
Assoc. Prof. Dr. Emma L. Schymanski
(plus many, many colleagues and collaborators!)
Environmental Cheminformatics Group, 
Luxembourg Centre for Systems Biomedicine, University of Luxembourg
Email: emma.schymanski@uni.lu and @ESchymanski
Web: https://wwwen.uni.lu/lcsb/research/environmental_cheminformatics/

10 January 2022 at 13:15 via Zoom
Slides available at DOI: 10.5281/zenodo.5831546

Kolloquium Wintersemester 2021 / 2022
Institut für Ökologie, Evolution und Diversität

Environmental Detective Work: 
Environmental Cheminformatics 
and the Exposome

Image mod. from DOI: 
10.1126/science.aay3164

. 

mailto:emma.schymanski@uni.lu
https://twitter.com/ESchymanski
https://wwwen.uni.lu/lcsb/research/environmental_cheminformatics/
https://uni-frankfurt.zoom.us/j/96336478283?pwd=QSttRFgxRy9Rd1c5ZkxzR1pudW9ZZz09
https://doi.org/10.5281/zenodo.5831546
http://science.sciencemag.org/content/367/6476/392


Outline of Today

• Introduction and Background 

• Identification & Chemical Space
– Identification + MetFrag
–PubChemLite for Exposomics

• Case Study: LuxPest

• Dark Matter and Transformations

• Take-home messages
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Luxembourg, LCSB and the University

• University of Luxembourg 
- founded in 2003

• Luxembourg Centre for 
Systems Biomedicine (LCSB) 

• - founded in 2009
Young & dynamic environment!
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Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. 

https://doi.org/10.1016/j.envint.2021.106885


Environmental Cheminformatics @ LCSB



… plus many National, European & International Collaborations!

Source: 
https://en.wikipedia.org/wiki/
File:EU-Luxembourg.svg

https://en.wikipedia.org/wiki/File:EU-Luxembourg.svg


Environmental Cheminformatics & HR-MS
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Environment … versus … The Exposome

DOI: 10.1158/1055-9965.EPI-05-0456; Miller & Jones (2014) DOI: 10.1093/toxsci/kft251; Landrigan et al (2018) DOI: 10.1016/S0140-6736(17)32345-0

• Christopher Wild (2005)

• Miller and Jones (2014) functionalized this to:

• (Under)estimated 16 % (9 million) deaths per year worldwide due to 
environmental pollution alone (Landrigan et al. 2018)

• Less than approx. 10 % of disease can be explained by genetic factors 
alone (Vermeulen et al. 2020 & refs within) 

“All exposures from conception onwards, including those 
from lifestyle, diet and the environment” 

“The cumulative measure of environmental influences and 
associated biological responses throughout the lifespan, 
including exposures from the environment, diet, behaviour
and endogenous processes”

Image c/o Lucie Debroux LCSB, modified from images by Utrecht Uni & Vermeulen et al. (2020). Science. DOI: 10.1126/science.aay3164. Wild (2005)

https://doi.org/10.1158/1055-9965.EPI-05-0456
https://doi.org/10.1093/toxsci/kft251
https://doi.org/10.1016/S0140-6736(17)32345-0
http://science.sciencemag.org/content/367/6476/392


The Exposome and Emerging Contaminants

Image c/o Lucie Debroux LCSB, modified from images by Utrecht Uni & Vermeulen et al. (2020). Science. DOI: 10.1126/science.aay3164. 

• Emerging contaminants are 
part of the exposome …

• But not the whole picture

• Research by necessity crosses 
environmental, biological, medical 
fields and beyond …

• “exposomics”

http://science.sciencemag.org/content/367/6476/392
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Environmental Cheminformatics, Exposomics & HR-MS

1 10 100 1000 10000    100K 1M 10M 100M     1B 10B unendless chemicals …. …. ….

