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The Stoichiometric matrix in GEM
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Components in a GEM

Transcript IDs  Proteins (UniProt ID) Genes (symbol)
GO Terms P06744 GPI
Orthologs

2nd matrix

n/a Gene vs. Reaction

P09467, O00757 FBP1, FBP2
P04075, P05062, P09972 ALDOA, ALDOB, ALDOC

Chemical formula

Charge

InChl code P60174 TPI1 \ external IDs
Other IDs AN

Name
KEGG ID Compartment Name Symbol r1 r2 r3 4 r5 IDs

C00668 cytosol [c] glucose 6-phosphate G6P -1 0 O O O

C00085 cytosol [c] fructose 6-phosphate F6P 1 -1 1 0 O

C00354 cytosol [c] fructose-1,6-bisphosphate FBP 0 1 -1 -1 O

C00111 cytosol [C] dihydroxyacetone phosphate DHAP 0 O 0 1 -1

C00118 cytosol [C] glyceraldehyde 3-phosphate G3P 0 0 0 1 1




Gene-Protein-Reaction rules (GPR rules)

enzyme complex GPR Rules enable more

accurate simulation of gene
ﬁ\ é inactivation/knock-out

sosymes | | Knockout | Effect |
GPR Rule: GPR Rule: E1 none
E1orE2 E3a and E3b

E2 none

% a E1+E2 A inactive
\\\J// \\\ E3a rB inactive
I

C C C C E3b rB inactive
A

rB E3a+E3b  rBinactive




Flux Balance Analysis (FBA)

FBA seeks to calculate the reaction fluxes (v)
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FBA using a GEM

r.
— GEP The optimization objective
Mbiomass usually is to maximize flux
r1 e
l biomass through an artificial
F6P “biomass” reaction, or to
maximize production of
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FBA currently has limited use for multicellular organisms.



GEM reconstruction and curation



THERAVEN RAVEN: a toolbox for metabolic network
TOOLBOX?2 . .
de novo reconstruction and curation

4 A wide range of biological pathway databases R

Template models @METACYCN K cc HMR database ’
\§ J
HMMs & BLAST tINIT algorithm s ~N
(I E ™\ Model simulation
mport/Export v
4 GEMs R V3
Matlab
RAVEN rl r2 ... ri
1 0 .. 0) ml ,
COBRA . {-1 2 . 0] m2 1
XML C:> I .
0 1 .. 1 mj
SBML FBCv2
S-v=0
SBML level2
\ _
YAML ! !
Excel sheet
\_ ) { COBRA toolbox ]

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



Human1 generation
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Sci Signal. 2020 13:eaaz1482



Metabolic Atlas
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& SysBioChalmers / Human-GEM ' public

<> Code

© lIssues 22

¥ main ~

0D OB OREPE R BE ®»

1

¥ 3 branches

1 Pull requests 1

© 38 tags

Hao-Chalmers chore: new version

.deprecated
.github

code

data

model
.gitattributes
.gitignore
.standard-GEM.md
LICENSE.md
README.md

version.txt

README.md

Humani1 on GitHub and

® Unwatch ~+ 13 % Unstar 40
) Discussions (® Actions [ Projects 1 07 wiki © Security |~ Insights 83 Settings
Gotofile  Addfile~ About @

8580072 29 days ago ‘O 1,473 commits

chore: rename occurrences of master to main 2 months ago

Merge branch 'develop' into fix/merge_dup_mets last month
Human 1.9 29 days ago
feat: add deprecated metabolite info to tsv file last month
chore: new version 29 days ago

feat: use .gitattributes settings for line endings 2 months ago

Merge branch 'devel' into rxnAssoc 4 years ago

chore: rename occurrences of master to main 2 months ago

fix: replace MIT license with CC-BY 4 years ago
chore: new version 29 days ago
chore: new version 29 days ago

Ve

Human-GEM: The generic genome-scale metabolic model
of Homo sapiens

DOI 10.5281/zenodo.5186414

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

The generic genome-scale metabolic
model of Homo sapiens

@ sysbiochalmers.github.io/human-ge...

