm was employed to fill the gaps. The reactions in the
draft model were all set weight as 1000, and the upper limit of the
biomass equation was set as 0.1 to minimize the filling reaction numbers
introduced from ModelSEED database [34]. In this way, the reactions in
the draft model will be preferentially used in calculation. When there is a
gap in the calculational pathway, the missing reactions are automati-
cally retrieved from the reactions of ModelSEED database. To ensure the
correction of added reactions and determine the Gene-Protein-Reaction
(GPR) relations, manual checks were performed if necessary.

2.3. ATP synthesis and respiratory chain correction

Except for a few well-known ATP generation reactions, general
principles were used for ATP generation correction including [35]: 1)
The reaction of ATP to AMP conversion is irreversible. 2) If the reaction
generating ATP from ADP does not possess carbon-containing metabo-
lites, the direction is set to consume ATP except for the known ATP
synthesis reactions. 3) Reaction with oxygen generation is generally
irreversible. 4) Transamination is usually the decomposition reaction of
amino acids. 5) If the reaction does not involve in above principles,
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manual check is performed combined with MetaCyc, KEGG, and
eQuilibrator [32] databases.

2.4. Biolog Phenotype Microarray experiments and data analysis

The Biolog Phenotype Microarrays (PMs) were employed to test the
substrates utilization of different carbon, nitrogen, sulfur, and phos-
phorus sources with the Omnilog PM automatic system using the wild-
type strain Z. mobilis ZM4. It was reported that the phenotype of
Z. mobilis was similar to that of yeast in the previous study [36].
Therefore, the experimental process was referred to the PMs Procedure
for S. cerevisiae and other Yeast. The image data of PMs were processed
into values using OmniLog PM program suite of data processing and
analysis based on the operational manual. Then, the FBA calculation was
performed with the biomass equation as the objective function, either
the metabolites in PM1 and PM2 were set as the only carbon source, or
the metabolites in PM3, PM4 A1-E12, or PM4 F1-H12 were set as the
only nitrogen, sulfur, or phosphorus source, respectively.

2.5. Model simulation analysis, evaluation, and visualization

The GEM iML1515 of E. coli was used to simulate chemical produc-
tion in E. coli [6]. COBRApy is a Python-based toolkit package, which
can be used to modify model, generate executable file, and simulate
analyses such as FBA, Parsimonious flux balance analysis (pFBA), flux
variability analysis (FVA), and gene necessity analysis [37]. The model
was evaluated by MEMOTE to check the mass balance, charge balance,
and model annotation [38]. All simulations were performed under
anaerobic condition in minimal media with oxygen uptake rate set as 0,
glucose as sole C sources with 40 mmol/gDW/h uptake rate, ammonia as
sole N sources with 1000 mmol/gDW/h uptake rate unless otherwise
indicated. When the cell growth was taken into consideration, the
biomass growth rate was set as 0.1 h™1.

3. Results

3.1. Construction of the GEM iZM516 and comparison of published
models

In this study, a new genome-scale metabolic model for Z. mobilis ZM4
was constructed using modelSEED, and then model curation and veri-
fication were performed based on the experimental data and latest in-
formation. Finally, the new model was named as iZM516
(Supplementary file 1: SBML version file of iZM516), which contains
1389 reactions, 1437 metabolites, and 516 genes with 6 genes located
on native plasmids corresponding to 80 reactions (Table S1). iZM516
also contains 3 cell compartments of intracellular, periplasmic, and
extracellular.

Z. mobilis uses ED pathway to ferment glucose under anaerobic
condition, which results in only 1 mol of ATP yielded per mol glucose.
Using the ATP maintenance (ATPM) reactions (atp_c + h2o0_c — adp_c +
h_c + pi_c) as objective function, three models (iZM516, iZM4_478 and
iHN446) were compared with glucose uptake rate set as 10 mmol gDW
h™l. 10 mmol gDW ! h™! ATP was generated using either iZM516 or
iZM4_478 while 30 mmol gDW ! h™! ATP was generated using iHN446,
which means iHN446 used incorrect pathway under anaerobic condition
(Table 1). The pentose phosphate pathway (PPP) was incomplete in

Table 1

Comparisons of ATP generation using different models with ATP maintain re-
action as the objective function under aerobic or anaerobic conditions. The
glucose uptake rate was set as 10 mmol gDW 'h™'.

