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Abstract
Background: Genomics and virology are unquestionably important, but complex,
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domains being investigated by a large number of scientists. The need to facilitate and

support work within these domains requires sharing of databases, although it is often

difficult to do so because of the different ways in which data is represented across the

databases. To foster semantic interoperability, models are needed that provide a deep

understanding and interpretation of the concepts in a domain, so that the data can be
consistently interpreted among researchers.

Results: In this research, we propose the use of conceptual models to support seman-
tic interoperability among databases and assess their ontological clarity to support
their effective use. This modeling effort is illustrated by its application to the Viral Con-
ceptual Model (VCM) that captures and represents the sequencing of viruses, inspired
by the need to understand the genomic aspects of the virus responsible for COVID-19.
For achieving semantic clarity on the VCM, we leverage the “ontological unpacking”
method, a process of ontological analysis that reveals the ontological foundation of the
information that is represented in a conceptual model. This is accomplished by apply-
ing the stereotypes of the OntoUML ontology-driven conceptual modeling language.
As a result, we propose a new OntoVCM, an ontologically grounded model, based

on the initial VCM, but with guaranteed interoperability among the data sources that
employ it.

Conclusions: We propose and illustrate how the unpacking of the Viral Conceptual
Model resolves several issues related to semantic interoperability, the importance of
which is recognized by the “I"in FAIR principles. The research addresses conceptual
uncertainty within the domain of SARS-CoV-2 data and knowledge.The method
employed provides the basis for further analyses of complex models currently used in
life science applications, but lacking ontological grounding, subsequently hindering
the interoperability needed for scientists to progress their research.

Keywords: Ontological analysis, Conceptual modeling, OntoUML, COVID-19, SARS-
CoV-2, Viral genome
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Background

Since the breakthrough of Next Generation Sequencing (NGS) technologies over a
decade ago [1], enormous amounts of human genome sequences have been produced,
supporting important targeted research on cancer, complex diseases, and human iden-
tification. In parallel, NGS has addressed infectious disease and microbial research,
including viral typing. This application has gained increasing relevance over the last two
years, due to the outbreak of the COVID-19 pandemic. Laboratories around the world
started sequencing samples extracted from patients with COVID-19, harbouring SARS-
CoV-2 viral bio-material, leading to the collection of several millions sequences [2, 3].

Since the early 2000s, efforts have been made to model and understand the human
genome, using conceptual modeling to describe genomics databases [4]. Many research
efforts have employed conceptual models’ expressive power for explaining biological
entities and their interactions in terms of conceptual data structures [5, 6]. With a focus
on human genomics, Pastor et al. proposed the Conceptual Schema of Human Genome
[7, 8]. Bernasconi et al. further introduced the Genomic Conceptual Model [9] for driv-
ing the data integration steps of processed human genomic samples. Conceptual mod-
els have also been employed to represent and communicate genome information about
alternative, but less complex, species, such as citrus [10] or bacteria [11]. The Viral Con-
ceptual Model (VCM, [12]) was motivated by the scientific interest in representing the
genomic aspects of the virus causing COVID-19, so it could be exploited for integrating
the heterogeneous data deposited in different databases [13].

Conceptual models have traditionally been employed to capture and represent the
main concepts that exist in a domain, using a level of abstraction that is suitable to
develop an information system following users’ requirements. In this sense, a concep-
tual model provides an information structuring function for a given application domain.
The VCM focuses on such structuring function for the purposes of characterizing viral
genomic sequences. The model has already being successfully used for designing sev-
eral search and visualization systems [14—16] and has been linked to a Phenotype Data
Dictionary [17] and a knowledge base of SARS-CoV-2 mutations’ impacts [18, 19]. A
broader application and adoption of the VCM within the context of virology research
(by both life science domain experts and information systems’ developers), however,
requires that a more ontology-oriented approach is embraced, allowing the unambigu-
ous identification of entities in the context of heterogeneous information.

