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• What is a genome-scale metabolic models (GEM)

• Human-GEM generation and curation

• Animal GEMs

• GEM applications

• Metabolic Atlas

• A coherent and evolving platform for translational medicine
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The Stoichiometric matrix in GEM
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n/a

P06744

P09467, O00757

P04075, P05062, P09972

P60174

Transcript IDs
GO Terms
Orthologs
…

2nd matrix
Gene vs. Reaction



Gene-Protein-Reaction rules (GPR rules)

GPR Rule:
E1 or E2

E1E2

isozymes

GPR Rule:
E3a and E3b

E3a
E3b

E3

enzyme complex GPR Rules enable more 
accurate simulation of gene 
inactivation/knock-out

Knockout Effect

E1 none

E2 none

E1 + E2 rA inactive

E3a rB inactive

E3b rB inactive

E3a + E3b rB inactiverA rB



Flux Balance Analysis (FBA)
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FBA seeks to calculate the reaction fluxes (v) 
of a network with a steady state assumption, 
where metabolite concentrations remain the 
same with respect to time
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biomass

rbiomass
The optimization objective 
usually is to maximize flux 
through an artificial 
“biomass” reaction, or to 
maximize production of 
ATP.

FBA using a GEM
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FBA currently has limited use for multicellular organisms.



GEM reconstruction and curation



RAVEN: a toolbox for metabolic network 
de novo reconstruction and curation

A wide range of biological pathway databases

HMR databaseTemplate models

HMMs & BLAST tINIT algorithm

Import/Export
GEMs

Model simulation

COBRA toolbox

Matlab

RAVEN

COBRA

XML

SBML FBCv2

SBML level2

YAML 

Excel sheet

FBA

FSEOF

PLOS Comp. Biol.. 2018 76:3097-3105https://github.com/SysBioChalmers/RAVEN
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3D Viewer

GEM Browser DIO2 Interaction Partners

Fig. 2

Metabolic Atlas

https://metabolicatlas.org/



Human1 on GitHub and Zenodo

https://github.com/SysBioChalmers/Human-GEM https://doi.org/10.5281/zenodo.4099692



GEM curation on GitHub

• Git is a distributed version-control system
• Support collaborative work
• Easy tracking of changes and resolving conflicts
• Branching and merging

• GitHub is a webserver hosting git-based repositories
• Manage git operations by web browsing
• Issues: report bugs, request features
• Branch management (master, devel, feature/fix)
• Making pull requests (PR) for merging branch

Branches

https://github.com/SysBioChalmers/Human-GEM

Releases



Issue-guided curations on GitHub

https://github.com/SysBioChalmers/Human-GEM/issues/109



Discussion …

https://github.com/SysBioChalmers/Human-GEM/issues/109



Implementation

https://github.com/SysBioChalmers/Human-GEM/issues/109



Intertwined and recursive curation tasks

Biology Git(Hub)

Rxn/Met
Gene/Rxn

Gene/Rxn/Met

Rxn/Met
Gene/Rxn/Met

Rxn/Met
Rxn/Met

Rxn/Met

Gene/Rxn
Gene/Rxn
Rxn/Met

Gene/Rxn/Met

Rxn/Met

Gene/Rxn/Met



GEM Reproducibility and FAIR-ness

Human-GEM is 
published and 
distributed as: 

These files are either hard to track changes (xlsx and mat files are 
binary) or difficult to have visible history (txt is incomplete and xml 
is overwhelmed with attribute tags)

Yaml-based curation workflow

A rich collection of published file formats



Why Yaml file?

