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Abstract 

Metabolomic microbiome research has become an important topic for understanding agricultural, ecological as well as health correlations. Only 
the determination of both the non-volatile and the volatile organic compound (mVOC) production by microorganisms allows a holistic view 

for understanding the complete potential of metabolomes and metabolic capabilities of bacteria. In the recent past, more and more bacterial 
headspaces and culture media were analyzed, leading to an accumulation of about 3500 mVOCs in the updated mVOC 4.0 database, including 
compounds synthesized by the newly discovered non-canonical terpene pathway. Approximately 10% of all mVOCs can be assigned with a 
biological function, some mVOCs ha v e the potential to impact agriculture in the future (e.g. eco-friendly pesticides) or animal and human health 
care. mVOC 4.0 offers various options for exploring extensively annot ated mVOC dat a from different perspectiv es, including impro v ed mass 
spectrometry matching. The mVOC 4.0 database includes literature searches with additional rele v ant k e yw ords, making it the most up-to-date 
and comprehensive publicly available mVOC platform at: ht tp://bioinformatics.c harite.de/mvoc . 
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Introduction 

With an estimated 10 

12 species, microorganisms are the
largest and most diverse organismal kingdom on Earth ( 1 ,2 ).
Numerous biochemical pathways present in one or the other
microbial genus or species enable them to grow in moderate
as well as extreme habitats and under distinct environmen-
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tal conditions. Due to their diverse metabolic activities, mi- 
croorganisms can also produce many different metabolites.
Metabolomic studies in the past focussed primarily on the 
wealth and diversity of non-volatile compounds, while volatile 
organic metabolites remained largely unexplored ( 3 ). To fully 
understand their ecological and biological functions, as well 
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s their metabolic potential, both types of compounds need to
e discovered and their structure elucidated ( 4 ). 
A revival in the interest in microbial volatile organic com-

ounds (mVOCs) took place in the first decade of the 21st cen-
ury when, in dual culture systems, e.g. in divided Petri dishes,
he influence of volatile compounds on other organisms
as impressively demonstrated ( 5–8 ). Due to their volatility,
VOCs are considered important infochemicals which can
uickly spread in the atmosphere to contact and interact with
eceiver organisms. Similar to known plant scent compounds
r insect pheromones, the biological and ecological functions
f mVOCs are considered to act as key molecules in attrac-
ion, defense, and information exchange. These mVOCs de-
ive from different biosynthetic pathways and are grouped
nto aromatic compounds, fatty acid derivatives, terpenoids,
nd nitrogen- and sulfur-containing compounds, to name the
ost abundant ( 9 ). Besides the respectable structural diversity
f mVOCs, it has to be noted that only about 10% of mVOCs
 defined function could be assigned to ( 10 ,11 ). 

In addition to the biological relevance of individual as well
s mixtures of mVOCs, increasing attention was given to the
otential of applications in agriculture as sustainable and eco-
riendly alternatives to chemically synthesized pesticides and
ertilizers ( 12 ,13 ) and animal and human health care as non-
nvasive diagnostic tools ( 14–17 ). Furthermore, the implemen-
ation of mVOC detection devices is used to monitor and con-
rol, e.g. foodstuff processing ( 18 ,19 ) or hardware effluvium
e.g. seat covers in cars ( 20 )) as well as mVOC perspiration in
uildings ( 21 ). 
A new mVOC research direction appeared when unusual

nd unique compound structures were isolated and elucidated
n microbial headspaces. Sodorifen was the first C16-derived
on-canonical terpene that subsequently led to the discovery
f a new biosynthetic route that is exclusively present in bac-
eria ( 22–25 ). 

Taken together, mVOCs represent an attractive research
eld that still discloses several urgent questions. With over 570
itations in total, the previously published mVOC database
as proven to be a well-cited and useful tool for many sci-
ntists with different research interests. Here, we introduce
VOC 4.0, which covers the literature search till July 2024.
urthermore, the webserver offers enhanced options for ex-
loring extensively annotated mVOC data from different per-
pectives, including improved mass spectrometry matching.

ith about 3500 compounds, mVOC 4.0 now offers an ex-
anded collection of mVOCs, featuring a total of 1349 species
nd isolates. 

aterials and methods 

ata collection 

he data was collected using a combination of manual cura-
ion and text mining of scientific publications. 

