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ABSTRACT
Bifidobacterium longum subsp. longum JCM 1217 (= ATCC 15707; = DSM32940) is an important probiotic that is involved 
in human milk oligosaccharide metabolism, gut homeostasis and immune regulation. Despite its biological significance, 
no whole cell kinetic model has previously been developed for this strain. This study developed the first ab initio kinetic 
model for B. longum JCM 1217 using annotated genome and biochemical reaction information was obtained from National 
Center for Biotechnology Information (NCBI) and Kyoto Encyclopedia of Genes and Genomes (KEGG) respectively. The 
metabolic network was reconstructed using the AdvanceSyn Toolkit, wherein the model represented a system of ordinary 
differential equations (ODEs) which incorporated Michaelis-Menten kinetics together with transcription and translation 
rate laws. The final model consists of 753 enzymatic reactions, 327 enzymes and 731 metabolites and was successfully 
simulated, showing model validity and potential prediction of dynamic intracellular metabolism.
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Introduction
The genus Bifidobacterium comprises Gram-positive anaerobes 
with a bifurcated Y-shaped cellular morphology and are the earliest 
colonisers of the human gastrointestinal tract. Taxonomically 
classified within the phylum Actinomycetota, bifidobacteria are 
characterised with a high genomic G+C content (~60-67 mol%) 
and employ a bifid shunt yielding acetate and lactate as metabolic 
products. It confers a metabolic efficiency that surpasses the classic 
lactic acid bacteria [1]. Originally isolated from the human intestine, 
Bifidobacterium longum subsp. longum JCM 1217 (BLM) is a fully 
genome-sequenced type strain that is widely distributed across 

the human lifespan, colonising the neonatal gut and persisting in 
diminished proportions into adulthood [2]. Markedly, BLM utilises 
human milk oligosaccharides (HMOs), complex glycans derived 
from breast milk [3,4]. Protein engineering of lacto-N-biosidase, 
encoded by this strain, has enabled production of complex HMO 
derivatives; expanding HMO-derived infant formula portfolio and 
promising for glycan-based therapeutics [5]. 

Furthermore, the capacity of extracellular alpha-L-
arabinofuranosidase to degrade arabinoxylan and arabinan from 
cereal-derived plant cell wall expands the range of prebiotic 
substrates and reinforces its probiotic potential [6]. BLM also 
encodes a glucanotransferase whose action on potato starch 
produces a thermoreversible gel, relevant in food texture 
engineering [7]. BLM’s therapeutic relevance extends further via the 
production of endo-α-N-acetylgalactosaminidase (EngBF), which 
cleaves tumour-associated antigen from the surface of mucin-type 
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glycoproteins overexpressed in epithelial cancers, aiding in CAR-T 
cell therapy [8,9]. The same enzyme EngBF additionally catalyses 
transglycosylation of disaccharides into bioactive peptides, 
emphasising its role as a precision biocatalyst for glycopeptide 
synthesis [9]. Aside from its enzymatic significance, Fukuda et al. 
demonstrated that acetate production by BLM, upregulated host 
immunomodulatory genes leading to complete protection against 
enteropathogens [10]. Due to B. longum’s lack of endotoxin, its 
ability of mucosal adhesion, and high bio-compatibility, emerging 
research could highlight its potential as an oral vaccine and in situ 
secretion of therapeutic enzymes [11].

Despite the substantial biochemical and genome sequencing 
knowledge and genome-scale metabolic reconstructions for BLM, 
no kinetic mathematical model has been reported to date. Genome-
Scale Models (GSM) of type strains have clarified HMO utilisation 
pathways under steady state assumptions but are inherently unable 
to capture dynamic metabolic transitions [12,13]. However, Kinetic 
Models (KM) enable identification of rate limiting steps and control 
points that are generally not identified from stoichiometric models 
alone [14], resulting in predictive engineering that can evaluate 
gene knockouts or overexpression outcomes and test regulatory 
hypotheses in silico before experimental validation [15]. Hence, 
this study aims to construct a KM of B. longum JCM 1217 using 
ab initio approach by identifying enzymes from its annotated 
genome, and identifying the corresponding reaction from KEGG 
[16]. The result is a whole cell KM of B. longum JCM 1217, named 
as blmSHM26 using the nomenclature proposed by Cho and 
Ling [17], which consists of 731 metabolites, 327 enzymes with 
corresponding transcriptions and translations, and 753 enzymatic 
reactions.

Materials and Methods
Identification of Reactome
The reference genome of Bifidobacterium longum subsp. longum 
JCM 1217 was obtained from the NCBI GenBank database where 
it is archived under the assembly accession GCF_000196555.1 
(accession numbers AP010888 and NC_015067) [10]. The 
genome assembly was used as the primary reference to identify 
enzymatic genes focusing on complete Enzyme Commission (EC) 
number was mapped to its corresponding reaction identifier using 
the KEGG LIGAND database for enzyme nomenclature. For 
example, EC 1.1.1.23 catalyses reactions 401158, R01163, and 
R03012, wherein substrates and products of each reaction can be 
identified.