Chromatogram: Schymanski et al. (2014) DOI: 10.1021/es4044374; Resource numbers updated Dec 2021.  
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http://pubs.acs.org/doi/abs/10.1021/es4044374


Environmental Cheminformatics, Exposomics, MS & Metabolites

1 10 100 1000 10000    100K 1M 10M 100M     1B 10B unendless chemicals …. …. ….

Chromatogram: Schymanski et al. (2014) DOI: 10.1021/es4044374; Resource numbers updated Dec 2021. BT numbers: Bolton et al 2021 in prep.

Sample
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AND connecting
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Samples

Chemical space

http://pubs.acs.org/doi/abs/10.1021/es4044374


Non-target High Resolution Mass Spectrometry (NT-HRMS)

AnalysisAnalysis Data Pre-
Processing Prioritization Identification

Modified from: Hollender, Schymanski et al. 2018, ES&T Feature, 51:20, 11505-11512. DOI: 10.1021/acs.est.7b02184

https://pubs.acs.org/doi/10.1021/acs.est.7b02184


Open Source Workflows for NT-HRMS: patRoon

Helmus et al. (2021) patRoon. J. Cheminformatics. DOI: 10.1186/s13321-020-00477-w

https://rickhelmus.github.io/patRoon/ Rick 
Helmus

https://doi.org/10.1186/s13321-020-00477-w
https://rickhelmus.github.io/patRoon/


Open Source Workflows for NT-HRMS: Shinyscreen

Anjana Elapavalore, Mira Narayanan, 
Todor Kondic, Jessy Krier, 

Hiba Mohammed Taha.

https://git-r3lab.uni.lu/eci/shinyscreen

Kondić et al. (in prep) https://gitlab.lcsb.uni.lu/eci/shinyscreen

https://git-r3lab.uni.lu/eci/shinyscreen
https://gitlab.lcsb.uni.lu/eci/shinyscreen


Mass Spectral Libraries: MassBank (Open Source & Data!)
https://massbank.eu/MassBank/ https://github.com/MassBank/MassBank-data/

https://massbank.eu/MassBank/
https://github.com/MassBank/MassBank-data/


Expert Knowledge: NORMAN Database System
https://www.norman-network.com/nds/

https://www.norman-network.com/nds/


Expert Knowledge: NORMAN Suspect List Exchange
https://www.norman-network.com/nds/SLE/

Contact us:
normansle@uni.lu

https://www.norman-network.com/nds/SLE/
mailto:normansle@uni.lu


NORMAN Suspect List Exchange (now 90 lists+)
https://www.norman-network.com/nds/SLE/ https://zenodo.org/communities/norman-sle
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https://www.norman-network.com/nds/SLE/
https://zenodo.org/communities/norman-sle


Toxicology: CompTox Chemicals Dashboard
https://comptox.epa.gov/dashboard/

https://comptox.epa.gov/dashboard/


Open Chemistry Knowledge Bases: 
https://pubchem.ncbi.nlm.nih.gov/

https://pubchem.ncbi.nlm.nih.gov/


NORMAN-SLE meets 

Data source: https://pubchem.ncbi.nlm.nih.gov/source/23819
Classification tree: https://pubchem.ncbi.nlm.nih.gov/classification/#hid=101

https://pubchem.ncbi.nlm.nih.gov/source/23819
https://pubchem.ncbi.nlm.nih.gov/classification/#hid=101


Connecting Knowledge for Chemical Identification: MetFrag
https://msbi.ipb-halle.de/MetFrag/ http://ipb-halle.github.io/MetFrag/

Ruttkies, Schymanski et al. (2016) DOI: 10.1186/s13321-016-0115-9

https://msbi.ipb-halle.de/MetFrag/
http://ipb-halle.github.io/MetFrag/
https://link.springer.com/article/10.1186/s13321-016-0115-9