iZM516 iZM4_478 iHN446
Anaerobic 10 10 30
Aerobic 30 20 30
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Z. mobilis, which lacks of 6-phosphogluconate (6 PG) dehydrogenase
catalyzing 6 PG to form ribulose-5-phosphate (Ru5P) (6 pg_c + nad_c —
ru5p_c 4 co2_c + nadh_c) [39,40]. However, iHN446 contains a reaction
R10221 (6 pg_c + nad_c — ru5Sp_c + co2_c + nadh_c) with GPR anno-
tation as ZMO0942, which is inaccurate and results in the PPP available
in the model. Meanwhile, iHN446 uses ATP synthesis reaction (RO0086:
adp_c + 4.0 h_e + pi_.c <> atp_c + h20_c + 3.0 h_c) to generate ATP
under anaerobic condition, which contributes to the incorrection of
simulation results of iHN446.

For aerobic condition, Z. mobilis uses a structural respiratory chain
that mainly includes type II NADH dehydrogenase (Ndh, ZM0O1113),
coenzyme Q10, terminal oxidase cytochrome bd (CydAB, ZMO1571-
ZMO1572), and other unidentified components [41]. Meanwhile,
Z. mobilis is one of the few bacteria known to use NADH and NADPH as
electron donors for the respiratory type II NADH dehydrogenase [42].
However, iZM4_478 does not contain the reaction using NADPH as the
electron donor. Glucose and lactate can also contribute electrons to the
respiratory chain by donating electrons to the membrane-bound glucose
dehydrogenase (Gdh, ZMOO0558) and lactate dehydrogenase (Ldh,
ZMO00256), respectively, which are transferred to coenzyme Q10 and
subsequently to terminal oxidases that reduce oxygen to water [43]. In
addition, because the respiratory chain of Z. mobilis may be completed in
the periplasm [43], periplasm was introduced into the model as the third
compartment with suffix “_p”. Except for iZM4_478, iHN446 and all
other published models do not include periplasm compartment. Instead,
the above genes and reactions involved in the respiratory chain are
included in the current model iZM516.

Since ATP generation under aerobic condition was associated with
proton motive force (PMF), the reaction involved with h_p production
and consumption in the model may affect ATP generation. However,
there is no enough data to support the exact reactions that are associated
with h_p in Z. mobilis. The comparison results of three models shown that
iZM516 and iHN446 generate 30 mmol gDW ! h™! ATP, and iZM4_478
generates 20 mmol gDW_1 h~! ATP (Table 1). This difference resulted
from different h_p containing reactions involved in different models. In
the simulation, iHN446 does not contain periplasm compartment, and
must supply amino acids in the medium for cell growth, which is not the
essential nutritional requirement for Z. mobilis [22]. Hence, iHN446 was
not included for further simulation comparison.

Although the latest published model iZM4_478 has improved GPR
association through pooled transposon mutant fitness experiments [44],
iZM516 further corrected GPR association based on experiment results
such as '3C-labelled metabolomics data [39] and the latest literature,
such as ZMO1754 encoding an NADP * -dependent acetaldehyde de-
hydrogenase that was determined recently [45]. All manual curation
reaction list can be found in supplementary materials (Supplementary
file 2). Compared with five published GEMs of Z. mobilis, iZM516 has the
largest datasets of genes, reactions, and metabolites (Table 2) containing
25.8% (516/2001) of totally annotated genes of ZM4. Based on the
enrichment results, these 516 genes were mainly distributed in meta-
bolism, transporter, and tRNA synthesis, while amino acid metabolism
contains the largest gene number of 139 (Fig. S1). The number of genes
in iZM516 was also 8% larger than that in iZM4_478 without genes from
native plasmids. Based on the gene number comparisons, 380 genes
were all included in iZM516, iZM4_478, and iHN446. However, there are
60 unique genes in iZM516, 27 unique genes in iZM4 478, and 28
unique genes in iHN446, respectively (Fig. S2). The reactions associated
with these unique genes in iZM4_478 or iHN446 are either already
presented in iZM516 but associated with other genes, or uncertain
whether they exist but not affect biomass synthesis. Therefore, these
genes were not introduced into iZM516.

