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Towards efficient use of data, models and tools in food 
microbiology 
Matthias Filter1, Maarten Nauta2, Sara M. Pires3,  
Laurent Guillier4 and Tasja Buschhardt1   

Food microbiology researchers, risk assessment agencies 
and food business operators rely heavily on the reuse of 
knowledge that is available as data, models and tools. 
Unfortunately, such knowledge reuse remains challenging, 
as food safety data sets, models and tools are usually only 
available in platform-dependent or software-dependent 
formats that rarely comply to the Findability, Accessibility, 
Interoperability, and Reusability data principles. In recent 
years, the Risk Assessment Modelling and Knowledge 
Integration Platform (RAKIP) Initiative developed the so- 
called Food Safety Knowledge Exchange (FSKX) format. 
This development was accompanied by the creation of 
open-source software that facilitates the adoption of FSKX. 
Future work within RAKIP will focus on creating semantic 
interoperability in FSKX-related solutions and on the 
extension of the FSKX format towards other food 
microbiology knowledge. 
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Introduction 
Food safety is a major challenge for the increasingly 
globalized food sector [1]. This challenge requires the 
adoption of methods for analyzing new and increasingly 
complex food systems. Modeling is an integral part of 
the scientific evidence used to guide the response of risk 
managers to address the food safety associated with 
these food systems. Food systems can largely benefit 
from the ever-improving IT-based technologies and data 
from the food and related sectors [2]. Therefore, there is 
a continuous interest in developing new solutions that 
help to exploit the potential of IT-based technologies in 
the food sector [2–11]. 

The Risk Assessment Modelling and Knowledge 
Integration Platform (RAKIP) Initiative aims at sup-
porting researchers from the food sector in their efforts 
to increase the transparency and reusability of experi-
mental data and mathematical models [12]. RAKIP was 
initiated in 2016 and is continuously funded by three 
institutions with food safety risk assessment mandates: 
ANSES, BfR and DTU Food. Over the years, RAKIP 
followed the strategy outlined by Plaza-Rodriguez et al. 
in 2015 [13] and created critical resources that enable 
efficient exchange of risk assessment models and data  
[14–18]. For example, during the generation of risk as-
sessments, there might be the need to combine a 
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consumer phase model for exposure assessment from 
one author with the dose–response model created by 
another. If these models are only available in different 
formats or tools, their re-use by risk assessors might be 
hampered. For that purpose, missing resources that 
could facilitate the efficient exchange of data and models 
between software solutions were developed. This 
strategy takes into account that numerous software so-
lutions exist in the field that may only slowly take up the 
new RAKIP resources. 

The RAKIP Initiative and activities in other bioscience 
disciplines [19] also support the Farm to Fork Strategy at 
the heart of the European Green Deal by enabling ef-
ficient information exchange on the basis of harmonized 
information exchange formats [6]. This EU strategy aims 
at transforming food systems to better readjust food se-
curity, food safety, biodiversity, environmental costs and 
ethical objectives. Efficient information exchange and 
integration of knowledge between sectors and dis-
ciplines is an important element to reach the shared 
goals of the European Green Deal [5]. A transformation 
of such impact needs to be facilitated by IT-based re-
sources for information exchange, which are currently 
not available. The RAKIP Initiative has exemplified a 
strategy for future information exchange and integration 
for the microbial risk assessment domain [14]. 

Another important driver of change in information ex-
change and data management are the Findable, 
Accessible, Interoperable, and Reusable (FAIR) princi-
ples [20] that ultimately aim at implementing Tim 
Berners-Lee’s vision of a ‘Web of Data’ [21]. Despite 
the increasing adoption of these principles by govern-
mental, research and funding agencies [22], there are 
still significant barriers to their full implementation, 
specifically for researchers [23] and agencies [24]. 

One of the key barriers is that critical resources for 
providing semantically interoperable metadata, like do-
main-specific ontologies, are often missing. This is spe-
cifically true for information on the food sample, its 
handling during the experiments, the data generation 
step, and the data modification steps applied after the 
measurements were taken, although first initiatives are 
also underway in this domain [25,26]. If data would be 
provided in semantically interoperable ways, this would 
support researchers and even allow computer-based al-
gorithms to integrate available data from different 
sources in a meaningful way. 