How? Community Efforts … through Open and FAIR Science

https://commons.wikimedia.org/wiki/File:FAIR_data_principles.jpg

Schymanski & Bolton (2021) FAIR-ifying the Exposome: Preprint DOI: 10.5281/zenodo.5495109; Preproof: DOI: 10.1093/exposome/osab006
Schymanski & Bolton (2021) FAIR Chemical Structures. J. Cheminform. DOI: 10.1186/s13321-021-00520-4

Enabling easier (and FAIRer) data exchange with simple templates…
…can make great things happen!

https://commons.wikimedia.org/wiki/File:FAIR_data_principles.jpg
https://doi.org/10.5281/zenodo.5495109
https://doi.org/10.1093/exposome/osab006
https://doi.org/10.1186/s13321-021-00520-4


Examples: Distribution of Chemicals in Various Matrices
Retrospective screening of REACH chemicals in Black Sea samples

Alygizakis NA et al (2019) DOI: 10.1016/j.trac.2019.04.008 Interactive heat map at http://norman-data.eu/NORMAN-REACH

https://doi.org/10.1016/j.trac.2019.04.008
http://norman-data.eu/NORMAN-REACH


Examples: Real Time Monitoring of the Rhine River

Hollender, Schymanski, Singer & Ferguson (2018) ES&T Feature, 51:20, 11505-11512. DOI: 10.1021/acs.est.7b02184

Previously unknown chemicals detected due to “stand-out” patterns

http://dx.doi.org/10.1021/acs.est.7b02184


Examples: LuxPest and Transformation Products
Krier et al (2022). DOI: 

10.1016/j.envint.2021.106885

https://doi.org/10.1016/j.envint.2021.106885


Examples: LuxPharma – 2019 versus 2020 & COVID?

2020: Lots of “cross-border workers” in home office!

Singh et al (2021). 
DOI: 10.1021/acsenvironau.1c00008. 

https://doi.org/10.1021/acsenvironau.1c00008


Mod. from Escher et al (2020). Science. DOI: 10.1126/science.aay6636

The Problem: Which chemicals are relevant? How to find them?

180 million

111 million

~370,000

906,511

~113,000

Source: ESO/IDA/Danish 1.5 m http://www.eso.org/public/images/potw1015a/

http://science.sciencemag.org/content/367/6476/388
http://www.eso.org/public/images/potw1015a/


Identification Strategies and Confidence in NT-HRMS(/MS)

Peak 
picking

Non-target HR-MS(/MS) Acquisition

Target
Screening

Suspect
Screening

Non-target
Screening

Start
Level 1 Confirmed Structure

by reference standard

Level 2 Probable Structure
by library/diagnostic evidence

Start
Level 3 Tentative Candidate(s)

suspect, substructure, class

Level 4 Unequivocal Molecular Formula
insufficient structural evidence 

Start
Level 5 Mass of Interest

multiple detection, trends, …

Target list Suspect list

Peak picking or XICs

Schymanski et al, 2014, ES&T. DOI: 10.1021/es5002105 & Schymanski et al. 2015, ABC, DOI: 10.1007/s00216-015-8681-7

Limited by ref. std. 
availability …

https://doi.org/10.1021/es5002105
https://doi.org/10.1007/s00216-015-8681-7
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Identification Strategies and Confidence in NT-HRMS(/MS)
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Level 3 Tentative Candidate(s)

suspect, substructure, class

Level 4 Unequivocal Molecular Formula
insufficient structural evidence 

Start
Level 5 Mass of Interest

multiple detection, trends, …

“downgrading” with 
contradictory evidence

Increasing identification
confidence

Target list Suspect list

Peak picking or XICs

Schymanski et al, 2014, ES&T. DOI: 10.1021/es5002105 & Schymanski et al. 2015, ABC, DOI: 10.1007/s00216-015-8681-7

Limited by ref. std. 
availability …

The “dark matter”

https://doi.org/10.1021/es5002105
https://doi.org/10.1007/s00216-015-8681-7
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https://commons.wikimedia.org/wiki/File:FAIR_data_principles.jpg