<?xml version="1.0" encoding="UTF-8"?>
<sbml xmlns="http://www.sbml.org/sbml/level3/version1/core" xmlns:fbc="http://www.sbml.org/sbml/level3/version1/fbc/version2"
xmlns:groups="http://www.sbml.org/sbml/level3/version1/groups/version1" level="3" version="1" fbc:required="false" groups:required="false">

<model metaid="HumanGEM" id="HumanGEM" name="Generic genome-scale metabolic model of Homo sapiens" fbc:strict="true">
<notes>

<body xmlns="http://www.w3.org/1999/xhtml">
<p>Genome-scale metabolic models are valuable tools to study metabolism and provide a scaffold for the integrative analysis of omics data. This is the latest version of Human-

GEM, which is a genome-scale metabolic model of a generic human cell. The objective of Human-GEM is to serve as a community model for enabling integrative and mechanistic 
studies of human metabolism.</p>

</body>
</notes>
<annotation>

<rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:vCard="http://www.w3.org/2001/vcard-rdf/3.0#" 
xmlns:vCard4="http://www.w3.org/2006/vcard/ns#" xmlns:bqbiol="http://biomodels.net/biology-qualifiers/" xmlns:bqmodel="http://biomodels.net/model-qualifiers/">

<rdf:Description rdf:about="#HumanGEM">
<dcterms:creator>

<rdf:Bag/>
</dcterms:creator>
<dcterms:created rdf:parseType="Resource">

<dcterms:W3CDTF>2020-10-17T18:13:32Z</dcterms:W3CDTF>
</dcterms:created>
<dcterms:modified rdf:parseType="Resource">

<dcterms:W3CDTF>2020-10-17T18:13:32Z</dcterms:W3CDTF>
</dcterms:modified>
<bqbiol:is>

<rdf:Bag>
<rdf:li rdf:resource="http://identifiers.org/taxonomy/9606"/>

</rdf:Bag>
</bqbiol:is>

</rdf:Description>
</rdf:RDF>

</annotation>
<listOfUnitDefinitions>

<unitDefinition id="mmol_per_gDW_per_hr">
<listOfUnits>

<unit kind="mole" exponent="1" scale="-3" multiplier="1"/>
<unit kind="gram" exponent="-1" scale="0" multiplier="1"/>
<unit kind="second" exponent="-1" scale="0" multiplier="3600"/>

</listOfUnits>
</unitDefinition>

</listOfUnitDefinitions>
<listOfCompartments>

<compartment metaid="s" sboTerm="SBO:0000290" id="s" name="Extracellular" spatialDimensions="3" size="1" constant="true"/>
<compartment metaid="p" sboTerm="SBO:0000290" id="p" name="Peroxisome" spatialDimensions="3" size="1" constant="true"/>
<compartment metaid="m" sboTerm="SBO:0000290" id="m" name="Mitochondria" spatialDimensions="3" size="1" constant="true"/>
<compartment metaid="c" sboTerm="SBO:0000290" id="c" name="Cytosol" spatialDimensions="3" size="1" constant="true"/>
<compartment metaid="l" sboTerm="SBO:0000290" id="l" name="Lysosome" spatialDimensions="3" size="1" constant="true"/>
<compartment metaid="r" sboTerm="SBO:0000290" id="r" name="Endoplasmic reticulum" spatialDimensions="3" size="1" constant="true"/>
<compartment metaid="g" sboTerm="SBO:0000290" id="g" name="Golgi apparatus" spatialDimensions="3" size="1" constant="true"/>
<compartment metaid="n" sboTerm="SBO:0000290" id="n" name="Nucleus" spatialDimensions="3" size="1" constant="true"/>
<compartment metaid="c_i" sboTerm="SBO:0000290" id="c_i" name="Inner mitochondria" spatialDimensions="3" size="1" constant="true"/>

</listOfCompartments>
<listOfSpecies>

<species metaid="M_m00001c" sboTerm="SBO:0000247" id="M_m00001c" name="(-)-trans-carveol" compartment="c" initialConcentration="0" hasOnlySubstanceUnits="false" 
boundaryCondition="false" constant="false" fbc:charge="0" fbc:chemicalFormula="C10H16O">

<annotation>
<rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#" xmlns:dcterms="http://purl.org/dc/terms/" xmlns:vCard="http://www.w3.org/2001/vcard-rdf/3.0#" 

xmlns:vCard4="http://www.w3.org/2006/vcard/ns#" xmlns:bqbiol="http://biomodels.net/biology-qualifiers/" xmlns:bqmodel="http://biomodels.net/model-qualifiers/">
<rdf:Description rdf:about="#M_m00001c">