In [20] (and extended here), we argue that a conceptual model should be able to pro-
vide conceptual clarification and unambiguous communication regarding the nature of
entities and their connections, which are assumed to exist in a given domain. This is
the ontological function of a conceptual model. In this sense, the model must strive to
represent the exact intended conceptualization (that is, the exact set of possible inter-
pretations) of the domain that it is intended to represent. In other words, the model
should be explicit and transparent with respect to its ontological semantics. Revealing
the ontological semantics of an information artifact is a fundamental type of explanation
for symbolic models (including conceptual models). In Latin languages such as Portu-
guese, Italian, Spanish, and French, the terms for explanation literally mean “to unfold”
(or to unpack). Thus, we use the term ontological unpacking to refer to a process of onto-
logical analysis that reveals the ontological conceptual model (a conceptual model in its
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latter function) behind an information structuring conceptual model (the conceptual
model in its former function). As a methodological and tool support for this process,
we employ OntoUML, an ontology-driven conceptual modeling language whose meta-
model complies with the ontological distinctions and axiomatization of the theoretically
well-grounded Unified Foundational Ontology (UFO [21, 22]).

The ontological unpacking process enables semantic interoperability of scientific data
models [23] according to the well-accepted FAIR principles [24]. It allows adopters to
either endorse existing models as is or to highlight their missing elements, thus maxi-
mizing the added value of their information [25]. In current FAIRification initiatives [26,
27], interoperability is considered to be achieved simply by employing standards, inter-
national terminologies, and classifications that unambiguously define the meaning of
concepts [28]. Although this may enhance data FAIRness, it does not necessarily guaran-
tee the consistent understanding of concepts from different systems. Rather, models that
are transformed by the ontological unpacking procedure can effectively support applica-
tions that ensure the FAIR Interoperability principle.

In the following, we provide an overview of the meaning of ontology, ontological
unpacking, and semantic interoperability, extending the well-accepted FAIR principles
[24] by considering ontological foundations [25], when applied to a Viral Conceptual
Model [9]. ‘Method’ describes how OntoUML is used to encapsulate and expand rel-
evant concepts of the initial model to achieve the expanded version of the initial con-
ceptual model, called the Ontological Viral Conceptual Model (OntoVCM). Our results
illustrate: i) example applications of the new model for achieving ontological clarifica-
tion; ii) the use of the model for extracting shared semantics from the data. We finally
discuss future challenges.

Ontology and the “I” of FAIR

Conceptual modeling [29] refers to the adoption of abstraction techniques for repre-
senting artifacts and their semantics, associated with databases and software. A correct
conceptual modeling practice requires a sound ontological background. Guizzardi [25]
suggests the following interpretations of ontology:

(i) “Ontology” (as a discipline) proposes formal methods and theories for clarifying
conceptualizations and articulating their representations;

(i) “ontologies” are constructs capturing the conceptualizations represented within
information artifacts. These ontologies may be foundational when they are generic
in nature, such as UFO [30], DOLCE [31] or the Basic Foundational Ontology
(BEO, [32)).

Ontological unpacking refers to the process which, using Ontology as a discipline,
employs the theory of ontological analysis that reveals the ontological conceptual model
that represents an information structure. Note, instead, that “domain-specific ontolo-
gies” are simply information artifacts capturing a structured (possibly hierarchical)
knowledge content within specific fields; OBO Foundry [33] is a relevant collection of
such ontologies, including for example the Gene Ontology [34] and the Experimental
Factor Ontology [35].
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Within the FAIR principles, Interoperability is defined as “the ability of data or tools
from non-cooperating resources to integrate or work together with minimal effort” [24].
The most common approach to achieve interoperability in an information artifact is
recursive, as it adopts semantic resources that follow FAIR principles themselves [25].
However, research on achieving semantic interoperability on models that are not already
based on FAIR principles is lacking. In agreement with [25], we highlight the need for
Ontology theory (in the sense of i) for both building ontologies (in the sense of ii) and
designing constructs that capture the conceptualizations represented in information
artifacts (such as the VCM), transforming them into ontologies, in fact.