human-metabolism

genome-scale-models standard-gem

0 Readme

&5 CC-BY-4.0 License

Releases 38
© Human 1.9.0
29 days ago

+ 37 releases

Contributors 9

F@QOX" ¢
e

Languages

® MATLAB 98.1% ® Python 1.9%

% Fork

15

August 12,2021

Zenodo

[Sotovre L open scess

SysBioChalmers/Human-GEM: Human 1.9.0

Hao Wang; Jonathan Robinson; Mihail Anton; Cholley Pierre-Etienne; Pinar Kocabas; PkiwiBird; pecholley; Jorge Ferreira;
Pranas Grigaitis

o Style (PR #294):
o add and reformat citations in README
Fixes (PR #292):
o replace deprecated Ensembl gene ids with updated ones, as reported in #278
o update genes.tsv annotation file using script fetch_ensembl_gene_annotations
Features (PR #291):
o adjust sanityCheck script to enable the detection of reusing deprecated MA ids, as discussed in #265
Fixes (PR #290):
o fix the ATP hydrolysis stoichiometry in biomass equation MAR13082 , as reported in #289.
Fixes (PR #287):
o refactor fetch_ensembl_gene_annotations.py script to allow retrieving annotations with empty gene
symbols or ENSP D, and to show the replacement Ensembl IDs for deprecated ones, as proposed in #278
Features (PR #286):
o introduces a GH Action for testing the yaml conversion with testYamlConversion .
Fixes (PR #285):
o fix: merge duplicated long-chain fatty acyl-CoA mets, as reported in #268, #269
Style (PR #284):
o rename default branch ( master —> main) as discussed in #226
o change default branch names in repo documents and code
Fixes (PR #283):
o remove cytosolic protons from reaction in other subcellular compartments, as detailed in #282
= revise MAR@5259 by replacing proton with lysosomal version
= remove MAR04758 that is duplicate to MAR01044
= remove MAR01459 that is duplicate to MAR@2041 , whose proton is replaced with the mitochondrial
version
Fixes (PR #281):
o excluded gene ENSG00000197375 from MAR02590 (carnitine shuttle), due to lack of evidence (#279)
Style (PR #275):
o add .gitattributes file to ensure consistent LF line endings as discussed in #264
Features (PR #274):
o add rxnNotes field to Human-GEM, as planned in #272
o adjust importYaml/exportYaml functions to enable handling of rxnNotes field

https://doi.org/10.5281/zen0d0.4099692



GEM curation on GitHub

[— Ongoing updates
Databases = & dissemination

Ongoing transparent curation

/ Change logs &
+/= transparency Human1

2 User feedback

Literature Ir.

Active mainenance
Other models i-ﬁ':' and improvement

rTrack changes N
name: ammonia
—-formula: NH4
-charge: +1

Branches

 Git is a distributed version-control system

« Support collaborative work

« Easy tracking of changes and resolving conflicts
« Branching and merging

name: ammonia
+formula: NH3
+charge: 0

a Update maps )

» GitHub is a webserver hosting git-based repositories

* Manage git operations by web browsing

* Issues: report bugs, request features Releases
« Branch management (master, devel, feature/fix)

« Making pull requests (PR) for merging branch

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



Issue-guided curations on GitHub

Gene association has been identified for a mitochondrial
transporter #7109
avlant opened this issue on May 9 - 5 comments

E avlant commented on May 9 Collaborator  +@) ***

Description of the issue:

A mitochondrial amino acid transporter (ENSG00000164466) has recently been id: ied [1]. It
transports serine and alanine, and should therefore be associated with HMR_5113 ¢ iMR_5114.

[1] PubMed: 30442778, https://www.uniprot.org/uniprot/Q9H9B4

Expected feature/value/output:

HMR_5113 m01307c -> m01307m 0.00 1000.00 0.00 ENSG00000164466
HMR_5114 m02896¢ -> m02896m 0.00 1000.00 0.00 ENSG00000164466

& 1

© E Hao-Chalmers added the 'enhancement label on May 9

§ § E Hao-Chalmers self-assigned this on May 9

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



Discussion ...

ps
ﬁ Hao-Chalmers commented on May 9 « edited ~ Member +@) °*

@avlant thanks for providing the literature that reveals newly identified mitochondrial transporter
SFXN1 (ENSG00000164466) for serine.