Large international initiatives like EOSC Life (https:// 
www.eosc-life.eu/) create new solutions: for example, 
the RO-Crate standard for packaging research data with 
its metadata [27], which will be taken into account by 
the RAKIP Initiative in decisions to further enhance the 

resources supporting efficient knowledge exchange in 
the food microbiology sector. This also includes con-
siderations of what tools need to be developed to reduce 
the workload for knowledge creators. 

Available resources facilitating knowledge 
exchange in the domain of food safety risk 
assessment 
For the food safety risk assessment domain, the RAKIP 
project created the following infrastructural resources to 
enable efficient exchange of domain-specific data and 
models:  

1. A file format called Food Safety Knowledge Exchange 
(FSKX) that allows for the exchange of executable 
models, for example, microbial growth and inactivation 
models, source attribution models, and risk assessment 
models, together with linked information like meta-
data, underlying experimental or observational data, 
simulation scenarios, and simulation results, in a 
standardized way (https://foodrisklabs.bfr.bund.de/ 
fskx-food-safety-knowledge-exchange-format/). The 
FSKX file format can also comprise ‘joined’ models, 
that is, models that are composed of several model 
modules, where each module is an individual 
FSKX file.  

2. A community-driven harmonized annotation schema for 
food safety knowledge (e.g. data and models), called 
Generic Metadata Schema (GMS), with integrated con-
trolled vocabularies that make use of existing code lists 
and information exchange standards [14]. GMS also al-
lows the easy creation of knowledge-type specific me-
tadata schemata. This helps to capture only relevant 
meta-information that is specific to certain model classes 
or knowledge domains.  

3. A Minimum Information guideline Consultative 
Group on International Agricultural Research 
(CGIAR) called Minimum Information Required to 
Annotate Food Safety Risk Assessment Models 
(MIRARAM) [17] that supports model creators, 
journal editors, and reviewers as well as curators of 
model repositories on what minimum meta-informa-
tion should be provided for risk assessment models. 

4. A number of web-based and desktop software solu-
tions to facilitate the adoption of FSKX and 
MIRARAM by knowledge creators and knowledge 
users. The most feature-complete software is FSK- 
Lab [16], which is an extension to the open-source 
data analytics platform KNIME (www.knime.org). 
This platform was also used to establish a number of 
web services for execution, creation, editing, and 
joining of FSKX models [18]. All ‘FSK-Lab’-based 
software solutions currently support the execution of 
models created in the scripting language R (www.r- 
project.org) and Python (www.python.org) and the 
joining of FSKX models. 
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5. A number of online repositories for the collection and 
execution of models were established, for example, 
the RAKIP-Web model repository (https://knime.bfr. 
berlin/landingpage/RAKIP-Model-Repository) and 
the Food and Ecological Systems Modelling Journal 
(FESMJ) (https://fmj.pensoft.net/) [28]. These online 
resources can even be linked to each other; for ex-
ample, the executable model feature in FESMJ 
makes use of a model execution service provided 
within a Virtual Research Environment (VRE) named 
‘FMJ_Lab’ (https://aginfra.d4science.org/group/fmj_ 
lab) and a simulation configuration service provided 
by RAKIP-Web.  

6. A number of 3rd party software solutions allow import or 
export of FSKX files, for example, MicroHibro (https:// 
www.microhibro.com) [29] and BioinactivationFE 
(https://foodlab-upct.shinyapps.io/bioinactivationFE/) [30] 

The RAKIP project website https://foodrisklabs.bfr. 
bund.de/rakip-web-portal/ provides more details on 
these resources. 