3.2. Biolog Phenotype Microarrays experiments and data correction

Biolog Phenotype Microarrays (PMs) experiments were employed to
evaluate and confirm the metabolic capabilities of Z. mobilis. The
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Table 2

Comparisons of genome-scale metabolic models of Z. mobilis.
Model iZM516 iZM4_478 iHN446 iEM439 iZM363 ZmoMBEL601
Strain ZM4 ZM4 ZM4 ZM1 ZM4 ZM4
SBML file * + + + - - -
Compartment 3 3 2 2 2 2
Genes 516 478 446 439 363 348
Plasmid genes 6 0 4 0 0 0
Reactions 1389 857 859 692 747 601
Metabolites 1437 799 894 658 704 579
Year 2022 2020 2020 2016 2011 2010
Ref. This study [44] [23] [46] [21] [20]

2 4+ SBML file available, - SBML file not available.

phenotype plates of carbon sources (PM1, PM2A), nitrogen sources
(PM3B), phosphorus sources (PM4 A1-E12), and sulfur sources (PM4
F1-H12) were measured in the PM system to determine the utilization of
different C, N, P, and S related substrates as the sole source. The 2
replicate of Biolog’s PMs experiments data have high consistency with
R? value of 0.96 (Fig. $3). For quantitative analysis, the max-height data
of each well based on the average value of 2 replicates were used to
compare with those of the control wells. If the value of test well was 1.5
times higher than that of the control well, the substrate was considered
as responsive to Z. mobilis. The results showed that Z. mobilis responded
to 91 substrates including 13 Carbon, 19 Nitrogen, 43 Phosphorus, and
16 Sulfur substrates (Table S2), which was consistent with the previous
report [36]. All responsive substrates were simulated using the draft
model as the sole carbon, nitrogen, or sulfur sources and some of which

A. PM1, C Sources

were included in iZM516 by adding the corresponding transport
reactions.

Wild-type Z. mobilis ZM4 can only utilize glucose, fructose, and su-
crose as sole carbon sources, and cannot use pentoses such as xylose and
arabinose. In both PM1 and PM2A plates, Z. mobilis not only responded
to glucose and fructose, but also responded to xylose, arabinose, and
other carbon sources weakly as shown in the kinetic curves (Fig. 1),
which is consistent with a previous study [36]. In addition, sucrose
(PM1_D11) in PM1 plate had no response, which is also consistent with a
previous study that no response was observed even at high initial cell
concentrations, and the previous study indicated that sucrose may
subject to strong catabolite repression in the PM system [36]. The weak
response to pentose carbon sources and no response to sucrose may be
related to the mechanism of the PM system or unknown redox reaction

B. PM2A, C Sources

. L-Arabinose | l l ! I T I - . [ |
,  D-Xylose D-Arabinose |, Z-Deoxy-]?-Rlbo =
B T R 5 \
_D-Ribose v
c - 3
5 £ = 5 _ 5-Keto-D-Gluconic
/ ~ D-Glucosamine Lo
D-Fructose | D-Glucose P [ | \*
I | | |
¢ L-Lyxose | r Dihydroxy
g N " Acetone -y
L — B N B B B
C.PM3B, N Sources - D. PM4A, P & S Sources
A ] ITH‘I4I -+ L-Asn v L'?lu i
s - W asa
" [ — LGh :
c i c
i I e ] sl P
0 Ethanotamine 5
| - : = = T e
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Fig. 1. Biolog Phenotype Microarrays profiling of Z. mobilis under different carbon (A, B), nitrogen (C), phosphorus and sulfur (D) sources. Each plate contains A-H
rows and 01-12 columns, and the detail substrate information of each cell can be found in Table S2. L-Asn: 1.-Asparagine; L-Asp: 1.-Aspartic Acid; L-Cys: 1-Cysteine; L-
Glu: 1-Glutamic Acid; L-Met: .-Methionine; Ala-GIn-L: L-Alanyl-glutamine; Gly-GIn-L: L-glycyl-glutamine. The blue font in the graph indicates the substrate in the cell.

501



Y. Wu et al.

of Z. mobilis.