Here are some questions regarding the proposed changes:

1. In addition to SFXN1, its homolog SFXN3 (ENSG00000107819) was shown with equivalent
function and can compensate to SFXN1 loss. Would it be okay to have both as isoenzymes:
ENSG00000164466 or ENSGO0000107819 ?

2. The other substrate alanine (m01307) was speculated from in invtro analysis without concrete
evidence. Based on this particular citation, should we leave out the change to HMR_5113?

‘E avlant commented on May 16 Author  Collaborator +(@) =+
-

@Hao-Chalmers. | relied on the UniProt annotation "Also able to transport other amino-acids, such as
alanine (PubMed:30442778)." [1]. But if alanine transport is speculative, then it is probably better to

leave it out.

[1] https://www.uniprot.org/uniprot/Q9H9B4

F
ﬁ Hao-Chalmers commented on May 16 « edited ~ Member +@) -

@avlant one option to distinguish the varied evidence level is by assigning them with different
confidenceScore inthe model, such as using 4 (direct biochemical evidence) for HMR_5114 and 2

(indirect evidence) for HMR_5113.

Below is the SFXN3 UniProt annotation that is same to SFXN1 , it also points to the same reference
(PubMed:30442778).

https://www.uniprot.org/uniprot/Q9BWM7

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



Implementation

Hao-Chalmers added a commit that referenced this issue on May 20

F feat: add new gene associations according to #109 d3fadd3

Hao-Chalmers added a commit that referenced this issue on Jun 11

P chore: update humanGEM.mat and humanGEM.yml - 59104eb

This update is implemented by running command:
"updateGrRules('associateMitoImporter_20190520.tsv', 7, 3, true);’

- 2 newly identified amino acid importers are added for 2 transport reactions, to
address #109

- the corresponding reference and confidence scores are also updated, together with the
relevant gene and protein fields

® Hao-Chalmers referenced this issue on Jun 12

Human v1.1.0 #121 } Merged

@ § Hao-Chalmers closed this on Jun 13

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



Intertwined and recursive curation tasks

Curation tasks m Pull requests ‘

Rxn/Met Rxn/Met association/annotation #1, #2, #4, #5, #6
Gene/Rxn Gene and grRules curation #7, #15, #68 #8, #9, #12, #24, #32, #51, #83, #84 8
Gene/Rxn/Met Recon3D integration #17 1
Standardize model fields #19, #39, #76, #95 4
Rxn/Met Migrate toward a binary-free mode  #27, #71, #75  #79 1
Gene/Rxn/Met |nner mitochondrial compartment #42 1
Rxn/Met Pseudoreactions #28 #72, #90 2
Rxn/Met \15ss/energy leak #33 #62, #69 2
Rxn/Met Removal of duplicated reactions #43, #44 #19, #35, #42, #72 4
Gene/Rxn Incorporation enzyme complexes #29, #89 #17, #19, #32, #84 4
Gene/Rxn Reaction confidence/reference #48 #52 2
Rxn/Met [ e #49 #58, #60  #16, #21, #23, #30, #52, #81 4
Gene/Rxn/Met g s\ stems consolidation #50 #56 1
Rxn/Met reactions #63 #76 1
Gene/Rxn/Met \ap-related curation #87 #66 1

IA
I‘

\ 4

Biology |« Git(Hub)




Yaml-based curation workflow

A rich collection of published file formats

@@ w |

/
@ Qe & cxbrapy

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)

'\

Human-GEM is
published and
distributed as:

GEM Reproducibility and FAIR-ness FOA%

nteroperable | {eusable




SBML (.xml)