Development needs to extend the Food Safety 
Knowledge Exchange (FSKX) format into a 
standard facilitating data‑driven innovations 
in food microbiology 
So far, RAKIP has primarily been focused on micro-
biological food safety and risk assessment knowledge. As 
the idea to promote knowledge exchange is relevant in 
other domains as well, the RAKIP Initiative plans to 
expand its scope, for example, towards the One Health 
sector, which implies the involvement of a broader range 
of experts and expertise. In order to adopt the available 
FSKX-related resources also in various other food mi-
crobiology domains, a number of additional infra-
structural developments are needed. This work must 
target four main areas:  

1. the FSKX format itself,  
2. the software supporting FSKX,  
3. FSKX-compliant content in knowledge repositories,  
4. training and support for information providers and 

users. 

For area 1, the work will address three aspects: a) make 
the necessary adjustments so that FSKX can be used 
for information objects from other food disciplines, 
such as microbial data analysis pipelines, food tracing 
data, food authenticity data, whole-genome sequencing 
(WGS) data, and so on; b) extend FSKX such that the 
provisioning of semantically interoperable meta-in-
formation is supported, that is, via linking the con-
trolled vocabularies in GMS to relevant ontologies; and 
c) provide options to use FSKX for the exchange of 
protected data and models, for example, as encrypted 
information objects. 

For area 2, investments need to be made into a) the 
automated generation of open-source software libraries 
in different popular programming languages, which can 
be integrated into new and existing software tools and 
reduce the maintenance effort for software developers 
(including the support for backward compatibility be-
tween different FSKX versions), b) the improvement of 
the usability and functionalities of the existing FSKX- 
compliant software solutions (a significant development 
effort must thereby be directed towards technical solu-
tions, e.g. Application Programming Interfaces (APIs), 
that make use of the semantically interoperable meta- 
information provided within FSKX objects in the fu-
ture), and c) the provisioning of secure, cloud-based 
computational resources that allow to combine and 
execute FSKX information objects from different pro-
gramming languages. 

For areas 3 and 4, an ongoing investment in human re-
sources will be required to create a critical quantity of 
knowledge in FSKX-based knowledge repositories like 
RAKIP-Web (https://knime.bfr.berlin/landingpage/ 
RAKIP-Model-Repository) and to provide training and 
education. Collaborative international support will be 
essential to assure continued commitment. 

Semantic interoperability of Food Safety 
Knowledge Exchange (FSKX) formatted 
information objects 
The full adoption of the FAIR principles remains a sig-
nificant challenge for researchers not only in the food 
microbiology sector. Even if data and models were pro-
vided with appropriate metainformation, for example, 
using the FSKX format, this meta-information is in many 
cases not captured in a semantically interoperable way  
[31]. As a consequence, the currently available food mi-
crobiology knowledge is not directly exploitable by se-
mantic web technologies, for example, to automatically 
enrich food microbiology data sets with information from 
related disciplines, like food nutrition, food consumption, 
food technology or public health (for an illustrative ex-
ample, see http://www.rxnfinder.org/frcd/ [32]). This lack 
of interoperability is in our opinion partly due to a lack of 
knowledge and adoption of food-related ontologies like 
FoodOn [33] and a lack of customized software tools like 
SciLite [34] or ‘ISA tools’ (https://isa-tools.org/ [35]) that 
support food microbiology researchers in their knowl-
edge-sharing efforts. Also, tools and platforms facilitating 
the easy exploitation of semantically interoperable me-
tainformation, as it is available in other disciplines (e.g. 
like DisGeNET-RDF (https://www.disgenet.org/rdf) or 
Omics DI https://www.omicsdi.org/), are missing in the 
food microbiology sector. As a consequence, it will be 
necessary to bring together several stakeholders from the 
food microbiology community to work synergistically to-
wards the objective of FAIR data. 
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A roadmap towards open infrastructural 
resources enabling data‑driven innovations in 
food microbiology 
In order to accomplish the development goals outlined 
above, it is important to implement measures that can 
provide long-term financial and organizational support. 
The foundation of the RAKIP Initiative by DTU Food, 
ANSES and BfR is therefore an opportunity for the food 
microbiology sector, as this initiative allows the linking of 
long-term governmental support with the developments 
funded by research grants. Specifically, the RAKIP 
Initiative is committed to supporting the development 
and provisioning of infrastructural resources that facilitate 
efficient information exchange in microbial and chemical 
risk assessment, risk–benefit analysis and food micro-
biology. It is already planned to expand the RAKIP 
Initiative network towards other risk assessment institu-
tions (e.g. EFSA, SSI, WHO) and universities (e.g. 
University Cordoba, University of Donja Gorica etc.). An 
open-access knowledge base and a well-defined standar-
dized knowledge exchange format will also be beneficial 
for the private sector and may support collaboration where 
possible. A combination of efforts of the RAKIP Initiative 
with existing European infrastructure providers like 
ELIXIR (https://elixir-europe.org/) [19] would further 
open up new opportunities for funding, synergistic de-
velopment, visibility, and end-user support. 