It was reported that Z. mobilis can utilize NHj, glutamic acid,
glutamine, aspartate, and asparagine as nitrogen sources [36]. iZM516
can utilize more than 10 different nitrogen sources including NHj,
asparagine, cysteine, glutamic acid, serine, ethanolamine, adenosine,
and some peptides (Table S2). The result of PM4A phenotype plates
(A1-E12) indicated that Z. mobilis can utilize 39 phosphorus sources
except for pyrophosphate and tripolyphosphate (Fig. 1, Table S2), which
is consistent with the previous study too [36]. iZM516 simulation
showed that 12 substrates can be used as the sole phosphorus source
when used the sink reaction (Table S2). The result of PM4A phenotype
plate (F1-H12) showed that 16 substrates can be the sole sulfur source
(Fig. 1, Table S2). Shake flask experiments confirmed that sulfate,
thiosulfate, cysteine, and methionine can be utilized as the sole sulfur
source for Z. mobilis [47]. Correspondingly, the transport and exchange
reactions were added to the model.

Furthermore, total 379 substrates were used to compare the different
substrate utilization capabilities of iZM516 and iZM4_478. The results
suggested that iZM516 has an agreement of 79.4% (17 true positives and
284 true negatives) with experimental data, which is higher than that of
76.5% obtained by iZM4_478, especially in true positive results (Fig. 2,
Table S2). As for the remaining 74 false negative results with unknown
encoding genes and pathways, no reactions were added into iZM516 to
predict growth. Optimization will be updated accordingly in the future
studies.

3.3. Model evaluation by MEMOTE and cell growth validation

MEMOTE is a set of standardized metabolic model tests, which
evaluates the metabolic model from multiple perspectives, and the
resultant score could help identify the possible problems to improve the
quality of the model [38]. Among the published models with simulation
ready format files, only iZM4 478 can be tested by MEMOTE, and
iHN446 cannot be tested by MEMOTE with unknown reason. According
to MEMOTE scoring (Fig. 3A and B), the standardized score of iZM516
(91%, Supplementary file 3) was higher than that of iZM4_478 (80%,
Supplementary file 4). The accuracy of the mass and charge balance is
better than 99% for both models, while only a few reactions in macro-
molecular synthesis were imbalanced. This demonstrated the compre-
hensiveness of iZM516 for subsequent simulations.

As mentioned above, wild-type Z. mobilis can only utilize glucose,
fructose, and sucrose. The growth rate of Z. mobilis in minimal medium
(MM) is 0.13-0.45 h™!, and the maximum uptake rate of glucose can be
60 mmol~gDW’1~h’1 [48]. When FBA was performed to evaluate the
accuracy of iZM516 and the glucose uptake rate was set from 0 to 70
mmol-gDW~1-h~!, the simulation results showed that the simulated
specific growth and ethanol productivities of iZM516 and iZM4_478

A Biolog Experiments
Growth No Growth

£
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were both consistent with experimental data (Fig. 3C and D) from
literature reports [39,48,49]. The relevant analysis codes are provided
in the Supplementary file 5.

3.4. Exploration of succinate biosynthesis pathway in Z. mobilis

Succinate is an important platform chemical for the synthesis of
numerous chemical products, such as 1,4-butanediol, tetrahydrofuran,
and bio-polyesters. It was experimentally confirmed that Z. mobilis can
produce succinate under anaerobic condition [50,51], but the exact
succinate synthetic pathway in wild-type Z. mobilis was not illustrated
completely yet although the incomplete TCA cycle in Z. mobilis lacking
two key genes encoding 2-oxoglutarate dehydrogenase complex
(SucAB) and malate dehydrogenase (Mdh) could be used for succinate
biosynthesis [40]. Previous research proposed that succinate was syn-
thesized via the fumarate reduction reaction with the succinate pre-
cursor converted from pyruvate through malic enzyme (MaeA) (Fig. 4A)
[20,50,52]. However, the [6-'3C] and [1-'3C] labelled fluxes analysis
results exhibited that PEP was the predominant anaplerotic source of
carbon for TCA [39], which suggested that succinate was not synthe-
sized from pyruvate naturally in Z mobilis (Fig. 4A). The 13C labelled
fluxes analysis also indicated that succinate was not produced from
a-ketoglutarate via oxidative TCA cycle with the truncated TCA cycle,
which suggested that there must exist substitutional pathway for suc-
cinate production in Z. mobilis.