Introduction to MetFrag https://msbi.ipb-halle.de/MetFrag/

5 ppm
0.001 Da

mz [M-H]-

213.9637
± 5 ppm

MS/MS
134.0054   339689
150.0001    77271
213.9607   632466

Ranked Candidates

Ruttkies, Schymanski et al. (2016) DOI: 10.1186/s13321-016-0115-9

https://msbi.ipb-halle.de/MetFrag/
https://link.springer.com/article/10.1186/s13321-016-0115-9


Key Challenge: MS and MS/MS alone is not enough!

MetFragRL 2016
MS/MS only (n=473)

0 20 40 60 80 100%

Ruttkies, Schymanski et al. (2016) DOI: 10.1186/s13321-016-0115-9 Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

https://link.springer.com/article/10.1186/s13321-016-0115-9
https://doi.org/10.1186/s13321-021-00489-0


Key Challenge: MS and MS/MS alone is not enough!

MetFrag + PubChem + Formula Search + https://massbank.eu/MassBank/RecordDisplay?id=EQ300804

https://massbank.eu/MassBank/RecordDisplay?id=EQ300804


Status Quo in 2016: MetFrag Relaunched …

5 ppm
0.001 Da

mz [M-H]-

213.9637 or
PubChem± 5 ppm

RT: 4.54 min
355 InChI/RTs

References
Tox. Data
Data Sources
Exposure Info
MS-ready links  

Suspect Lists

MS/MS
134.0054   339689
150.0001    77271
213.9607   632466

Elements: C,N,S

S OO

OH

Ruttkies, Schymanski et al. (2016) DOI: 10.1186/s13321-016-0115-9

https://link.springer.com/article/10.1186/s13321-016-0115-9


MetFragRL + PubChem + MS/MS + Metadata

• Adding literature, references & RT boosts to ~71 % rank 1!

MetFragRL 2016
MS/MS only (n=473)

MetFragRL 2016
MS/MS + Metadata (n=1298)

0 20 40 60 80 100%

Ruttkies, Schymanski et al. (2016) DOI: 10.1186/s13321-016-0115-9 Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

https://link.springer.com/article/10.1186/s13321-016-0115-9
https://doi.org/10.1186/s13321-021-00489-0


MetFragRL + PubChem + MS/MS + Metadata

MetFrag + PubChem + Formula + MoNA + SusDat + Pat + Refs + https://massbank.eu/MassBank/RecordDisplay?id=EQ300804

BUT …databases grow … ID performance drops 
… and run times rise … (a lot!) 

https://massbank.eu/MassBank/RecordDisplay?id=EQ300804


Problem: Exposomics “Chemical Space” is too big! 

180 million 111 million 114 million

Candidates with high information content

Candidates with low information content

906,511



Can we break down                     into useful bits? 

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

https://pubchem.ncbi.nlm.nih.gov/compound/
Furathiocarb#section=Agrochemical-Information

https://doi.org/10.1186/s13321-021-00489-0
https://pubchem.ncbi.nlm.nih.gov/compound/Furathiocarb#section=Agrochemical-Information


Introducing … 

~370,000 entries “small”

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

https://doi.org/10.1186/s13321-021-00489-0


: Fewer and more relevant candidates  –

MetFrag+PubChemLite+Formula+MoNA+SusDat+Pat+Refs+Anno + https://massbank.eu/MassBank/RecordDisplay?id=EQ300804

PubChemLite v0.2.0

with 
context

https://massbank.eu/MassBank/RecordDisplay?id=EQ300804


How does                               perform?

• ~110 M => ~370 K … how does this influence performance?