On a technical level, the following development tasks 
will be addressed by the RAKIP Initiative in the near 
future:  

• Creation of a technical framework to maintain and 
extend the FSKX format. This framework provides a) 
an intuitive graphical user interface (GUI) for colla-
borative curation of the GMS and the data/model- 
class specific metadata schemata and b) an automated 
software code generation pipeline that transforms 
agreed FSKX changes into software code libraries for 
different programming languages and tools, also 
maintaining backward compatibility wherever pos-
sible.  

• Maintain and improve the functions and user-friendly 
application of existing FSKX-related software tools, 
like RAKIP-Web, FSK-Lab, the FSK2R R library, 
the services offered via the D4Science VREs [36], as 
well as 3rd party tools. 

In parallel, the RAKIP Initiative will continuously ex-
tend the amount of FSKX-compliant content in, for 
example, the RAKIP-Web model repository and provide 
individual support for researchers who wish to convert 
their own data or models into the FSKX format even if 
this will not be deposited in RAKIP-Web. This includes 
the organization of regular workshops, webinars and e- 
learning courses, and the active communication and 

dissemination of results at relevant international con-
ferences. In the mid-term perspective, the RAKIP 
Initiative aims at developing into a service provider for 
infrastructural resources that supports interoperability of 
data and services and that is closely connected to similar 
initiatives from other life science and One Health do-
mains. 

An important issue when sharing models remains the 
model code quality verification. Indeed, the computer 
programs used in risk assessment modeling are often 
complex and expensive to develop. However, the model 
code is rarely formally verified. So far, the main code 
review approach is to compare the generated model re-
sults with the ones from the original publication. Even 
though other and better solutions can be envisaged, this 
responsibility will stay with any platform owner or 
journal reviewer in the foreseeable future. The resources 
generated by the RAKIP Initiative will support their 
work, as the original model code can be shared with 
FSKX, even if it was created in various programming 
languages. 

Conclusion and recommendations 
All stakeholders of the food sector need to adapt to new 
technological opportunities and the societal, ecological 
and business transformations ahead. For risk assessment 
agencies, this implies that there is an increased demand 
for timely and transparent risk assessments, which in 
turn require the development of adequate infrastructural 
resources facilitating this transformation. Here, the es-
tablishment of harmonized information exchange for-
mats for data and models from the food microbiology 
sector, together with solutions that facilitate the im-
plementation of modular modeling frameworks as de-
scribed in Refs. [37–39] are fundamental building 
blocks. 

In order to create synergies between the development 
work driven by risk assessment agencies and the broader 
food microbiology research community, RAKIP is open to 
collaborations with other risk assessment agencies and 
research institutions. Only in this way, strong synergies 
between academic, governmental and private sector de-
velopment can be created. In addition, the RAKIP 
Initiative could evolve into an infrastructure provider that 
is closely interlinked with other international networks 
and initiatives like ELIXIR (https://elixir-europe.org/) or 
the Ontologies Community of Practice of the CGIAR 
Platform for Big Data in Agriculture [40] and also provide 
support for the often-difficult long-term maintenance of 
infrastructural resources. In the long run, the RAKIP In-
itiative will work towards the establishment of a truly 
interoperable, modular food microbiology knowledge 
ecosystem that can support all food sector stakeholders. 