The Viral Conceptual Model (VCM)

The Viral Conceptual Model (VCM), shown in Fig. 1, was proposed in [12] as an Entity-
Relationship diagram [29] that provides a synthetic and unifying view of the viral
sequences metadata universe, with the specific aim to organize the domain and build
effective search systems upon such model. It is centered around the notion of a virus
genome SEQUENCE and organized into four perspectives, respectively describing the
technical process and instruments used for sequencing, the biology of the pathogen
organism and the infected host organism, the organization and management behind this
process, and the variation of the sequence with respect to its expected behavior. Further
details are provided in Additional file 1.

Related work

Many efforts have proposed ontologies for COVID-19. Specifically, the COVID-19
Ontology [36] is an information structure with two main purposes: i) a template to
define context in COVID-19 specific text mining approaches; ii) a structured system
of concepts and categories that helps to bring order into the COVID-19 knowledge
space. Their focus is on COVID-19 pathophysiology, epidemiology, targets, and medical
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Fig. 1 The Viral conceptual model (VCM), from Bernasconi et al. [12]
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implications. The COVID-19 Disease Map [37] focuses on the molecular mechanisms
of COVID-19 including the generated immune response. Two COVID-19 knowledge
graphs [38, 39] are computed as a result of a literature mining processes. The former
embraces a very large number of concepts provided as annotations of three mining
tools, whereas the latter focuses on cause-and-effect network constructed from scien-
tific literature. A big semantic network, based on entity co-occurrence within litera-
ture abstracts, is built within the context of the Blue Brain Project [40] to respond to
similar queries. The knowledge representations provided in CIDO [41], the COVID-19
Infectious Disease Ontology [42], and the COVID19 Disease Map [37] capture host-
coronavirus interactions mechanisms and their interactions with individual drugs, also
including some concepts related to the viral replication process. OGG-CoV [43] is a
high-level ontological representation of genes and genomes with several classes/proper-
ties for the SARS-CoV-2 structure. The Gene Ontology [44] has a page [45] dedicated to
human genes involved in the disease, which is useful to understand how viral proteins
interact with the host cells. All such approaches target properties of the disease caused
by SARS-CoV-2 and propose information structures without discussing the ontological
foundations of their models. Purely syntactical efforts in support of COVID-related data
interoperability have been undertaken by initiatives of Google [46] and Schema.org [47,
48] for structuring information and by FAIRsharing [49] for aggregating datasets [50].
See Fig. 2 for a diagramatic representation of the mentioned approaches.

Our approach is complementary both in terms of covered domain and of expressivity.
Regarding the first, OntoVCM focuses on describing the infection, sampling, sequenc-
ing, and annotations events of SARS-CoV-2 sequences. OntoRepliCov [51] is perhaps
the work whose domain is more similar to ours, It shows an initial conceptual frame-
work targeting the translation event during SARS-CoV-2 replication, but is restricted to
such mechanical aspects.

With respect to expressivity, unlike purely computational ontologies in limited logical
languages such OWL or SWRL (as [51]), OntoVCM is defined as a reference concep-
tual model [25] represented in an expressive representation language, which can count
with full first-order logic capabilities, modality, as well as higher-order types [30, 52].
Besides the lack of expressivity, ontologies directly designed in these computational
logic languages are subject to premature optimization issues, often favoring non-func-
tional requirements (such as computational tractability) at the expense of truthfulness

Providing
Ontologically OntoVCM explanation of the domain
unpacked model +

Interoperability at formal semantical level

Domain-specific COVID-19
schemas and structures ontologies knowledge graphs /
9 semantic networks
COVID-19 Ontology [35] COVID-19 knowled
. ge
Original VCM [12] graph [37]
CIDO [40]
Symbolic structures CoVID-19 COVID-19 Infectious COVID-19 knowledge Providing
Disease Map [36] Disease Ontology [41] graph [38] Interoperability at syntactical level
OGG-CoV [42]
Schema.org COVID-19 Blue brain-project
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related efforts [46] (COVID-19 section) [44]

Fig. 2 Diagram representing the current proposed solutions for semantic interoperability of
COVID-19-related information
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to the domain being represented and conceptual clarity [53]. In contrast, thanks to the
approach adopted here, from the OntoUML version of OntoVCM, several OWL/SWRL
representations can be generated satisfying different sets of non-functional require-
ments for the same ontology [54, 55].