<bqbiol:is>
<rdf:Bag>

<rdf:li rdf:resource="http://identifiers.org/bigg.metabolite/carveol"/>
<rdf:li rdf:resource="http://identifiers.org/kegg.compound/C00964"/>
<rdf:li rdf:resource="http://identifiers.org/chebi/CHEBI:15389"/>
<rdf:li rdf:resource="http://identifiers.org/metanetx.chemical/MNXM45735"/>

</rdf:Bag>
</bqbiol:is>

</rdf:Description>
</rdf:RDF>

SBML (.xml)
---
!!omap
- metaData:

short_name: "Human-GEM"
full_name: "Generic genome-scale metabolic model of Homo sapiens"
version: "1.5.0"
date: "2020-10-17"
authors: "Jonathan Robinson, Hao Wang, Pierre-Etienne Cholley, Pinar Kocabas"
email: "jonrob@chalmers.se"
organization: "Chalmers University of Technology"
taxonomy: "9606"
github: "https://github.com/SysBioChalmers/Human-GEM"
description: "Genome-scale metabolic models are valuable tools to study metabolism and provide a scaffold for the integrative analysis of omics data. This is the latest version of 

Human-GEM, which is a genome-scale metabolic model of a generic human cell. The objective of Human-GEM is to serve as a community model for enabling integrative and 
mechanistic studies of human metabolism."
- metabolites:

- !!omap
- id: "m00001c"
- name: "(-)-trans-carveol"
- compartment: "c"
- formula: "C10H16O"
- charge: 0
- inchis: ""
- metFrom: "HMRdatabase"

- !!omap
- id: "m00001s"
- name: "(-)-trans-carveol"
- compartment: "s"
- formula: "C10H16O"
- charge: 0
- inchis: ""
- metFrom: "HMRdatabase"

- !!omap
- id: "m00002c"
- name: "(+)-alpha-pinene"
- compartment: "c"
- formula: "C10H16"
- charge: 0
- inchis: ""
- metFrom: "HMRdatabase"

- !!omap
- id: "m00002s"
- name: "(+)-alpha-pinene"
- compartment: "s"
- formula: "C10H16"
- charge: 0
- inchis: ""
- metFrom: "HMRdatabase"

- !!omap
- id: "m00003c"
- name: "(10Z)-heptadecenoic acid"
- compartment: "c"
- formula: "C17H31O2"
- charge: -1
- inchis: ""
- metFrom: "HMRdatabase"

- !!omap
- id: "m00003l"
- name: "(10Z)-heptadecenoic acid"
- compartment: "l"
- formula: "C17H31O2"
- charge: -1
- inchis: ""
- metFrom: "HMRdatabase"

- !!omap
- id: "m00003r"
- name: "(10Z)-heptadecenoic acid"
- compartment: "r"
- formula: "C17H31O2"

YAML (.yml)

§ With complete information

§ No special tags/characters

§ Line-based

§ Supported by RAVEN/Cobra



release # rxns # mets # genes date Pull request

v0.1.0 8181 6006 3705 2018-08-24 #14

v0.2.0 14835 8884 4022 2018-09-05 #17

v0.3.0 13850 10082 4069 2018-09-18 #19, #20

v0.3.1 13848 10082 4071 2018-09-22 #23, #24

v0.4.0 13848 10131 4071 2018-10-01 #30

v0.4.1 13757 10131 4071 2018-10-06 #32, #32, #35

v0.4.2 13759 10131 4071 2018-10-12 #39

v0.5.0 13755 10131 4071 2018-10-16 #42

v0.5.1 13755 10131 3949 2018-10-19 #51, #52

v0.5.2 13755 10131 3949 2018-10-28 #56

v0.6.0 13519 10131 3949 2018-11-11 #59, #62

v0.6.1 13755 10131 3949 2018-11-26 #66, #69

v0.7.0 13748 10131 3949 2018-12-15 #72

v0.8.0 13774 10155 3949 2019-01-24 #76

v0.8.1 13774 10155 3949 2019-02-01 #79

v0.8.2 13774 10155 3949 2019-02-08 #81

v0.8.3 13774 10155 3919 2019-02-21 #84

v1.0.0-b 13774 10155 3627 2019-02-26 #83

v1.0.0 13520 10103 3627 2019-03-12 #90, #91

v1.0.1 13520 10103 3627 2019-04-03 #95, #96

v1.0.2 13520 10103 3627 2019-04-19 #103, #105

v1.0.3 13520 10103 3627 2019-05-17 #108, #110, #111

v1.1.0 13520 10103 3628 2019-06-13 #113, #116, #120

v1.1.1 13527 10111 3628 2019-09-12 #122, #123, #133

v1.1.2 13527 10111 3628 2019-10-12 #125, #132

• 101 issues

• 203 pull requests

• 40 releases

• 23 contributors

• 41 “like” 