Using the genome-scale model iZM516, in silico analysis was per-
formed to simulate anaerobic succinate production in Z. mobilis. Taking
both the biomass synthesis and succinate production into consideration,
the glucose uptake rate was set as 40 mmol/gDW/h, the biomass growth
rate was set as 0.1 h™!, then the maximization of succinate production
was set as the objective function. The pFBA result suggested that suc-
cinate production in Z. mobilis may go through a complicated pathway
(Fig. 4A). The flux starts from phosphoenolpyruvate (Pep) to oxaloace-
tate (Oaa) by a phosphoenolpyruvate carboxylase (ZMO1_ZM01496,
Ppc), which is then converted to aspartate (Asp) through an amino-
transferase. Subsequently, Asp is catalyzed to fumarate (Fum) by
different routes, which is finally reduced to succinate (Succ) through
dihydroorotate dehydrogenase (ZMO1_ZMOO0120) (Fig. 4A). Due to the
complicated network for succinate generation, the simulation yield of
succinate was pretty low at 0.03 mol Succ/mol glucose (0.017 g/g
glucose) in wild-type Z. mobilis with ethanol or lactate as the primary
products. This result is partially consistent with the 3C fluxes analysis
result that aspartate was produced from PEP and then to succinate [39].
However, simulation using iZM4_478, succinate was produced from Akg
through the reaction of OXGDC (akg_c + h_c <> co2_c + sucsal_c) with
GPR correlation gene of ZMO0687, which does not catalyze this reaction
with the annotation of acetolactate synthase large subunit. Thus, the
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Fig. 2. Comparisons of in silico simulation and Biolog Phenotype Microarrays results of iZM516 (A) and iZM4_478 (B) for the utilization of various
substrates. True positive and true negative means that the in silico simulation results were same as the in vivo experiments, while false positive means the substrate
can be used in simulation but cannot be used in vivo. False negative is in contrast with false positive.
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succinate synthesis pathway in iZM4_478 may not be correct.

To confirm that genes involved in the complicated succinate
biosynthesis pathway in iZM516 were truly expressed in vivo, the tran-
scriptional expression levels of these genes under different conditions
were analyzed using the one-stop database ZymOmics (http://zymom
ics.cn/), which suggested that these genes were indeed expressed with
low to middle level under different conditions (Fig. 4B). Meanwhile,
compared with natural and engineered succinate producers, the
pathway used for succinate synthesis in wild-type Z. mobilis is compli-
cated and inefficient, and metabolic engineering strategies are needed to
introduce heterologous pathways into Z. mobilis for efficient succinate
biosynthesis.

3.5. Simulation of succinate production at high yield in Z. mobilis using
iZM516

To the best of our knowledge, the maximum yield of succinate syn-
thesis pathway was from the reductive branch of the TCA cycle (redTCA)
with 1.71 mol/mol theoretical yield, which was from Pep to Oaa, then
followed by the malate reduced pathway [53]. Based on above analyses,
the related genes (mdh and frd) and reactions (rxn00248 and rxn00284)
within redTCA were introduced into iZM516 to explore the optimal
succinate production pathway. Meanwhile, other genes from literature
for succinate production were also introduced into iZM516, such as pck,
sucAB in oxTCA and pfk in Embden-Meyerhof-Parnas (EMP) pathway to
enhance the precursor supply. The simulation results suggested that the
introduction of only one key gene into Z. mobilis cannot improve suc-
cinate production significantly (Fig. 5A), therefore the combination
simulation strategies were conducted (Fig. 5A).

In the succinate synthesis pathway, two important precursors are Pep
and pyruvate. Therefore, enhancing the fluxes from Pep or pyruvate to
redTCA is an effective strategy to improve the succinate production. For
example, the fluxes can be enhanced from Pep into redTCA by intro-
ducing Pck, Mdh combining with the downstream reaction of “Fum +
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NADH - > Succ + NAD™ catalyzed by fumarate reductase (Frd). In this
way, the yield of succinate was able to achieve 0.98 mol/mol (Fig. 5A),
which can also be achieved with the same yield by introducing MaeA
and Frd. When the redTCA and oxTCA pathways were combined to
improve precursors in different strategies, the yield of succinate can be
achieved to 1.14-1.18 mol/mol. However, the native ED pathway in
Z. mobilis usually produces one mol Pep and two mol pyruvate from one
mol glucose. Therefore, if the native ED pathway is used for succinate
production, the key enzyme MaeA will not only compete NADH with
ethanol generation pathway, but also fixes one mol CO2 in each reaction.
The simulation result exhibited that the succinate yield could reach 84%
of theoretical yield to 1.68 mol/mol coupling with CO; fixation (Fig. 5SA
and B).