The manual curation was carried out by experts in the field.
cientific publications were manually selected and examined
or microbial volatile organic compounds (mVOCs) and ex-
racted together with related information like the correspond-
ng producing organisms. 

For the text mining process, lists of potential volatiles,
pecies, and search criteria were constructed. The full-text
earch was performed on all available open-access publica-
ions from 2017 using the Konstanz Information Miner (KN-
IME) in combination with the European PubMed Central
Advanced Search API ( https:// europepmc.org/ advancesearch ).
The abstracts of all PubMed IDs were then checked against the
list of species using a flexible matching method to account for
misspellings and transformation errors. All in all, about 600
PubMed requests referencing volatiles were conducted, result-
ing in a list of about 30 000 publications with at least one mi-
croorganism mentioned within the abstract. The manuscripts,
along with their supplementary material, were downloaded
and cross-checked with a list of approximately 450 000 names
and synonyms of potential volatile compounds. The number
of volatiles identified in each publication was assessed. Sub-
sequently, the publications were systematically reviewed and
confirmed mVOCs were manually extracted. 

Data processing and annotation 

The resulting data set was cleaned and filtered to exclude er-
roneous and inconclusive entries. Names of compounds and
organisms were standardized, and duplications were removed.
Compounds were matched to the PubChem ( 26 ) database and
annotated with IUPAC name, SMILES notation, and the Inter-
national Chemical Identifier (InChI) according to their Pub-
Chem ID. 

The annotation of the data with taxonomic lineage and
physicochemical information like vapor pressure and boiling
point was performed using the R programming language ( 27 ),
utilising multiple web scraping techniques, like XML extrac-
tion. The taxonomic information was matched to the organ-
isms using the NCBI taxonomy database ( 28 ), and physico-
chemical information was gathered from PubChem, Chem-
Synthesis ( https:// www.chemsynthesis.com/ ), and the Human
Metabolome Database (HMDB) ( 29 ). 

S oftw are implementation 

The data is maintained in a relational MySQL database
( http:// www.mysql.com/ ), hosted on an Ubuntu system
within the Charité Berlin IT infrastructure. The web-
site back-end operates on a lab-based LAMP server
(Linux / Apache / MySQL / PHP), with PHP as the server-side
backend language. The database connection is facilitated
through the MySQL interface, while front-end data is deliv-
ered using a combination of HTML and JavaScript from sub-
mission responses and PHP requests. 

Database functionalities 

Search for mass spectra 

The platform allows for the identification of the three most
intense peaks in mass spectra, which is particularly useful for
researchers working with experimental data. 

In contrast to mV OC 2.0, mV OC 4.0 operates using the
open database Massbank ( 30 ), which enables the user to
choose a tolerance for the m / z value, and to check mass spec-
tra within the six most intense peaks irrespective of their order.
This is crucial because m / z values, peak intensity, and the or-
der of peaks can differ for the same compound based on the
age and quality of the MS instruments. 

Results of the search are ordered according to the maximal
peak number. For an identified compound, only the best-fitting
mass spectrum is shown. 

https://europepmc.org/advancesearch
https://www.chemsynthesis.com/
http://www.mysql.com/
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Figure 1. Use case of mVOC 4.0 database. A query of mass peaks was executed, corresponding compounds and emitting species were identified, and a 
chemical signature was found. The data hints to a potential contamination with Mycobacterium tuberculosis , an organism known to cause tuberculosis. 
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None declared. 
earch mVOCs 

VOC 4.0 offers a wide range of search options designed to
acilitate in-depth exploration of microbial volatile organic
ompounds (mVOCs). Users can conduct targeted searches for
pecific mVOCs by applying various criteria, including com-
ound name, molecular formula, and PubChem ID. Moreover,
t is possible to search mVOCs by specifying molecular weight
anges or filtering by chemical class, enabling precise identifi-
ation of relevant compounds. Additionally, the platform al-
ows users to select a specific organism, retrieve all associated
olatiles, and to search by emitting and receiving species for a
elected mVOC. These versatile search functionalities ensure
hat users can efficiently retrieve and analyze relevant infor-
ation, supporting a wide array of scientific investigations

nto the roles and applications of mVOCs. 

