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Abstract. Lactobacillus acidophilus is a probiotic lactic acid bacterium used in
food and dietary supplements for many years. However, despite its importance
for industrial development and recognized health-promoting effects, no genome-
scale metabolic model has been reported. A GSM model for L. acidophilus La-14
was developed, accounting 494 genes and 783 reactions. A genome annotation
was performed to identify the metabolic potential of the bacterium. The biomass
composition was determined based on information available in literature and pre-
viously published models. The model was validated by comparing in silico simu-
lations with experimental data, regarding the aerobic and anaerobic growth. The
reconstruction of the metabolic model has confirmed the fastidious requirements
of L. acidophilus for amino acids, fatty acids, and vitamins. This model can be used
for a better understanding of the metabolism of this bacterium and identification
of industrially desirable compounds.
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1 Introduction

Genome-scale metabolic (GSM) models and constraint-based modeling are increasingly
important tools in systems biology. These models contain all known metabolites, reac-
tions, and pathways of a target organism, allowing to look at the cell from a global
perspective. Hence, the metabolic mechanisms that lead to the final phenotype can be
better understood, accelerating the industrial development of biological processes and
decreasing not only the costs but also the time required for this kind of exploration
[1]. The reconstruction of GSM models involves four major steps: genome annotation,
metabolic network assembly and curation, conversion of the network into a stoichio-
metric model, and model validation [2]. Due to the complexity and time required for
this process, it is highly recommended the utilization of a user-friendly tool designed for
this purpose, like Metabolic Models Reconstruction Using Genome-Scale Information
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(merlin) [3], or others [4]. Moreover, biological online databases and primary literature
provide valuable information regarding genome sequences, enzymes, transport proteins,
and metabolic pathways.

Lactic acid bacteria (LAB) is a heterogeneous group of gram-positive bacteria that
produce lactic acid as the main product of fermentation processes. These bacteria can be
classified in homofermentative, facultative heterofermentative, and heterofermentative.
In homofermentative LAB, lactic acid is the unique fermentation by-product, while het-
erofermentative organisms produce ethanol and/or acetate besides lactic acid. Facultative
heterofermentative can present a homofermentative or heterofermentative metabolism
depending on the environmental conditions [5].

Lactobacillus acidophilus is a homofermentative LAB used by the food industry in
products like yogurt, sweet acidophilus milk, and cheese [6]. This organism uses glycoly-
sis to ferment hexoses, producing L and D-lactic acid in a racemic mixture [7]. In 2013,
the complete genome sequence of the L. acidophilus La-14 strain was published [8].
Several health-promoting properties have been reported, including oxalate-degradation
capability [9], and beneficial contribution to the immune system [10], in addition to the
ordinary cooperation to prevent and treat gastrointestinal disorders found in other L.
acidophilus strains.

This work aimed at obtaining a high-quality GSM model for L. acidophilus La-14,
allowing to improve the knowledge of the metabolism of this bacterium.

2 Results and Discussion

2.1 Biomass Composition

The biomass equation includes nine different entities (Table 1) representing the complex
macromolecules found in L. acidophilus.

Table 1. Biomass composition of L. acidophilus.

Macromolecule L. acidophilus L. lactis L. plantarum Reference
La-14 MG1363 WCEFS1
Protein 0.288 0.460 0.261 [11)/merlin
DNA 0.019 0.023 0.019 [11]/merlin
RNA 0.090 0.107 0.090 [11)/merlin
Lipid 0.063 0.034 0.063 [11-13]
Peptidoglycan 0.145 0.118 0.145 [11, 14]
Exopolysaccharides | 0.119 0.120 0.099 [11, 15]
Wall Teichoic acids | 0.138 - 0.138 [11, 12]
Lipoteichoic acids | 0.080 0.080 0.410 [16, 17]
Cofactors 0.058 0.058 - [17, 18)/merlin




Towards the Reconstruction of the Genome-Scale Metabolic Model 207

Lactobacilli present a low protein content (around 30% of the biomass) when com-
paring to other gram-positive bacteria [11, 12]. The 28.8% inferred from the L. plantarum
model agrees with this. The DNA, RNA, and protein composition were determined with
the BiomassX [19] tool, available in merlin. The remaining macromolecule contents were
determined according to experimental data [20-26]. The growth-associated maintenance
(GAM) energy requirement was defined as 27.4 mmol gDW !, whereas the non-growth
associated maintenance (NGAM) energy requirement was adjusted to 1.50 mmol h™!
gDW— L