Despite being coded in OWL/SWRL, some of the ontologies above are conceived with
the support of the BFO foundational ontology [36, 41, 42]. BFO is largerly compatible
with the UFO ontology adopted here. However, UFO is among the existing foundational
ontologies with the most mature theory of relations and relational properties [56, 57],
and of higher-order types [58]. There are many aspects of this domain that are inherently
relational (for instance, a viral infection requires a virus collective and a host; a virus
genetic sequence variant requires a relation to a reference sequence), and many aspects
that require the modeling of higher-order types, that is, types whose instances are them-
selves types (Virus Species, Genomic Assembly Method, Aminoacid Type).

Method

OntoUML is a language whose meta-model complies with the ontological distinctions
and axiomatization of the theoretically well-grounded Unified Foundational Ontology
(UFO [21, 22]). Here, we provide a selected subset of the ontological distinctions pro-
posed by UFO, represented by the modeling primitives of OntoUML. The philosophical
justifications, formal characterizations and empirical support for the primitives are pro-
vided in [30, 56].

The most dominant subcategory is that of endurants [30] (as opposed to events or
occurrents). Endurants are entities that have essential and accidental properties and,
hence, that can change in time. Central to any conceptualization of endurants is a num-
ber of object Kinds. That is, the genuine fundamental types of objects that exist in this
domain. The objects classified by a kind could not possibly exist without being of that
specific kind. All objects necessarily belong to exactly one kind and cannot change kinds;
Typical examples include Person, Virus, and Organization. There can be other static
subdivisions (or subtypes) of a kind, naturally termed Subkinds. For example, the kind
‘Organization’ can be specialized in the subkinds ‘Research Laboratory’ or ‘Biological
Data Institution’ (first row of Fig. 3). Object kinds and subkinds represent essential prop-
erties of objects (also termed rigid or static types [30]).

There are, however, types that represent contingent or accidental properties of objects
(termed anti-rigid types [30]). These include Phases and Roles. Phases represent proper-
ties that are intrinsic to entities (for instance, ‘being a puppy’ is being a dog in a particu-
lar developmental phase; ‘being a living person’ is being a person who has the intrinsic
property of being alive; ‘being available car’ is being a car that is functional and, hence,
can be rented). Roles, in contrast, represent properties that entities have in a relational
context. For example, ‘being a host organism’ is to bear a number of properties in the
scope of viral infection; ‘being a researcher’ is to bear a number of commitments and
claims towards a research organization in the scope of a research affiliation (second row
of Fig. 3).

Kinds, Subkinds, Phases, and Roles are categories of object Sortals. In philosophy, a
sortal is a type that provides a uniform principle of identity, persistence, and individu-
ation for its instances [30]. A sortal is either a kind (such as ‘Person’) or a specialization
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Fig. 3 Overview of a part of OntoUML stereotypes, with their description and examples taken from the
proposed OntoVCM

of a kind (such as ‘Adult, “Woman, ‘Analyist’). Objects can relate to each other via part-
hood relations forming partonomic structure (for example, a human body is composed
of organs and tissues).

Relators represent clusters of relational properties that are kept together by a nexus.
Moreover, relators (such as enrollments, mandates, affiliations) are full-fledged endur-
ants. In other words, entities that endure in time bearing their own essential and acci-
dental properties and, hence, first-class entities that can change in a qualitative manner
while maintaining their identity. Relators are the truth-makers of relational proposi-
tions. Relations (as classes of n-tuples) can be completely derived from relators [56]. For
instance, it is ‘the affiliation’ (as a complex relator composed of mutual commitments
and claims) of the researcher Anna with Politecnico di Milano (PoliMi) that makes true
the proposition that “Anna works for PoliMi”. Relators are existentially dependent enti-
ties (the affiliation between Anna and PoliMi can only exist if Anna and PoliMi exist)
that bind together entities (their relata) by the mediation relations — a particular type of
existential dependence relation [30]. Besides existential dependence, OntoUML allows
for endurants to be related by historical dependence [57]. While an existential depend-
ence from A to B means that B has to exist in all situations where A exists, a historical
dependence from A to B means that, for A to exist, B must have existed before or con-
comitantly with A. See third row of Fig. 3, where an infected tissue can only exist if a
viral infection existed before.