In other way, the succinate yield can be enhanced to 1.47 mol/mol
with the combination of redTCA and oxTCA fluxes by supplying the
precursor Pep using EMP pathway through the introduction of pfk gene.
If CO2 was supplied infinitely to meet the maximum CO fixation by Pck,
the yield can be further improved 15% up to 1.68 mol/mol (Fig. 5A and
C), which was consisted with 83.3% from the redTCA and 16.7% from
the oxTCA. Above simulation thus suggested that the strategy to
combine redTCA and oxTCA with CO,, fixation is effective for succinate
production in Z. mobilis, either using ED pathway or EMP pathway. Since
succinate production under anaerobic condition has economic advan-
tages, the in-silico simulation using industrial microorganisms such as
Z. mobilis can provide guidance on designing metabolic pathways and
microbial cell factories for succinate production under anaerobic
conditions.

3.6. Exploration of 1,4-butanediol biosynthesis strategy in Z. mobilis
using iZM516

1,4-Butanediol (1,4-BDO) is another platform chemical used for
numerous applications. There has no natural microorganisms for 1,4-
BDO production, and it is majorly produced by recombinant
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microorganisms by introducing artificial biosynthesis pathways [54].
The pathway proposed by Kim et al. through biopathway prediction
algorithms had high 1,4-BDO yield compared with other published
pathways [54,55]. Since 1,4-BDO is the downstream product of succi-
nate or Akg from TCA cycle, which was defined as BDO-succ (the pre-
cursor is from succinate) and BDO-akg (the precursor is from
2-oxoglutarate) pathway in this study, the production of 1,4-BDO was
further simulated based on the succinate results using iZM516 to help
design and construct the metabolic pathways for 1,4-BDO production in
Z. mobilis.

The simulation results suggested that the yield of 1,4-BDO was low if
introducing either BDO-succ or BDO-akg 1,4-BDO production pathway
only. The complicated biosynthesis pathway of succinate in wild-type
Z. mobilis resulted in low yield of 1,4-BDO using BDO-succ pathway
(Fig. 4A and 6). To optimize the production of 1,4-BDO, different
combination strategies were tested using iZM516 for efficient precursor
supply or redox balance (Fig. 6). Through introducing Pck into BDO-akg
pathway to enhance Oaa and energy supply, the 1,4-BDO yield was
improved 88% compared with introducing BDO-akg pathway only.
When combining Mdh and Frd as well as Pck or MaeA into the two

504

pathways respectively, the yield was increased as expected because of
the precursor enrichment, but the yield was limited to 0.54-0.56 mol
(1,4-BDO)/mol (glucose). The modeling result demonstrated that the
BDO-succ pathway consumes NADPH, while BDO-akg pathway pro-
duces NADPH (Fig. 6). Therefore, two pathways were combined with
each route contributing 50% fluxes for redox balance during the simu-
lation, the optimal yield can then be achieved to 0.79 mol (1,4-BDO)/
mol (glucose) that is as high as the yield reported before [56]. It is worth
noting that the optimal pathway to synthesize 1,4-BDO was not based on
the highest succinate production pathway due to the imbalance of
cofactor, energy, and biomass, which indicated that in silico simulation is
beneficial before carrying out experiments.

3.7. Comparisons of succinate and 1,4-BDO production simulated with
the models of Z. mobilis and E. coli

Since the model species E. coli is the most studied prokaryotic chassis
cell for biochemical production and has been successfully engineered to
produce succinate and 1,4-BDO, the complete GEM iML1515 of E. coli
[6] was used to compare the yields of succinate and 1,4-BDO with
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Z. mobilis. While E. coli naturally harbors the succinate synthesis
pathway, no heterologous gene was introduced into the model iML1515.
The simulation results suggested that the maximum yield of succinate
can be achieved to 1.68 mol/mol with cell growth rate set as 0.1 h™!
under anaerobic condition, which is as high as the optimal yield in
Z. mobilis (Table 3), and was higher than that of 1.5 mol/mol for the
previous recombinant strain [57]. When the 1,4-BDO synthesis pathway
was introduced into iML1515, 0.99 mol/mol 1,4-BDO will be produced
in E. coli, which was higher than that of 0.79 mol/mol in Z. mobilis
(Table 3).

