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

High resolution 
mass spectrometry
AND connecting
chemical knowledge

Samples

human or

3



Environmental Cheminformatics & Non-target 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 15 March 2023.  
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Mass Spectral Libraries: MassBank (Open Source & Data!)
https://massbank.eu/MassBank/ https://github.com/MassBank/MassBank-data/
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Expert Knowledge: NORMAN Suspect List Exchange
https://www.norman-network.com/nds/SLE/
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Toxicology: CompTox Chemicals Dashboard
https://comptox.epa.gov/dashboard/
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Open Chemistry Knowledge Bases: 
https://pubchem.ncbi.nlm.nih.gov/
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https://pubchem.ncbi.nlm.nih.gov/


NORMAN-SLE: Now >100 lists! 

Stats updated Mar. 2023
14
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NORMAN Suspect List Exchange in PubChem

https://pubchem.ncbi.nlm.nih.gov/classification/#hid=101
15
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Mohammed Taha et al. (2022) DOI: 10.1186/s12302-022-00680-6
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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
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Mod. from Escher et al (2020). Science. DOI: 10.1126/science.aay6636

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

204 million

114 million

456,730

1.2 million

114,091

Source: ESO/IDA/Danish 1.5 m http://www.eso.org/public/images/potw1015a/
Numbers updated 15 Mar. 2023 19
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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
20
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Open Source Workflows for NT-HRMS: patRoon

Helmus et al. (2022) patRoon 2.0 J. Open Source Software, DOI: 10.21105/joss.04029
Helmus et al. (2021) patRoon. J. Cheminformatics. DOI: 10.1186/s13321-020-00477-w
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https://doi.org/10.21105/joss.04029
https://doi.org/10.1186/s13321-020-00477-w
https://rickhelmus.github.io/patRoon/


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 …
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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, …

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

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
25
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Key Challenge: MS and MS/MS alone is not enough!

MetFrag + PubChem + Formula Search + https://massbank.eu/MassBank/RecordDisplay?id=EQ300804
26
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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
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Adding in more information: MetFrag Relaunched (2016)

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
28
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MetFragRL + PubChem + MS/MS + Metadata

MetFrag + PubChem + Formula + MoNA + SusDat + Pat + Refs + https://massbank.eu/MassBank/RecordDisplay?id=EQ300804
29
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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
30

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

https://link.springer.com/article/10.1186/s13321-016-0115-9
https://doi.org/10.1186/s13321-021-00489-0
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Mod. from Escher et al (2020). Science. DOI: 10.1126/science.aay6636

The Problem: Which chemicals are relevant? How to find them?
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Problem: Exposomics “Chemical Space” is too big! 

204 million 114 million 115 million

Candidates with high information content

Candidates with low information content

1.2 million



Can we break down                     into useful bits? 

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0
34
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Introducing … 

~450,000 entries “small”

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0
35
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: 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

36
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How does                               perform?

• ~111 M => ~400 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
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Influence of the Annotation Content in 

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0
38
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Influence of the Annotation Content in 

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

>90%

39
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Influence of the Annotation Content in 

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

>90% of (well known) entries are Top 1 rank
>97% are Top 2 … 100 % Top 3 … 

Exposomics: Top 1-3 matches will cover a lot!
(and quickly!)

40
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is a Dynamic Collection …

• … built every week, updated online every month
• … re-evaluated with every build for continuous quality control
• … growing as knowledge grows!

https://twitter.com/ESchymanski/status/1503260666613932033

DOI: 10.5281/ 
zenodo.5995885

41
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Putting into Practice?

• Downloadable & fully integrated in patRoon & MetFrag
https://rickhelmus.github.io/patRoon/

Helmus et al. (2021) patRoon J Cheminform 13, 1. DOI: 10.1186/s13321-020-00477-w

https://ipb-halle.github.io/MetFrag/

DOI: 10.5281/zenodo.5995885

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0 & DOI: 10.5281/zenodo.5995885 42
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Environmental Cheminformatics, NT HR-MS & Transformations

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 15 March 2023.  