Model Development
The model was developed using the ODE formats described in 
Sim et al. [18]. To represent transcription and translation within 
the kinetic model, Escherichia coli was used as a reference 
organism, as its gene expression parameters have been extensively 
characterised and are available in the Bionumbers database. 
For transcription, E. coli contains approximately 3,000 RNA 
polymerase molecules per cell (BioNumbers 106199), of which 
~25% are transcriptionally active (BioNumbers 11676) [19], 

elongating at a rate of 22 nucleotides per second (BioNumbers 
104109) [20]. Given an average ribonucleotide mass of 339.5 
Da and the total mRNA synthesis per E. coli cell is estimated 
as 5,600 kDA per second, this corresponds to 9.3e-18 grams per 
second. Normalised to an E. coli cell volume of about 0.7 cubic 
micrometres [21] and 4,225 coding genes (BioNumbers 105443) 
[22], this yields an average transcription rate of 2.92 μM per 
protein-coding gene per second or 2.92e-03 mM. With an average 
mRNA lifetime of 1.79 minutes (107.56 seconds) (BioNumbers 
107666) [23], corresponding to a degradation rate constant of 
0.0093 per second (0.93% decay per second). Consequently, mRNA 
concentration was modelled as a first-order process: d[mRNA]/
dt = 0.00292 - 0.0093[mRNA]. Protein translation was modelled 
using a median rate of 1,000 peptides per mRNA transcript per 
hour (BioNumbers 106382) [24], equivalent to 0.278 peptides per 
mRNA transcript per second [25]. Protein degradation in E. coli 
was assumed to occur at approximately 1% per hour (BioNumbers 
109924) [26], corresponding to a degradation constant of 2.78e-06 
per second. Protein concentration was accordingly described by: 
d[Protein]/dt = 0.278[mRNA] - 2.78e-06[Protein]. The reactome 
as such was represented using ODEs [27] with enzyme parameters 
from Bar-Even et al.’s median survey [28] and formatted to meet 
AdvanceSyn Model Specification criteria [29]. 

Model Simulation
The constructed model was tested for simulatability using 
AdvanceSyn Toolkit [29]. Initial concentrations of all mRNA 
species and enzymes were set to 0 mM. Most metabolites 
concentrations were initialised at 1 mM. However, a subset of 
metabolites were assigned an initial concentration of 1000 mM to 
ensure their availability through the simulation: (i) water (C00001), 
(ii) ATP (C00002), (iii) NAD+ (C00003), (iv) NADH (C00004), (v) 
NADPH (C00005), (vi) NADP+ (C00006), (vii) ADP (C00008), 
(viii) Carbon dioxide (C00011), (ix) L-Glutamate (C00025), (x) 
D-Glucose (C00031 and C00092), (xi) Glycine (C00037), (xii) 
L-Alanine (C00041), (xiii) L-Lysine (C00047), (xiv) L-Aspartate 
(C00049), (xv) L-Arginine (C00062), (xvi) L-Glutamine (C00064), 
(xvii) L-Serine (C00065), (xviii) L-Methionine (C00073), 
(xix) L-Tryptophan (C00078), (xx) L-Phenylalanine (C00079), 
(xxi) L-Tyrosine (C00082), (xxii) L-Cysteine (C00097), (xxiii) 
L-Leucine (C00123), (xxiv) D-Alanine (C00133), (xxv) L-Histidine 
(C00135), (xxvi) L-Proline (C00148), (xxvii) L-Valine (C00183), 
(xxviii) L-Threonine (C00188), (xxix) D-Glutamate (C00217), 
(xxx) L-Isoleucine (C00407), (xxxi) D-Serine (C00740), and 
(xxxii) D-Glutamine (C00819). Model simulation was performed 
from time 0 to 3600 seconds time period to examine temporal 
changes in metabolite concentrations using fourth-order Runge-
Kutta method [30,31]. A simulation timestep of 0.1 seconds was 
employed, and metabolite concentrations were constrained to the 
0 millimolar to 1000 millimolar range throughout the simulate on. 
Simulation outputs were sampled at 2 second intervals.

Results and Discussion
Using the annotated genome of BLM, a kinetic model was 
developed from 2009 genes, where 1924 are protein-coding 
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genes. 1,050 EC numbers, which contained uniquely identifiable 
reactions, were associated with 753 enzymatic reactions, involving 
327 enzymes and 731 metabolites allowing development on the 
basis of specifications for AdvanceSyn Toolkit models [29]. 
Additionally, 654 ODEs acting as a placeholder for enzyme 
transcription and translation were added.
 
The successful execution of the model, as simulated via the 
AdvanceSyn Toolkit [29] (Figure 1), is validated against two 
criteria: the absence of syntax or compilation errors, which 
confirms the correct model construction, and the generation of 
simulation results, which confirms the model’s simulatability. The 
validation is further substantiated by the visual representation of 
fluctuations instead of flatlining within the graphs of simulated 
metabolite concentrations denoting a significant response to the 
presence of other metabolites (a network) rather than independent 
behaviour. As the simulation output is governed by median rather 
than enzyme-specific kinetic constants [31], these results are 

interpreted in line with the framing adopted in recent comparable 
models [32-36]. These form the foundation on which biologically 
representative parameters can be built. On this basis, the central 
achievement of this study is the establishment of a fully functioning 
whole-cell kinetic model for B. longum JCM 1217, a flexible 
template for future expansion by incorporating growth coupling, 
variable enzyme kinetics, and even as a system to explore resource 
allocation within the cellular environment [37-41]. 

Conclusion
The study presents the first ab initio whole cell kinetic model of 
Bifidobacterium longum subsp. longum JCM 1217 (blmSHM26), 
comprising 731 metabolites, 327 enzymes with transcriptions and 
translations, and 753 enzymatic reactions. 

Supplementary Materials
Reaction descriptions and model can be download from https://bit.
ly/blmSHM26. 

Figure 1: Full simulation results of selected metabolites against time. Panel A shows full simulation results (3600 
seconds) while Panel B zooms into 0 to 100 seconds.
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