4 Food Microbiology  

www.sciencedirect.com Current Opinion in Food Science 46( 2022) 100834 

https://elixir-europe.org/
https://elixir-europe.org/


Funding 
This work was jointly supported by the German Federal 
Institute for Risk Assessment (BfR), the National Food 
Institute (DTU Food) from the Technical University of 
Denmark (DTU) and the French Agency for Food, 
Environmental and Occupational Health and Safety 
(ANSES) as part of the joint RAKIP Initiative efforts. 
Responsibility for the information and views expressed 
in this paper lies entirely with the authors. 

Author contributions 
Matthias Filter: Conceptualization, Writing – original 
draft. Maarten Nauta: Writing – review & editing. Sara 
M. Pires: Writing – review & editing. Laurent Guillier: 
Writing – review & editing. Tasja Buschhardt: 
Writing – original draft. 

Conflict of interest statement 
None. 

References and recommended reading 
Papers of particular interest, published within the period of review, have 
been highlighted as: 
• of special interest 
•• of outstanding interest.  

1. Perrot N, Trelea IC, Baudrit C, Trystram G, Bourgine P: Modelling 
and analysis of complex food systems: state of the art and new 
trends. Trends Food Sci Technol 2011, 22:304-314. 

2.
••

Donaghy JA, Danyluk MD, Ross T, Krishna B, Farber J: Big Data 
impacting dynamic food safety risk management in the food 
chain. Front Microbiol 2021, 12:668196. 

This paper illustrates the enormous potential of big data and IT technolo-
gies on food safety and risk management. It provides also a vision on how 
risk management might evolve in the future and illustrate this with a 
practical example. It also puts these megatrends also into the context of 
the established framework of the International Commission on 
Microbiological Specifications for Foods (ICMSF) conceptual equation. 

3. European Union: Food 2030 pathways for action. European Union; 
2020. 

4. European Union: Food 2030 pathways for action. Food Systems 
and Data. European Union; 2020. 

5. European Commission: Communication from the Commission to 
the European Parliament, the European Council, the Council, 
the European Economic and Social Committee and the 
Committee of the Regions — The European Green Deal. The 
European Green Deal. European Commission; 2019. 

6. European Commission: Communication from the Commission to 
the European Parliament, the Council, the European Economic 
and Social Committee and the Committee of the Regions a 
Farm to Fork Strategy for a fair, healthy and environmentally- 
friendly food system; 2020. 

7. Mavani NR, Ali JM, Othman S, Hussain MA, Hashim H, Abd, 
Rahman N: Application of artificial intelligence in food industry 
— a guideline. Food Eng Rev 2022, 14:134-175. 

8. Jambrak AR, Nutrizio M, Djekic I, Pleslic S, Chemat F: Internet of 
Nonthermal Food Processing Technologies (IoNTP): food 
industry 4.0 and sustainability. Appl Sci 2021, 11:1-20. 

9. Chan L, Vasilevsky N, Thessen A, McMurry J, Haendel M: The 
landscape of nutri-informatics: a review of current resources 
and challenges for integrative nutrition research. Database 
2021, 2021. 

10. Garre A, Ruiz MC, Hontoria E: Application of machine learning to 
support production planning of a food industry in the context of 

waste generation under uncertainty. Oper Res Perspect 2020, 
7:100147. 

11. Assante M, Boizet A, Candela L, Castelli D, Cirillo R, Coro G, 
Fernández E, Filter M, Frosini L, Georgiev T, et al.: Realizing virtual 
research environments for the agri‐food community: The 
AGINFRA PLUS experience. Concurr Comput: Pract Exp 2020, 
33:1-13. 

12. Filter M, Plaza Rodríguez C, Ungaretti Haberbeck L, Swaid A, 
Georgiadis S, Valentin L, Günther T, Buschhardt T, de Alba Aparicio 
M, Mesa Varona O, et al.: Knowledge Plattform RAKIP. Feed and 
food safety in times of global production and trade. Bundesinst. für 
Risikobewertung; 2019. 