MetFragRL 2016
MS/MS only (n=473)

MetFragRL 2016
MS/MS + Metadata (n=1298)

0 20 40 60 80 100%

November 2019
MS/MS, Ref, Patents, Anno (n=1298)

Ruttkies, Schymanski et al. (2016) DOI: 10.1186/s13321-016-0115-9 Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

>80 % ranked in first place
~90 % ranked first or second!

high throughput
identification

https://link.springer.com/article/10.1186/s13321-016-0115-9
https://doi.org/10.1186/s13321-021-00489-0


• ~110 M => ~370 K … how does this influence performance?

MetFragRL 2016
MS/MS only (n=473)

MetFragRL 2016
MS/MS + Metadata (n=1298)

0 20 40 60 80 100%

November 2019
MS/MS, Ref, Patents, Anno (n=1298)

Ruttkies, Schymanski et al. (2016) DOI: 10.1186/s13321-016-0115-9 Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

“Transformation products are missing from databases”
[General complaint; environmental community]

How does                               perform?

https://link.springer.com/article/10.1186/s13321-016-0115-9
https://doi.org/10.1186/s13321-021-00489-0


Assessing the Missing Entries in 

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

14 Jan 2020
MS/MS, Ref, Patents, Anno (n=977)

0% 20 40 60 80 100%

https://doi.org/10.1186/s13321-021-00489-0


Transformation Products: Filling the Data Gaps!

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

https://doi.org/10.1186/s13321-021-00489-0


Transformation Products: Filling the Data Gaps!

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

https://doi.org/10.1186/s13321-021-00489-0


Assessing the Missing Entries in 

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

14 Jan 2020
MS/MS, Ref, Patents, Anno (n=977)

0% 20 40 60 80 100%

22 May 2020
MS/MS, Ref, Patents, Anno (n=977)

12 Jun 2020
MS/MS, Ref, Patents, Anno (n=977)

https://doi.org/10.1186/s13321-021-00489-0
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Modified from Escher, Stapleton, Schymanski (2020). Science. DOI: 10.1126/science.aay6636. Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. 

The Problem: Which chemicals are relevant? How to find them?

Monthly sampling
8-9 locations / year
4 fixed, 4-5 rotate
3 year cycle

http://science.sciencemag.org/content/367/6476/388
https://doi.org/10.1016/j.envint.2021.106885


LuxPest – Suspect List Generation

Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. Jessy Krier (2020) S69 | LUXPEST. DOI: 10.5281/zenodo.3862689

Information in 
4 languages,

including hand-written 
documents

https://doi.org/10.1016/j.envint.2021.106885
http://doi.org/10.5281/zenodo.3862689


LuxPest – Pre-screening (+QC) with Shinyscreen

Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. Jessy Krier (2020) S69 | LUXPEST. DOI: 10.5281/zenodo.3862689

https://doi.org/10.1016/j.envint.2021.106885
http://doi.org/10.5281/zenodo.3862689


LuxPest – MS/MS Annotation with MetFrag

Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. Jessy Krier (2020) S69 | LUXPEST. DOI: 10.5281/zenodo.3862689

https://doi.org/10.1016/j.envint.2021.106885
http://doi.org/10.5281/zenodo.3862689


LuxPest – MS/MS Annotation with MetFrag

Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. Jessy Krier (2020) S69 | LUXPEST. DOI: 10.5281/zenodo.3862689

36 pesticides at Level 2a (MoNA>0.9)

https://doi.org/10.1016/j.envint.2021.106885
http://doi.org/10.5281/zenodo.3862689


LuxPest – Transformation Product Workflow

Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. Jessy Krier (2020) S69 | LUXPEST. DOI: 10.5281/zenodo.3862689

36 pesticides at Level 2a (MoNA>0.9)

Schymanski et al. (2021) 
DOI: 10.1186/s13321-016-0115-9

https://doi.org/10.1016/j.envint.2021.106885
http://doi.org/10.5281/zenodo.3862689
https://link.springer.com/article/10.1186/s13321-016-0115-9


LuxPest – Terbutylazine and (tentative) TPs
Krier et al (2022). DOI: 