By comparing metabolic pathways, we found that the primary
byproduct acetate was utilized in E. coli, which shed light on enhancing
1,4-BDO yield in Z. mobilis. Therefore, the pathway that recycling ace-
tate to generate acetyl-CoA by ATP: acetate phosphotransferase (AckA)
and acetyl-CoA: phosphate acetyltransferase (Pta) was introduced into
iZM516. As a result, the yield of 1,4-BDO can be increased to 1.07 mol/
mol in Z. mobilis (Table 3), which was higher than that of E. coli due to
the lower ATP maintenance requirement of Z. mobilis. It should be noted
that the reaction of converting acetate to acetyl-phosphate by AckA was
an ATP consuming reaction. Thus, it is necessary to complete EMP
pathway in Z. mobilis to supply more ATP, which was confirmed by
simulation using iZM516.

Although the E. coli was successfully engineered to produce succinate
[57] and 1,4-BDO [55], there still has the space to enhance the yield

Table 3
Comparisons of succinate and 1,4-butanediol (1,4-BDO) production using
genome-scale metabolic models of Z. mobilis and E. coli.

Model Chassis Succinate 1,4-BDO (Acetate 1,4-BDO (Acetate
cell (mol/mol) not recycle) (mol/ recycle) (mol/
mol) mol)
iZM516 Z. mobilis 1.68 0.79 1.07
iML1515  E. coli 1.68 0.79 0.99
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based on the simulation. Compared with E. coli, Z. mobilis has the same
yield of succinate and higher optimal yield of 1,4-BDO when acetate
recycle was applied under anaerobic condition. Since Z. mobilis possesses
industrial characteristics such as anaerobic fermentation at a broad
range of pH and temperature conditions, few byproducts, free of phage
infection, and robustness against lignocellulosic inhibitors [40], it will
be an excellent chassis cell to be developed as microbial cell factories for
the industrial-scale production of lignocellulosic biofuels and
biochemicals.

Meanwhile, our results also exhibited that the in silico modeling and
analysis is an effective approach to evaluate the design of metabolic
pathways and microbial cell factories before experimentation, which is
not only important for model microorganisms such as E. coli with
tremendous amount of experimental data and comprehensive databases,
but also vital for those non-model microorganisms with specific indus-
trial characteristics such as Z. mobilis in this study [58]. Therefore,
high-quality GEMs and comprehensive strain specific databases are
necessary to reduce the time and cost associated with the classical
trial-and-error research approach, and lay the foundation to facilitate
the construction of digital cells in the future.

4. Conclusion

In this work, a high-quality GEM iZM516 of Z. mobilis ZM4 was
constructed based on the improved genomic information, experimental
datasets of Biolog Phenotype Microarrays, databases, and literature re-
ports. The model iZM516 contains 1389 reactions, 1437 metabolites,
516 genes, and 3 cell compartments, and has the highest MEMOTE
evaluation score 91% among all published models of Z. mobilis. Based on
iZM516, the native succinate synthesis pathway in Z. mobilis was
examined and proposed, and the potential of Z. mobilis to produce suc-
cinate and 1,4-BDO with high yield under anaerobic condition was then
evaluated using iZM516. The modeling results suggested that 1.68 mol/
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mol succinate and 1.07 mol/mol 1,4-BDO can be achieved through
metabolic engineering in Z. mobilis. Therefore, this high-quality genome-
scale metabolic model iZM516 of Z. mobilis developed in this study not
only offers a new tool to expend the product spectrum using Z. mobilis as
the chassis cell, but also provides a guidance on developing high-quality
GEMs to facilitate the rational design of metabolic pathways and mi-
crobial cell factories using non-model industrial microorganisms. This
study provided a theoretical analysis for different products, and the
experimental validation is needed in the future work.
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