13. Plaza-Rodriguez C, Thoens C, Falenski A, Weiser AA, Appel B, 
Kaesbohrer A, Filter M: A strategy to establish food safety model 
repositories. Int J Food Microbiol 2015, 204:81-90. 

14. Haberbeck LU, Plaza-Rodríguez C, Desvignes V, Dalgaard P, 
Sanaa M, Guillier L, Nauta M, Filter M: Harmonized terms, 
concepts and metadata for microbiological risk assessment 
models: the basis for knowledge integration and exchange. 
Microb Risk Anal 2018, 10:3-12. 

15. Plaza-Rodríguez C, Haberbeck LU, Desvignes V, Dalgaard P, 
Sanaa M, Nauta M, Filter M, Guillier L: Towards transparent and 
consistent exchange of knowledge for improved 
microbiological food safety. Curr Opin Food Sci 2018, 
19:129-137. 

16. de Alba Aparicio M, Buschhardt T, Swaid A, Valentin L, Mesa- 
Varona O, Günther T, Plaza-Rodriguez C, Filter M: FSK-Lab — an 
open source food safety model integration tool. Microb Risk 
Anal 2018, 10:13-19. 

17.
•

Filter M, Sundermann EM, Mesa-Varona O, Buschhardt T, Lopez de 
Abechuco E, Georgiadis M: Minimum Information Required to 
Annotate Food Safety Risk Assessment Models (MIRARAM). 
Food Res Int 2021, 139:109952. 

MIRARAM: This work presents the first minimum information guideline 
for food safety risk assessment models. Similar minimum information 
standards are widely used in other scientific domains, for example, as a 
criterion for the inclusion of datasets into curated public databases. The 
MIRARAM guideline is already used by the RAKIP-Web model re-
pository. 

18. Lopez de Abechuco E, Mesa Varona O, Valentin L, de Alba Aparicio 
M, Schüler T, Günter T, Swaid A, Buschhardt T, Filter M: 
Establishment of a Prototypic Quantitative Microbial Risk 
Assessment (QMRA) Food and Feed Safety Model Repository. 
EFSA Supporting Publications; 2019:16. 

19.
•

Harrow J, Drysdale R, Smith A, Repo S, Lanfear J, Blomberg N: 
ELIXIR: providing a sustainable infrastructure for life science 
data at European Scale. Bioinformatics (16) 2021, 37:2506-2511, 
https://doi.org/10.1093/bioinformatics/btab481. 

This work presents the European infrastructure for life science data. It 
presents the challenges related to the coordinated and long-term pre-
servation of infrastructures. Elixir provides data resources and cloud 
services to ensure interoperability that facilitates scientific discovery. 

20. Wilkinson MD, Dumontier M, Aalbersberg IJ, Appleton G, Axton M, 
Baak A, Blomberg N, Boiten JW, da Silva Santos LB, Bourne PE, 
et al.: The FAIR Guiding Principles for scientific data 
management and stewardship. Sci Data 2016, 3:160018. 

21. Berners-Lee T, Hendler J, Lassila O: The semantic web — a new 
form of web content that is meaningful to computers will unleash 
a revolution of new possibilities. Sci Am 2001, 284:34 (-+). 

22. ERC Scientific Council: Open Research Data and Data 
Management Plans. Edited by; 2021. 

23. Goble C, Cohen-Boulakia S, Soiland-Reyes S, Garijo D, Gil Y, 
Crusoe MR, Peters K, Schober D: FAIR computational 
workflows. Data Intell 2020, 2:108-121. 

24.
•

Alvarez‐Pinera J, Bager F, Bystrický M, Rasmussen SD, Foster D, 
Fuchs K, Gilsenan M, Grahek‐Ogden D, Jozwiak Á, Moez S, et al.: 
Report of the Advisory Forum Task Force on Data Collection 
and Data Modelling. EFSA Supporting Publications; 2020:17. 