Objects typically participate in relationships (relators) playing certain “roles”: people
play the role of ‘Researcher’ in a research affiliation; a person plays the role of ‘Analyst’
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in an analyst affiliation. Roles in UFO are relational contingent sortals, since they can
only be played by entities of a unique given kind. There are, however, relational and
contingent role-like types that can be played by entities of multiple kinds. We call these
role-like types that classify entities of multiple kinds RoleMixins. An example is the role
‘Customer’ or the host organism for a virus, which could be in vitro or living (fourth row
of Fig. 3).

In general, types that represent properties shared by entities of multiple kinds are
called Non-Sortals. Categories are another type of non-sortals in UFO: they represent
necessary properties that are shared by entities of multiple kinds; for instance, the cat-
egory ‘Biological Organism’ represents properties of all living entities that are capable of
reacting to stimuli, reproduction, growth, homeostasis, etc., while an ‘Animal’ is a mul-
ticellular, eukaryotic biological organism (fifth row of Fig. 3). In contrast to rolemixins,
categories are Relationally Independent Non-Sortals.

In OntoUML, objects can be Collectives; that is, plural entities that aggregate parts
(members), all of which play the same role with respect to the whole, or functional com-
plexes. In other words, these are entities whose parts (called components) play different
functional roles with respect to the whole [30]. As an example a ‘Virus’ is a member of a
‘Virus Collective’ (sixth row of Fig. 3). Objects can also be Quantities; that is, portions of
matter whose parts belong to the same type as the whole [30], such as a ‘Biological Tis-
sue’ (seventh row of Fig. 3).

Besides endurants, UFO, and hence OntoUML, allow a category of perdurants [59,
60]. These are Events, which can have their own properties, fall into taxonomies, and be
decomposed into parts. However, events only exist in the past and are, thus, immutable
in all respects. For this reason, there are two categories of events: event kinds (repre-
sented by the stereotype «event») such as “Virus Sequencing’ (eigth row of Fig. 3) and
event subkinds. The most common relationship between endurants and events is par-
ticipation, but events can also bring existence (create) endurants.

Finally, OntoUML embeds a theory of multi-level modeling and higher-order types
[52, 58]. These are represented by the stereotype «typerand are types whose instances
are types themselves. A relation of instantiation connects individuals to these higher-
order types [52], for example ‘Molecule Type’ is the high-order type of a “Virus Sequence’
(ninth row of Fig. 3).

Results

We produced an unpacked version of the VCM by reconstructing the original concep-
tualization underlying VCM using ontological analysis associated with OntoUML. The
result of this analysis is captured in a series of modules indicated with different back-
ground colors in the complete OntoVCM shown in Fig. 4, respectively capturing aspects
regarding Viral Infection, Tissue Sampling, Virus Sequencing, Virus Sequence Publi-
cation and Annotation. Following the generally-accepted OntoUML coding scheme,
entities’ colors are selected as follows: light red for types whose instances are objects;
green for relators; yellow for events; and purple for higher-order types. The details of
the ontological unpacking results are reported in Additional file 2, based on [20]. The
direct results of such effort correspond to a catalogue of cases explained in the following,
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Fig. 6 Left: Excerpt of the original VCM technical perspective. Right: OntoVCM Virus Sequencing module

where OntoVCM proves effective in: i) clarifying the initial conceptualization and ii)
unveiling the data semantics in the SARS-CoV-2 example domain.

High-level ontological clarification

The HostSAmpLE case

VCM includes all information about the host sample in one single entity HOSTSAMPLE,
generating a de-normalized structure that conceptually oversights the real-world TissUE
SAMPLING event. This event, which involves actors such as a healthcare worker, the indi-
vidual who undergoes a swab test, and the facility where the extraction happens, remains
under-specified even though it occurs at a precise point in time and space. Figure 5 rep-
resents the transformation between the original VCM fragment capturing the aspects
regarding the properties of the biological sample of the host organism with the gener-
ated sequence and the unpacked repesentation of the TISSUE SAMPLING event involving

various actors and the relationships among them.