High resolution 
mass spectrometry
AND connecting
chemical knowledge

Samples

Chemical space
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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

version 1.0.0; DOI: 10.5281/zenodo.5995886
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FAIR Transformations in PubChem   and NORMAN-SLE

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0; Helmus et al (2022) DOI: 10.21105/joss.04029
Schymanski, Bolton, Cheng, Thiessen, Zhang, Helmus (2021) Transformations in PubChem, DOI: 10.5281/zenodo.5644560

6,130 chemicals

>double the
BioTransformer

library

46
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Open Transformation Products Workflows in patRoon 2.0

Schymanski et al. (2021) DOI: 10.1186/s13321-021-00489-0; Helmus et al (2022) DOI: 10.21105/joss.04029
Schymanski, Bolton, Cheng, Thiessen, Zhang, Helmus (2021) Transformations in PubChem, DOI: 10.5281/zenodo.5644560

47
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What about new information? Help add it in!

Baesu et al. (2021) DOI: 10.1016/j.crfs.2021.09.010. S74 | REFTPS (2021) DOI: 10.5281/zenodo.4318838
48
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FAIRifying PFAS

https://twitter.com/AcademicTox/
status/1479841982679765001

https://doi.org/10.1016/j.cbi.2005.06.007

https://pubchem.ncbi.nlm.nih.gov/compound/69537#section=Pharmacology-and-Biochemistry
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Examples: Real Time Monitoring of the Rhine River

Hollender, Schymanski, Singer & Ferguson (2017) ES&T Feature, 51:20, 11505-11512. DOI: 10.1021/acs.est.7b02184

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

51
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Examples: LuxPest and Transformation Products
Krier et al (2022). DOI: 

10.1016/j.envint.2021.106885

52
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Pesticides & TPs in Luxembourg

Krier et al (2022). DOI: 10.1016/j.envint.2021.106885. 
53
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Examples: LuxPharma – 2019 versus 2020 & COVID?

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

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

54
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NORMAN DS – Digital Sample Freezing Platform

http://norman-data.eu/ and Alygizakis et al, 2019, TrAC, DOI: 10.1016/j.trac.2019.04.008
55

http://norman-data.eu/
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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
56

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


CCS & MusselFiesta: Cleaner spectra; better identification

Menger et al (2022) Environment International. DOI: 10.1016/j.envint.2022.107585

@MengerAcademic
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Incorporating CCS & RT in ID Confidence

Level 1. Confirmed structure with IP 
by reference standard

CCS
(≤ 2%)

RT
(≤ 0.1 min)

MS, MSn

(Precursor & 
diagnostic fragments)

Level 2. Probable structure
a) by library spectrum match
b) by diagnostic evidence

RTIlibrary
CCS library

(≤ 2%)
MS, MSn

(from libraries)

MS, MSn

(experimental data)

Level 3. Tentative candidate(s)
structure, substituents, class

CCSPred.RTI, RTPred.
MS, MSn

(experimental data)

Level 4. Unequivocal molecular formula CCS-MS
isotope/adduct

Level 5. Exact mass of interest - CCSMS

Ta
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sp
ec

t
N
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t
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ceRTI, RTPred. CCSPred.

Celma, Sancho, Schymanski, Fabregat-Safont, Ibáñez, Goshawk, Barknowitz, Hernández & Bijlsma (2020) ES&T. DOI: 10.1021/acs.est.0c05713.
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CCS Values in 

https://pubchem.ncbi.nlm.nih.gov/compound/2256#section=Collision-Cross-Section
https://pubchem.ncbi.nlm.nih.gov/compound/2554#section=Collision-Cross-Section

PubChem Annotations SLE Lists S50, S61, S79 CCSbase

59
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“   … plus CCSbase!