The members of the Task Force on data-related issues set up by the 
EFSA Advisory Forum try to answer two main questions in this report: 1) 
How can the existing and potential future data streams be simplified and 

Efficient exchange of food microbiology information Filter et al. 5 

www.sciencedirect.com Current Opinion in Food Science 46( 2022) 100834 

http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref1
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref1
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref1
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref2
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref2
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref2
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref3
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref3
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref4
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref4
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref4
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref4
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref4
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref5
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref5
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref5
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref6
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref6
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref6
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref7
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref7
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref7
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref7
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref8
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref8
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref8
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref8
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref9
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref9
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref9
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref9
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref9
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref10
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref10
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref10
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref10
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref10
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref11
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref11
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref11
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref12
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref12
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref12
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref12
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref12
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref13
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref13
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref13
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref13
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref13
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref14
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref14
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref14
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref14
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref15
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref15
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref15
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref15
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref16
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref16
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref16
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref16
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref16
https://doi.org/10.1093/bioinformatics/btab481
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref18
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref18
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref18
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref18
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref19
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref19
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref19
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref20
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref20
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref20
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref21
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref21
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref21
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref21


the burden of reporting be lessened? and 2) How can future-proof ac-
cess to data necessary to conduct risk assessment and risk manage-
ment be ensured? They propose a strategy of domain-specific 
interoperability that allows connecting data from all food safety do-
mains. As key components for this strategy, they identify agreed ter-
minologies and ontologies. In addition, they consider capacity and 
network building as a prerequisite for the strategy to be successful. 

25. Chue Hong N, Katz DS: FAIR enough? Can we (already) benefit 
from applying the FAIR Data Principles to software? In 
Proceedings of the AGU Fall Meeting 2018/12/1. Washington 
DC; 2018:IN41A-01. 

26. Lamprecht A-L, Garcia L, Kuzak M, Martinez C, Arcila R, Martin Del 
Pico E, Dominguez Del Angel V, van de Sandt S, Ison J, Martinez 
PA, et al.: Towards FAIR principles for research software. Data 
Sci 2020, 3:37-59. 

27. Sefton P, Carragáin EÓ, Soiland-Reyes S, Corcho O, Garijo D, 
Palma R, Coppens F, Goble C, Fernández JM, Chard K, et al.: RO- 
Crate Metadata Specification 1.1.1: researchobject.org; 2021. 

28. Filter M, Candela L, Guillier L, Nauta M, Georgiev T, Stoev P, Penev 
L: Open science meets food modelling: introducing the Food 
Modelling Journal (FMJ). Food Model J 2019, 1:1-8. 

29. Gonzalez SC, Possas A, Carrasco E, Valero A, Bolivar A, Posada- 
Izquierdo GD, Garcia-Gimeno RM, Zurera G, Perez-Rodriguez F: 
‘MicroHibro’: a software tool for predictive microbiology and 
microbial risk assessment in foods. Int J Food Microbiol 2019, 
290:226-236. 

30. Garre A, Clemente-Carazo M, Fernandez PS, Lindqvist R, Egea JA: 
Bioinactivation FE: a free web application for modelling 
isothermal and dynamic microbial inactivation. Food Res Int 
2018, 112:353-360. 

31. Ulrich H, Kern J, Kock-Schoppenhauer AK, Lablans M, Ingenerf J: 
Towards a federation of metadata repositories: addressing 
technical interoperability. Studies in Health Technology and 
Informatics. vol. 267, IOS Press; 2019:74-80. 

32. Zhang D, Gong L, Ding S, Tian Y, Jia C, Liu D, Han M, Cheng X, Sun 
D, Cai P, et al.: FRCD: a comprehensive food risk component 
database with molecular scaffold, chemical diversity, toxicity, 
and biodegradability analysis. Food Chem 2020, 318:126470. 

33.
••

Dooley DM, Griffiths EJ, Gosal GS, Buttigieg PL, Hoehndorf R, 
Lange MC, Schriml LM, Brinkman FSL, Hsiao WWL: FoodOn: a 

harmonized food ontology to increase global food traceability, 
quality control and data integration. NPJ Sci Food 2018, 2:23. 