2.2 Carbohydrate Uptake

The pathways used by L. acidophilus for the degradation of carbohydrates (glucose,
fructose, galactose, lactose, and sucrose) were analyzed accounting in silico simulations
and available information. Figure 1 shows a reconstruction of these pathways.
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Fig. 1. Pathway reconstruction of the metabolism of carbohydrates in L. acidophilus. The
uptake of sucrose, fructose, and glucose is made through the phosphotransferase system (PTS)
(red). An ABC system for the uptake of fructose is presented in yellow. Galactose and lac-
tose enter the cell through a permease (blue). The EC numbers have the following correspon-
dence: 2.7.1.2 — glucokinase; 2.7.1.4 — fructokinase; 2.7.1.6 — galactokinase; 2.7.1.56 — 1-
phosphofructokinase; 2.7.7.9 — UTP-glucose-1-phosphate uridylyltransferase; 2.7.7.10 — UTP-
hexose-1-phosphate uridylyltransferase; 2.7.7.12 — UTP-hexose-1-phosphate uridylyltransferase;
3.2.1.23 — B-galactosidase; 3.2.1.26 — B-fructofuranosidase; 5.1.3.2 — UDP-glucose 4-epimerase;
5.3.1.9 — glucose-6-phosphate isomerase; 5.4.2.2 — phosphoglucomutase.

The glucose uptake through the PTS allows this sugar to enter the cell as glucose 6-
phosphate, which is mainly directed to glycolysis. However, a minor amount is converted
to UDP-glucose, required for the synthesis of exopolysaccharides and wall teichoic acids.
The sucrose uptake is also performed through the PTS. The B-fructofuranosidase activity
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allows the degradation of sucrose 6-phosphate to glucose 6-phosphate and fructose. The
PTS is the main transport system responsible for the uptake of exogenous fructose, form-
ing fructose 1-phosphate, which is phosphorylated to fructose 1, 6-bisphosphate. In L.
lactis, part of the fructose 1, 6- bisphosphate is hydrolyzed to fructose 6-phosphate, which
is used for the formation of UDP-glucose. However, fructose-bisphosphatase appears to
be absent in the genome of L. acidophilus. Hence, fructose required for biomass may
enter the cell through a mechanism other than the PTS. In in silico simulations, fruc-
tose required for biomass production enters the cell through an ABC system and is then
phosphorylated to fructose 6-phosphate.

Lactose and galactose are both assimilated through symport with H*. Lactose is
degraded into glucose and galactose by a B-galactosidase. Glucose enters in the EMB
pathway, while galactose follows the Leloir pathway.

2.3 Model Validation

The in silico growthrate (0.81 h~!)and the uptake rate for carbon sources (16.4 mmol h!
gDW™ 1) was defined according to available experimental data [27]. Soska [28] obtained
an identical growth rate (0.83 h™!), using a similar Chemically Defined Media (CDM)
(with the addition of L-asparagine), though not measuring, the glucose consumption
rate. The in silico ratio between the lactic acid production and glucose consumption is
in agreement with literature (1.8 moljactate/molglucose) [29].

L. acidophilus achieves optimal growth in anaerobic and microaerophilic conditions,
even though most strains are aerotolerant. The lower growth rate in aerobic conditions
has been associated with the damage caused by reactive oxygen species to biomolecules
like proteins and lipids [30]. In anaerobic conditions, L. acidophilus requires acetate for
growth [31], which was also observed in L. lactis and L. johnsonii [31, 32]. In these
species, the activity of acetate kinase allows the phosphorylation of acetate, generating
acetyl-phosphate, which can be converted to acetyl-CoA by phosphate acetyltransferase.
The production of acetyl-CoA through this pathway is essential since genes encoding
pyruvate dehydrogenase and pyruvate formate lyase are absent in the L. acidophilus
genome. In L. johnsonii, the requirement for acetate can be replaced by oxygen, due to
the activity of pyruvate oxidase (POX) [31].

The rerouting of pyruvate through this pathway allows the production of additional
ATP, while NAD™ is regenerated either by NADH oxidase and NADH peroxidase. In sil-
ico simulations in aerobic conditions predict the production of acetate through the POX
pathway and a higher growth rate. Nevertheless, L. acidophilus is obligatory homofer-
mentative and does not produce acetate, even if oxygen is available [33, 34]. To access
the in silico requirement for acetate production, Flux Variability Analysis (FVA) were
performed in anaerobic and aerobic conditions (Table 2).

In anaerobic conditions, acetate is consumed while lactate production is mandatory.
In these conditions, lactate (originated from pyruvate) is the only by-product, and the
lactate dehydrogenase activity assures the regeneration of NAD*. In aerobic conditions,
the production of lactate, acetate or ethanol is not required to achieve the defined growth
rate. No information was found explaining why L. acidophilus does not produce acetate
in these conditions. In L. johnsonii, the flux through pyruvate oxidase is limited but
sufficient to eliminate the requirement for acetate, without producing this compound [31].
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Table 2. Minimum and maximum fluxes of acetate, lactate, and ethanol determined through FVA
simulations in aerobic (oxygen uptake unconstrained) and anaerobic conditions. In both conditions,

the growth rate was limited to 0.81 hL.

Aerobic Anaerobic
Compound Minimum flux Maximal flux Minimum flux Maximal flux
Acetate —-0.27 —0.26 0 47.68
Lactate 29.88 29.89 0 29.67
Ethanol 0 0.001 0 4.98

Hence, POX may be used by L. acidophilus and L. johnsonii just to provide acetyl-CoA,
and not for acetate production.