Ross, D. H., Cho, J. H. & Xu, L. Anal. Chem. (2020). DOI: 10.1021/acs.analchem.9b05772.
60
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“   … plus CCSbase!

Ross, D. H., Cho, J. H. & Xu, L. Anal. Chem. (2020). DOI: 10.1021/acs.analchem.9b05772.
LCSB-ECI, PubChem Team, Xu Lab CCSbase team. (2021). DOI: 10.5281/zenodo.4456208 61

https://pubs.acs.org/doi/10.1021/acs.analchem.9b05772
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“   … plus CCSbase!

Ross, D. H., Cho, J. H. & Xu, L. Anal. Chem. (2020). DOI: 10.1021/acs.analchem.9b05772.
Schymanski et al. (2021) JCheminform. DOI: 10.1186/s13321-016-0115-9 62
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• Perspectives
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Mod. from Escher et al (2020). Science. DOI: 10.1126/science.aay6636

Do we always need the entire chemical space?

114 million

456,730

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

~1400 
metabolites

~3600 
metabolites
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http://science.sciencemag.org/content/367/6476/388
http://www.eso.org/public/images/potw1015a/


Organism-specific metabolomics?

Image source: Carla Merino, Noelia Ramirez (URV). Merino et al (in prep), Torres et al (in prep). 

https://pubchem.ncbi.nlm.nih.gov/taxonomy/7955#section=MetabolitesTaxonomy: Kim et al. (2022) DOI: 10.1016/j.jmb.2022.167514 65

https://pubchem.ncbi.nlm.nih.gov/taxonomy/7955#section=Metabolites
https://doi.org/10.1016/j.jmb.2022.167514


Organism-specific metabolomics?

https://pubchem.ncbi.nlm.nih.gov/taxonomy
/6239#section=Metabolites
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https://pubchem.ncbi.nlm.nih.gov/taxonomy/6239#section=Metabolites
https://gitlab.lcsb.uni.lu/eci/pubchem-docs/#pubchem-docs


Exposomics: Disease-specific databases and interpretation

Talavera Andújar B. et al. (2022). Anal Bioanal Chem. DOI: 10.1007/s00216-022-04207-z
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https://doi.org/10.1007/s00216-022-04207-z


The PFAS Tree – OECD PFAS

https://pubchem.ncbi.nlm.nih.gov/classification/#hid=120

“OECD PFAS”

https://pubchem.ncbi.nlm.nih.gov/classification/#hid=120
https://pubchem.ncbi.nlm.nih.gov/classification/#hid=120


The PFAS Tree – PFAS Lists

https://pubchem.ncbi.nlm.nih.gov/classification/#hid=120

https://pubchem.ncbi.nlm.nih.gov/classification/#hid=120
https://pubchem.ncbi.nlm.nih.gov/classification/#hid=120


The PFAS Tree – More info…

https://pubchem.ncbi.nlm.nih.gov/classification/#hid=120

ZeroPM Webinar: Are there really 
6 million PFAS in PubChem?
https://zeropm.eu/news/

https://pubchem.ncbi.nlm.nih.gov/classification/#hid=120
https://pubchem.ncbi.nlm.nih.gov/classification/#hid=120
https://www.youtube.com/watch?v=g-sAazaagas
https://zeropm.eu/2023/03/announcing-the-zeropm-webinar-are-there-really-6-million-pfas-in-pubchem/
https://zeropm.eu/news/


“Take home” Messages

• Dynamic, Open Collection:
oExpert knowledge to fill the gaps
oAnnotation content is extremely powerful

• Transformations and Metabolism 
oMore data needed to improve predictions

• Workflows available in patRoon

• NT-HRMS is supporting many environmental studies
oMore exciting exposomics work to come … 

• Hopefully some of this helps support Umeå’s work too!

https://doi.org/10.5281/zenodo.5995885


Email: emma.schymanski@uni.lu
Twitter: @ESchymanski

https://wwwen.uni.lu/lcsb/research/
environmental_cheminformatics/
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