This work presents the FoodOn ontology — a controlled vocabulary — 
to name all parts of animals, plants, and fungai which can have a food 
role, as well as derived food products and the processes used to 
make them. 

34. Venkatesan A, Kim JH, Talo F, Ide-Smith M, Gobeill J, Carter J, 
Batista-Navarro R, Ananiadou S, Ruch P, McEntyre J: SciLite: a 
platform for displaying text-mined annotations as a means to 
link research articles with biological data. Wellcome Open Res 
2016, 1:25. 

35. Sansone S-A, Rocca-Serra P, Field D, Maguire E, Taylor C, 
Hofmann O, Fang H, Neumann S, Tong W, Amaral-Zettler L, et al.: 
Toward interoperable bioscience data. Nat Genet 2012, 
44:121-126. 

36. Assante M, Candela L, Castelli D, Cirillo R, Coro G, Frosini L, Lelii L, 
Mangiacrapa F, Pagano P, Panichi G, et al.: Enacting open 
science by D4Science. Future Gener Comput Syst 2019, 
101:555-563. 

37. Nauta M: A modular process risk model structure for 
quantitative microbiological risk assessment and its application 
in an exposure assessment of Bacillus cereus in a REPFED. 
RIVM report; 2001. 

38. Nauta MJ: The Modular Process Risk Model (MPRM): a 
structured approach to food chain exposure assessment. 
Microb Risk Anal Foods 2008,99-136 https://onlinelibrary.wiley. 
com/doi/book/10.1128/9781555815752. 

39.
•

Ranjbaran M, Carciofi BAM, Datta AK: Engineering modeling 
frameworks for microbial food safety at various scales. Compr 
Rev Food Sci Food Saf 2021, 20:4213-4249. 

This work presents a modeling framework for food processes ranging 
from sub-cellular scale microbial population scale, food scale to the 
human population scale (risk). Suggestions on how to combine these 
models over various spatial and time scales are discussed. In the light of 
the FSKX-based concepts discussed in our paper, this is of high interest 
for future synergistic development. 

40. Arnaud E, Laporte MA, Kim S, Aubert C, Leonelli S, Miro B, Cooper 
L, Jaiswal P, Kruseman G, Shrestha R, et al.: The Ontologies 
Community of Practice: A CGIAR initiative for Big Data in 
agrifood systems. Patterns 2020, 1:100105.  

6 Food Microbiology  

www.sciencedirect.com Current Opinion in Food Science 46( 2022) 100834 

http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref22
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref22
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref22
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref22
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref23
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref23
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref23
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref24
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref24
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref24
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref24
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref24
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref25
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref25
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref25
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref25
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref26
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref26
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref26
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref26
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref27
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref27
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref27
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref27
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref28
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref28
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref28
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref28
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref29
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref29
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref29
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref29
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref29
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref30
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref30
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref30
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref30
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref31
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref31
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref31
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref31
https://onlinelibrary.wiley.com/doi/book/10.1128/9781555815752
https://onlinelibrary.wiley.com/doi/book/10.1128/9781555815752
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref33
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref33
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref33
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref34
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref34
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref34
http://refhub.elsevier.com/S2214-7993(22)00036-4/sbref34

	Towards efficient use of data, models and tools in food microbiology
	Introduction
	Available resources facilitating knowledge exchange in the domain of food safety risk assessment
	Development needs to extend the Food Safety Knowledge Exchange (FSKX) format into a standard facilitating data‑driven innovations in food microbiology
	Semantic interoperability of Food Safety Knowledge Exchange (FSKX) formatted information objects
	A roadmap towards open infrastructural resources enabling data‑driven innovations in food microbiology
	Conclusion and recommendations
	Funding
	Author contributions
	Conflict of interest statement
	References and recommended reading