2.4 Model Summary

GSM models for six LAB species are available at the moment, in which L. plantarum,
L. casei, and L. lactis are the most closely related species to L. acidophilus. An overview
of the available metabolic models for these species is presented in Table 3.

Table 3. Overview of the GSM models of five lactic acid bacteria.

L. acidophilus La-14 L. acidophilus NCFM L. plantarum WCFS1 L. lactis MG1363 L. casei LC2W

Genes 494 540 721 518 846
Gene coverage (%) 26.3 29.0 235 19.9 277
Total Reactions 783 1460 762 754 969
Internal reactions 541 923 413 530 604
Transport reactions 122 132 118 119 227
Exchange reactions 120 405 113 105 139
Metabolites 682 1120 658 650 785
Internal 562 715 549 551

Y
External 120 405 113 105

T
Unique metabolites 572 1009 554 552 604
Compartments (c,e) (c,e) (c,e) (c,e) (c,p,e)

*data not available; c: cytoplasm; e: extracellular space; p: periplasm.

The GSM model contains 494 genes, which corresponds to 26.3% of the total genes
in the genome of L. acidophilus La-14. This percentage is slightly higher than in L.
plantarum and L. lactis.

In general, the number of genes, reactions, and metabolites in the metabolic model
is higher than the respective ones in the L. plantarum and L. lactis models. This may be
associated with a more restrictive reconstruction approach in these GSM models. In the
L. casei LC2W model, an additional compartment (periplasm) was included, which is
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unusual in GSM models of gram-positive bacteria. The number of internal and exchange
reactions available in the AGORA model [35] is surprisingly high, which might be a
result of the semi-automatic reconstruction and lack of manual curation. In fact, this
model includes the fatty acid biosynthetic pathway regardless of the absence of the
genes required for this pathway.

3 Materials and Methods

The L. acidophilus La-14 genome sequence was retrieved from the GenBank [36]
repository, with the accession number CP005926 (assembly ID ASM38967v2).

3.1 Tools and Online Resources

Merlin was used to support the reconstruction of the GSM model. This tool provides a
user-friendly graphical interface, allowing to perform several steps of this process semi-
automatically. Through all stages, the GSM model reconstruction process was supported
by information available in different online databases.

3.2 Genome Annotation

Enzymes annotation was performed using SamPler [37], a tool included in merlin that
allows obtaining a semi-automatic annotation. Similarity searches were performed using
Basic Local Alignment Search Tool (BLAST) [38] against Swiss-Prot and UniProtKB
[39] in March 2018, setting an e-value threshold of 10730,

3.3 Network Assembly and Curation

A draft network was assembled by integrating the enzymes annotation and loading
KEGG’s [40] metabolic. The reactions stoichiometry was corrected using biological
databases to retrieve information on metabolites formula and reaction stoichiometry.

The correction of the reversibility of reactions was performed automatically using
the tool available in merlin for this purpose, setting the Ma and Zeng [41] database as
the data source. Through the reconstruction process, the reversibility and direction of
some reactions were manually corrected, which was performed by analyzing informa-
tion available in online databases. The sub-cellular protein location was obtained using
PSORTDb 3.0 [42]. Transport reactions were automatically obtained using TranSyT, a
tool available in merlin. Nevertheless, additional transport reactions were added if nec-
essary. In that case, the TCDB [43], BiGG [44], and TransportDB 2.0 [45] databases
were used to retrieve information for substrates, mechanisms, and genes associated with
each transport reaction.
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3.4 Conversion of the Network into a Stoichiometric Model

The complex macromolecules included in the biomass equation were inferred from
the Lactobacillus plantarum WCFS1 model. The content of each macromolecule and
respective precursors was determined using three different sources: experimental data,
GSM models of closely related organisms, and merlin.

The GAM energy requirement was determined using information retrieved from the
GSM model of L. plantarum WCFS1. The NGAM energy requirement was adjusted to
experimental data by plotting the growth rate vs ATP maintenance value.

3.5 Validation of the Metabolic Model

The model validation stage was performed using Optflux v3.4.0 [46] for simulation and
analysis of the metabolic model, followed by comparison with experimental data and
literature. A CDM was defined according with Morishita et al. [47]. The uptake rate
of all compounds included in the CDM was left unconstrained, except for the carbon
source (glucose or other) whose uptake was settled as 16.4 mmol h=! gDW~!. In silico
simulations in anaerobiosis were performed by constraining the lower bound of the
oxygen exchange reaction to zero, while aerobiosis was defined by unconstraining the
oxygen uptake.

In silico simulations were performed using Parsimonious Flux Balance Analysis
(pFBA) [48, 49] maximizing the biomass production, by setting the biomass reaction as
the objective function. To assess the growth rate, rich medium was used for comparison
and adjustment to experimental data, in anaerobic conditions.
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