<2xml version="1.0" encoding="UTF-8"?>
<sbml xmins="http://www..sbml.org/sbmi/level3/version1/core” xmins:fbc="http://ww1
: ttp:/fwww.sbml, 1/groupsiversiont” level="3"

bl 3/version ion2"
"Version="1" fbc:required="alse" groups:required="false">
<model metaid="HumanGEM" id="HumanGEM" name="Generic genome-scale metabolic model of Homo sapiens" fbc:strict="true">
<notes>
<body xmins="http://www.w3.0rg/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 xmins:rdf="http w3.0rg df-syntax-ns#” ="http://pur " xmins:vCard="http://www.w3.0rg/2001/vcard-rdf/3.04"
xmins:vCardd="http://www.w " iol= jology-qualifiers/” : = i
<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>
<Idcterms:created>
<dcterms:modified rdf:parseType="Resource">
<dcterms:W3CDTF>2020-10-17T18:13:32Z</dcterms:W3CDTF>
</dcterms:modified>
<babiol:is>
<rdf:Bag>

/>

<rdfi r
</rdf:Bag>
</bgbiol:is>

</rdf:Description>
</rdf:RDF>
</annotation>
<listOfUnitDefinitions>

<unitDefinition id="mmol_per_gDW_per_hr">
<listOfUnits>

econd” exponen
</listOfUnits>
<funitDefinition>
</listOfUnitDefinitions>
<listOfCompartments>
<compariment metaid="s" sboTerm:"SBo-oooozgo"

="1" constant="true"/>
‘Lysosome” spatialDimensions="3" sizo="1" constant="true"/>

liculum" spatialDir size 1" constant="true"/>
Golgi apparalus spatialDimension: rue/>
Nucleus" spatialDimension: i
:_i" name="Inner mitochondria” spatialDimension:

u
" size="1" conslanl-"(me"l>

</listofCompartments>
<listOfSpecies>
<species metaid="M_m00001c" sboTer

'SBO:0000247" it
boundaryCondition="false" constant="false" fbc:charge:
<annotation>

"M_m00001c" name="(-)-ti veol” "c” initialCe "0" hasO Jnits="false"
'0" foc:chemicalFormula="C10H160">

SdfRDF xmins:rdf="hitp://www.w3.org # : s="http://purl. " xmins:vCard="http://www.w3.0rg/2001/vcard:rdf/3. 04"
xmins:vCard4="http:/A qualifiers/” : = tmodel-qualifiers/">
<rdf:Description rdf:about="¢M_m00001c">
<bgbiokis>
<rdf:Bag>

rdf.resource="http://i orglbigg i />
“http://identifiers.org/kegg.compound/C00964" />
"http://identifiers.org/chebi/CHEBI: 15389"/>

35"/>

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

Why Yaml file?

YAML (.yml)

llomap

- metaData:
short_name: "Human-GEM"
full_name: "Generic genome-scale metabolic model of Homo sapiens”
version: "1.5.0"

date: "2020-10-1

authors: “Jonathan Robinson, Hao Wang, Pierre-Etienne Cholley, Pinar Kocabas”
email: "jonrob@chalmers.se"

organization: "Chalmers University of Technology"

taxonomy: "9606"

ithub: :/lgi i -G

Jescription: “Ganome- 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 s to serve as a community model for enabling integrative and
mechanistic studies of human metabolism."
- metabolites:

- name: "(-)-trans-carveol"
- compartment: "c"

- formula: "C10H160"

- charge: 0
- inchis: ™

- metFrom: "HMRdatabase”

- name: "(-)-trans-carveol"
- compartment: "s"

With complete information

- id: "m00002¢"
- name: "(+)-alpha-pinene”
- compartment: "c"

No special tags/characters

- formula: "C10H16"

- charge: 0

- inchis: ™

- metFrom: "HMRdatabase”
- llomap

.
Line-based
- name: "(10Z)-heptadecenoic acid"

- compartment: "c"
- formula: "C17H3102"
- charge: -1

- inchis:
- metFrom: "HMRdatabase”

i = Supported by RAVEN/Cobra

- formula: "C17H3102"

- metFrom: "HMRdatabase"

- name: "(10Z)-heptadecenoic acid"
- compartment: "r"