• 15 forks

Human-GEM



Human-GEM is open-curated by research community



Wang H, et al., PNAS. 2021 118:e2102344118

Generation of model animal GEMs

PNAS. 2021 118:e2102344118



GEM Applications
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Arginine and proline metabolism

...

Beta oxidation of phytanic acid

...

Bile acid biosynthesis

...

Subsystem gene sets



Reporter metabolite gene set

Genes associated with 
D-tagatose-6-phosphate



Omics data resources



Generation of cell and tissue type GEMs (context-specific)

JL Robinson & J Nielsen. Curr Opin Syst Biol 2017

RNA-Seq data
• TCGA

§33 tumor types
§23 paired-normal tissue types

• GTEx
§30 healthy tissue types

Human-GEM tINIT

Compare model 
structure & function

Context-specific GEMs enables investigating healthy and disease 
tissue differences in the context of metabolism
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Fig. 3

Structural and functional comparison of 
cancer- and healthy tissue–specific GEMs

Science Signaling. 2020 13:eaaz1482



Generation and analysis of human cell-line ecGEMs



GEM validation using gene essentiality analysis



Wang H, et al., PNAS. 2021 118:e2102344118

Comparison, evaluation, and validation of animal GEMs

PNAS. 2021 118:e2102344118



11 
datasets

24 
timepoints

54
conditions

404
samples

Studying AD mouse models using GEMs

without Aβ 
plaque 
deposition

with Aβ 
plaque 
deposition



Application of Mouse1 in studying AD mouse models
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data from all three APP 
overexpression mouse models
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Validation of upregulated lysosomal degradation pathways
(A) Box plot shows the log2 fold changes 

(AD versus control) of the 10 genes 
(Gm2a, Hexa, Hexb, Ctsb, Ctsc, 
Ctsd, Ctsf, Ctss, Ctsz, Nme4) 
involved in GM2 ganglioside and 
peptide degradation. The samples 
from each mouse model are order by 
time and the onset of Aβ deposition in 
APP overexpression models are 
indicated by dashed red lines.

(B) Bar plot shows the number of 
significantly (p < 0.05) upregulated 
lysosomal degradation proteins (out of 
10) between AD and control at 
different time points in another 5 APP 
overexpression models. 

(C) Heatmaps show the fold changes of 
the lysosomal digestive enzymes at 
different time points from APP 
overexpression models: 5xFAD, 
ADLPAPPPS1 and ADLPAPT

4-5 month

Expression profiling of lysosomal degradation enzymes
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Re-analysis of data from: Alzheimers Res Ther. 2019 11:82

6 out of 17 lysosomal peptides 
were detected as significantly 
over-expressed in AD patient 
CSF samples, compared to 
those in CSF samples of 
healthy control. 

AD (19) vs. Control (24)
Peptides from the pilot study: 
CTSB_80-87 
CTSB_210-220
GM2A_89-96
GM2A_170-179

AD (36) vs. Control (44)
Peptides from clinical study II:
CTSD_55-72
CTSD_112-122
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ELISA quantification showed elevated CstD in blood samples of AD patients

AC, Normal control; AD, Alzheimer disease; 
FTC, frontotemporal normal control; 
FTD, frontotemporal dementia; 
AP, preclinical AD

n: 26             26             16             16 n: 20                    20                    20

Cross-sectional Longitudinal

Measured from the same patients 
both in AP (preclinical AD) and AD 
stages, with intervals either in  1 to 5 
years (n=7) or 6 to 10 years (n=13).

Neurology. 2015 85(1):40-7.
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