10.1016/j.envint.2021.106885

https://doi.org/10.1016/j.envint.2021.106885


LuxPest – Verification and Quantification

Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. 

https://doi.org/10.1016/j.envint.2021.106885
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Dark Matter, Exposomics and Transformations

da Silva et al. (2015), PNAS, DOI: 10.1073/pnas.1516878112

https://doi.org/10.1073/pnas.1516878112


Transforming with BioTransformer
http://biotransformer.ca/

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0; Bolton et al (2021) preliminary calculations; 
Schymanski, Bolton, Cheng, Thiessen, Zhang, Helmus (2021) Transformations in PubChem, DOI: 10.5281/zenodo.5644560

Djoumbou Feunang et al (2019). BioTransformer, JCheminf. DOI: 10.1186/s13321‐018‐0324‐5. 

379,199 entries

human/env 11 M

2.4 M

1.2 M
Combinatorial explosion – more data 
needed to predict reaction likelihoods

humenvhum

36 M

98 M

86 M

3.6 M
11 M

30 M
82 M

http://biotransformer.ca/
https://doi.org/10.1186/s13321-021-00489-0
https://doi.org/10.5281/zenodo.5644560
https://doi.org/10.1186/s13321%E2%80%90018%E2%80%900324%E2%80%905


FAIR Transformations in PubChem   and NORMAN-SLE

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0; Helmus et al (under review), DOI: 10.21105.joss.03978
Schymanski, Bolton, Cheng, Thiessen, Zhang, Helmus (2021) Transformations in PubChem, DOI: 10.5281/zenodo.5644560

6,091 CIDs

>double the
BioTransformer

library

https://doi.org/10.1186/s13321-021-00489-0
https://github.com/openjournals/joss-papers/tree/joss.03978/joss.03978
https://doi.org/10.5281/zenodo.5644560


Open Transformation Products Workflows in patRoon 2.0

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0; Helmus et al (under review), DOI: 10.21105.joss.03978
Schymanski, Bolton, Cheng, Thiessen, Zhang, Helmus (2021) Transformations in PubChem, DOI: 10.5281/zenodo.5644560

https://doi.org/10.1186/s13321-021-00489-0
https://github.com/openjournals/joss-papers/tree/joss.03978/joss.03978
https://doi.org/10.5281/zenodo.5644560


Outline of Today

• Introduction and Background 

• Identification & Chemical Space
– Identification + MetFrag
–PubChemLite for Exposomics

• Case Study: LuxPest

• Dark Matter and Transformations

• Take-home messages!
https://commons.wikimedia.org/wiki/File:FAIR_data_principles.jpg

https://commons.wikimedia.org/wiki/File:FAIR_data_principles.jpg


Environmental Detective Work Involves … 

• Open and FAIR 
Expert Knowledge 
Exchange

• Open Source workflows
• with auto-QC

& manual review

• Comprehensive & open 
annotation combining 
MetFrag & MassBank

Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. 

https://doi.org/10.1016/j.envint.2021.106885


Environmental Detective Work Involves … 

• Extensive transformation
product efforts

• Enhanced visualisation
and interpretation

Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. 

https://doi.org/10.1016/j.envint.2021.106885


Outcomes (1)

~370,000 entries “small”

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0

Continued efforts for improved
monitoring of chemicals 

(and actions!)
in Luxembourg ...
... and the world!

https://doi.org/10.1186/s13321-021-00489-0


Outcomes (2) – New Open Source Transformations Workflows

Helmus et al (under review), DOI: 10.21105.joss.03978
Schymanski, Bolton, Cheng, Thiessen, Zhang, Helmus (2021) Transformations in PubChem, DOI: 10.5281/zenodo.5644560

https://rickhelmus.github.io/patRoon/

https://github.com/openjournals/joss-papers/tree/joss.03978/joss.03978
https://doi.org/10.5281/zenodo.5644560
https://rickhelmus.github.io/patRoon/
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