- formula: "C17H3102"



|__release | #nms | #mets | #genes | date | _Pullrequest

v0.1.0
v0.2.0
v0.3.0
v0.3.1
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v0.4.1
v0.4.2
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v0.5.2
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v0.8.0
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v0.8.2
v0.8.3
v1.0.0-B8
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10111

3705
4022
4069
4071
4071
4071
4071
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3949
3949
3949
3949
3949
3949
3949
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3919
3627
3627
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3627
3627
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3628
3628

2018-08-24
2018-09-05
2018-09-18
2018-09-22
2018-10-01
2018-10-06
2018-10-12
2018-10-16
2018-10-19
2018-10-28
2018-11-11
2018-11-26
2018-12-15
2019-01-24
2019-02-01
2019-02-08
2019-02-21
2019-02-26
2019-03-12
2019-04-03
2019-04-19
2019-05-17
2019-06-13
2019-09-12
2019-10-12

#17
#19, #20
#23, #24
#30
#32, #32, #35
#39
#42
#51, #52
#56
#59, #62
#66, #69
#72
#76
#79
#81
#84
#83
#90, #91
#95, #96
#103, #105
#108, #110, #111
#113, #116, #120
#122, #123, #133
#125, #132

Human-GEM

101 issues

203 pull requests
40 releases

23 contributors
41 “like”

15 forks



Human-GEM is open-curated by research community
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Generation of model animal GEMs

A Template GEM |dentify orthologs Ortholog-GEM C Animal GEMs
T FTe
3:::::%......1 ¢ Z@ Mouse1
ole
- ) G Mus musculus
_> .
......... eJ I ﬂl Rat1
""""" - e L Rattus norvegicus
Human1
= Reaction ® Metabolite @Gene Human Model animal m T
Species-specific O | Zebrafishf
B P P GitHub Danio rerio
Retrieve metabolic networks for model animals network 52*1
4 Fruitfiy1
THE RAVEN > .
TOOLBOX 2 —ao — Drosophila melanogaster
*——0 o0—0 - Worm-'
A Caenorhabditis elegans

Literature, databases, other GEMs

PNAS. 2021 118:2102344118



GEM Applications



GEM as an integrative tool
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GEM-derived gene sets
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Subsystem gene sets

Arginine and proline metabolism

ABHD14A-ACY1 ACY1 AGMAT ALDH18A1 ALDH1B1 ALDH2 ALDH3A2 ALDH4A1

ALDH7A1 ALDHB8A1 ALDHO9A1 AMD1 AOC1 AOC2 AOC3 ARG1 ARG2 AZIN2
CA5A CA5B CARNS1 CKB CKM CKMT1A CKMT1B CKMT2 CNDP1 CNDP2 DAO

DHPS FAR1 FAR2 GAMT GOT1 GOT2 HOGA1 LEFTY1 MAOA MAOB MTAP

Beta oxidation of phytanic acid

ACAA1 ACOT2 ACOT4 ACOX1 ACOX3 ACSBG1 ACSBG2 ACSL1 ACSL3 ACSL4

ACSL5 ACSL6 AMACR ECI ECI2 EHHADH HACL1 HADHA

HSD17B84 KRTAP11-1

MEIKIN MYO5B PHYH SLC27A2

Bile acid biosynthesis

ABCB11 ABCCT1 ABCC3 ABCD1 ACAA1 ACAA2 ACOT1 ACOT2 ACOT4 ACOT6
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Reporter metabolite gene set
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Omics data resources
&) GTEXPortal

Home Bl Datasets~ X Expression~ & QTLs & Browsers~ & Sample Data~

THE CANCER GENOME ATLAS

National Cancer Institute
National Human Genome Research Institute

HUMAN PROTEIN ATLAS*

=MENU  HELP  NEWS

Tissue Sampling Sites

This page provides a visual representation of the biospecimen source sites (BSSs) for th

Primary Site

Cases by Primary Site

Project Disease Type Gender

Vital Status

collection of tissue from postmortem/organ procurement cases for the Genotype-Tissue

Expression (GTEX) project.