The ExperimMENTTYPE case

VCM compacts the technological information using the SequencingTechnology, Assem-
blyMethod and Coverage of the EXPERIMENTTYPE entity, as reported on the left side of
Fig. 6. This simplification oversights a more complex representation where a SEQUENC-
ING PLATFORM kind participates in a VIRUS SEQUENCING super-event including a SAM-
PLE SEQUENCING event that creates VIRUS RAw DATA collectives (made of READS)
participating in the GENOME ASSEMBLY event. This excerpt is now more broadly cap-
tured by the OntoVCM module on Virus Sequencing (see right-end side of Fig. 6).
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Describing a process in space and time

Different databases collect SARS-CoV-2 sequence data. Such databases, and similarly
the VCM, focus on providing a quick access to data and very minimal descriptions. In
doing so, they overlook the complex reality that includes the events of infection, sam-
pling, sequencing, analysis, and submission/publication, as captured instead by the
ontological analysis.

Space-wise, sequences are superficially assigned a “location” (GeoGroup, Country,
and Region attributes in the HosTSAMPLE VCM entity), based on the geography of the
OriginatingLab, whereas the SequencinglLab is represented in the SEQUENCINGPROJECT
entity. However, a non better-specified location assigned to a sample could differentially
describe: i) the provenance of the infected host (location of the OntoUML VIRAL Dis-
EASE event); ii) the laboratory where the virus was collected (SAMPLING LABORATORY
historicalRoleMixin); iii) the laboratory where the sample was sequenced (SEQUENCING
LAaBORATORY, OntoUML historicalRole); or iv) the laboratory that took the responsibil-
ity of submitting the data to a public database (where the SEQUENCE DEPOSITION event
takes place).

Time-wise, the semantics of different registered time points remains ambiguous. For
example, the CollectionDate of the VCM HosTSAMPLE and the SubmissionDate of the
SEQUENCINGPROJECT are not always clearly distinguished, even if the two real world
events may happen several months apart.

The OntoVCM provides a specification in spatial/temporal terms that supports: i) a
correct description of the reality of viral infection, its spreading, and the effects on the
moving host (in spatial and temporal terms); ii) disambiguation among different seman-
tics of location and dates assigned to a viral sequence. Note that semantic differences
and interpretations of such concepts may strongly impact the understanding and use of
the related data within downstream analyses targeted to inspecting variants routes [62],
their emergence [63, 64], or their phylogenetic evolution [65].

The TransLATION event

Public databases and the VCM flatten information regarding very different biological
entities (genes, peptides, coding regions, etc.) as shown on the left side of Fig. 7, lead-
ing to confusion especially to users unfamiliar with the domain. It is important that
nucleotide and amino acid-level mutations are correctly imputed to the belonging genes,

Nucleotide
Variant

Fig. 7 Left: VCM excerpt concerning the sequence with its variants on the nucleotide and amino acid levels.
Right: OntoVCM Virus Sequence Annotation module
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proteins, or functional regions of the virus. However, VCM NUCLEOTIDEVARIANTS are
not connected to ANNOTATIONS, so their meaning within their context (a gene or an
untranslated region) is not explicit.

Instead, there is a need to explicitly represent the translation concept as an event as
allowed by OntoUML (see right side of Fig. 7). A VIRUS SEQUENCE instantiates a MoOL-
ECULE TYPE: here, we restrict ourselves to single-stranded molecule types, based on the
focus of VCM. A VIRUS SEQUENCE is ultimately a sequence of NUCLEOTIDES. A FuLL
CONSENSUS SEQUENCE is a VIRUS SEQUENCE composed of a number of NUCLEOTIDE
SUBSEQUENCES, which provides further structure to the NUCLEOTIDES composing that
FuLL CONSENSUS SEQUENCES. NUCLEOTIDES are of certain well-known types. In DNA
they are A, C, G, T; in RNA T is replaced with U. Relevant NUCLEOTIDE SUBSEQUENCES
are CoDONS — sequences of three NUCLEOTIDES responsible for coding particular
AMINO Acip TyPEs — and CODING REGIONS — aggregations of CODONS responsi-
ble for coding particular PROTEIN types. A CODING REGION participates in TRANSLA-
TION events, which produce amino acid sequences; that is, PROTEINS composed of a
particular sequence of AMINO AciDs (of which 20 subtypes are known). The type of
PROTEIN created by a TRANSLATION event can be derived from the involved CopinGg
REGION. VIRUS SEQUENCES and PROTEINS are subkinds of SEQUENCE. A SEQUENCE has
two possible roles: REFERENCE SEQUENCE (unique for a VIRUS SPECIES) and REGULAR
SEQUENCE. These two entities are mediated by the relator VARIANT, which is of a given
VARIANT TYPE (such as INSERTION, DELETION, etc.). This relator is created during a
VARIANT ANALYSIS event, to which one reference and one regular sequence participate.
Further details can be appreciated in the full ontological analysis reported in Additional
file 2.