earch results 

earch results on the mVOC 4.0 website are presented in a
able, making it easy for users to quickly browse relevant de-
ails. Each entry typically includes general information about
he compound, the organisms that emit it, and specific mVOC
etails. 
General information encompasses identifiers such as Pub-

hem ID, SMILES and the IUPAC name, along with chem-
cal details like molecular weight, bond count and LogP. A
ist of synonymous names is also given. The boiling point and
apour pressure, as well as information about volatilization
nd soil adsorption, are listed under mVOC-specific details. 

Additionally, the results provide information on the bio-
ogical source of the mVOC, including the specific organism
r group of organisms known to emit the compound. This is
articularly useful for researchers investigating the ecological
oles or potential applications of specific volatiles. 

For users conducting searches based on mass spectrometry
ata, the results also include information on the most intense
eaks, aiding in the identification and comparison of com-
ounds. 

se case 

he mVOC 4.0 database enables users to explore the data
rom multiple different perspectives. Chemical structures can
e searched via compound name, Pubchem-ID or chemical
roperties. 
Another method for identifying VOCs involves analyzing

pecific high or low peaks in mass spectra or determining all
VOCs released by a particular species of microorganisms or

ungi. 
As described in Piechulla and Lemfack ( 31 ), mVOCs can

e used for phenotyping microorganisms. This is especially
elpful for the identification of microorganisms growing on
ardware, e.g. indoor walls, that are indicators for contami-
ants and pollutants with potential consequences for human
ealth. Similarly, mVOCs can also be used as diagnostic tools
n medicine by the discovery and identification of potentially
isease-causing bacteria and fungi ( 32 ). Syhre and Chambers
 33 ,34 ) proposed a method to identify tuberculosis patients at
n early stage of the infection using mVOCs. 

As shown in Figure 1 , mVOC 4.0 could be utilized to
earch for mass spectra peaks generated by mass spectrom-
try of breath samples from a patient. Using the ‘Search mass
pectra’ subpage, querying the mass peaks (base peak of 78,
2nd most intense peak of 136, and 3rd most intense peak
of 50) reveals methyl pyridine-3-carboxylate and methyl ben-
zoate. Clicking on the compound names provides detailed in-
formation about their chemical properties, emitting species,
growth medium, and extraction method. The list of synonyms
shows that methyl nicotinate is the common name for methyl
pyridine-3-carboxylate, which can be helpful for further re-
search. In the list of emitting organisms, Mycobacterium tu-
berculosis is listed for both compounds, a bacteria known to
cause tuberculosis. By selecting the organism name, 19 more
compounds emitted by this organism are listed. Additionally,
it is possible to retrieve a table of signature compounds using
the signature button. This page shows a downloadable table
with four different strains of M. tuberculosis , along with their
corresponding signature molecules and other organisms that
also emit at least one of these molecules. In a clinical setting,
this combined information could be used to further explore in
a non-invasive manner whether a patient is truly at risk of de-
veloping tuberculosis, for example, by examining the presence
of the other signature molecules. 

Conclusion and perspective 

mVOC 2.0 has been proven to be a well-cited and useful tool
for many scientists with different perspectives and research
interests. Over the last years, we constantly developed the
mVOC database, especially improving the data basis, leading
to the 4th iteration of the web server, mVOC 4.0. By incor-
porating a comprehensive collection of literature, enhanced
keyword searches, and improved mass spectrometry match-
ing, mVOC 4.0 provides researchers with the most current
and exhaustive resource available for exploring the ecologi-
cal, biological, and metabolic roles of mVOCs. 

Looking ahead, the mVOC 4.0 database has the potential
to drive further research and innovation in multiple fields,
including microbiology, environmental science, and medical
biotechnology. As more data becomes available, the mVOC
database will continue to evolve, remaining a valuable re-
source for researchers in the future. 

Data availability 

The mVOC 4.0 database is publicly available at https://
bioinformatics.charite.de/mvoc without the need for login or
registration. Results are displayed immediately on the website
without the need to provide an email address. 
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