SEARCH!

The full documentation on tissue collection procedures can be found on the GTEx Tissu

Harvesting Work Instruction [

Minor Salivary Gland

e.9.ACE2, GFAP, EGFR

Cortex / Frontal Cortex (BA9)
Anterior cingulate cortex (BA24)
Caudate (basal ganglia)
Putamen (pasal ganglia)
Nucleus accumbens (basal gang
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Recent news

Fallopian Tube Colon - Transverse
Ovary Colon - Sigmoid Wed, 28 Jul 2021
Uterus Bladder Asingle cell type map of human
Skin - Not Sun Exposed (Suprapubic) Prostate tissues
Cenvix - Enrocervix Testis Thu, 22 Jul 2021
Cervix - Ectocervix i . i
Ahole Blood Movie of the month: The Fatty Liver

Vagina

Skin - Sun Exposed (Lower leg)
Cells - Cultured fibroblasts
Adipose - Subcutaneous
Muscle - Skeletal

Croatiod by Maska Kahe and tha GTEx Portal s

Cells - EBV-Iranslofmed lymphocytes The Ce” Cycle
‘ g pendent Proteome
, Transcriptome

Tue, 15 Jun 2021
Movie of the month: The Spleen

all news articles



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

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

GEM type
Data source Generic Tissue/Cancer-specific
tissue/ : aggregate of multiple C Ll h
cancer palients tissue or cancer types T'_.n.-.ji q

| CTn
® i) § }

& ’III'W-- | }

Compare model
structure & function

»

it
¥z%

-

Y
RNA-Seq data Human-GEM tINIT
* TCGA
= 33 tumor types
» 23 paired-normal tissue types
*GTEX

» 30 healthy tissue types



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

A Structural comparison C Subsystem coverage: Liver E Subsystem coverage: Blood
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Generation and analysis of human cell-line ecGEMs
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GEM validation using gene essentiality analysis

A Model generation RNA-Seq  Cell-specific GEMs Essential gene prediction Experimental validation
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Comparison, evaluation, and validation of animal GEMs
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Studying AD mouse models using GEMs

171
A Transgenic AD mice and wild type controls with paired time points datasets
Wild type . S 24
mice . .
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tSNE dim2

Application of Mouse1 in studying AD mouse models

C Structural compalison tissue/cell-type specific GEMs
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D Reporter metabolite analysis
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Integrative analysis of reporter metabolite gene sets with Mousef

A APPPS1 GSE110741 Hippo. M 10mo

- — Upregulation of lysosomal
activities is revealed by
integrative analysis RNA-seq
data from all three APP
overexpression mouse models

C APP23 GSE80465 Forebrain M 18m
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Validation of upregulated lysosomal degradation pathways
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Validation using human CSF samples

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.
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ELISA quantification showed elevated CstD in blood samples of AD patients

Cross-sectional Cathepsin D
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AC, Normal control; AD, Alzheimer disease;
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FTD, frontotemporal dementia;

AP, preclinical AD
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ATLAS BB Human-cev

O Fruitfly-GEM 1.1.0
Drosophila melanogaster

12072 reactions - 8164 metabolites - 2048 genes

O Rat-GEM1.2.0
Rattus norvegicus

13102 reactions - 8408 metabolites - 3499 genes

https://metabolicatlas.org/

Q Explore GEM s~  Resources Documentation

Explore the integrated models

1. Select a model:

& Human-GEM1.8.0
Homo sapiens

13417 reactions - 4164 metabolites - 3625 genes

0O Worm-GEM1.1.0
Caenorhabditis elegans

12169 reactions - 8158 metabolites - 1946 genes

O Zebrafish-GEM 1.1.0
Danio rerio

12956 reactions - 8384 metabolites - 3228 genes

0O Mouse-GEM1.2.0
Mus musculus

13094 reactions - 8404 metabolites - 3510 genes

O Yeast-GEM 8.4.2
Saccharomyces cerevisiae

3991 reactions - 1331 metabolites - 1149 genes
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