This new representation enables two important consequences, previously overlooked
on the VCM: i) the analysis of nucleotide variation in the context of the specific areas
of the sequence to which they belong (with possible different functions); ii) the link
between nucleotide variants and their possible mutation at the amino acid level, leading
to differentiating synonymous (silent, neutral) and non-synonymous nucleotide (poten-
tially deleterious) mutations.

Semantics extraction from data

Datasets integration

SARS-CoV-2 data is mostly shared within the deposition database EpiCoV’, hosted
by the GISAID Initiative [66], which — as of January 2022 — collected more than 7 mil-
lion sequences from worldwide laboratories. However, several sequences are still
being uploaded to alternative databases: GenBank [67], COG-UK [68], and the Chi-
nese Genome Warehouse [69]. Currently, there does not exist a unifying ontology that
supports the seamless integration of such databases, which hold different definitions
and formats for representing both metadata and the genomic data itself. Data sources
employ very basic data schemata (see Table S1 in Additional file 3), comprising a list of
sequences, each connected to many mutations. In turn, mutations can appear in mul-
tiple sequences. Metadata describing sequences are flattened and attached as simple
lists to each sequence; Fig. 8 shows how the mentioned four relevant data sources cover
differently and use heterogenous measures for expressing the information about virus
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Fig. 8 Attributes describing SARS-CoV-2 sequences, after our attempt to assign them to semantic modules
described by the OntoVCM (see colored legend)

infection, sampling, sequencing, publication and annotation. The VCM has proposed
one possible global schema that gathers essential information and provides mappings
from each source to offer an integrated interface (with a data warehouse perspec-
tive inspired to the Global-as-View approach [70]). However, a higher level ontology is
needed so that different semantic interpretations of sources are correctly acquired and
— only afterwards — integrated, avoiding the problems highlighted earlier.

Entity resolution

A huge number of viral sequences (the same) are submitted to two (or more) different
systems, as GISAID and GenBank, or GenBank and COG-UK. The same real-world
information is thus input within fields, labelled differently, and handled with different
formats; that is, committing to different underlying ontologies. Records that represent
sequences derived from a same biological sample processed on a specific point in time
and space, with a same sequencing machine and setting configuration, should be recon-
ciled in any integrated database. Failing to do so leads to the computation of incorrect
statistics, which are especially dangerous in the context of pandemic-related big data col-
lections [71]. A unifying ontological approach can help address entity resolution prob-
lems, as it can be noted in the OntoVCM module on Virus Sequence Publication (see
Fig. S1 in Additional file 2), with the OntoUML relator that represents the SEQUENCE
DerosiTION mediating between a FuLL CONSENSUS SEQUENCE and a SEQUENCE
DATABASE. The many-to-many cardinality of its relationship shows the possibility for
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sequences to be submitted to multiple databases explicitly, thereby capturing the prob-
lem of redundant representations of same real-world entities.

Location/temporal data notation

Over different databases, locations may be expressed in compact multi-level forms
(Continent/Country/Region/Province) where some levels may be optional; the same
information is sometimes expressed in different languages (one example is Europe/
Italy/Lombardia or Europe/Italy/Lombardy) or input at different levels of the hier-
archy ( Europe/Italy/Lombardy/Milano or Europe/Lombardy/Milan). Some sources
divide location information into different fields, whose inter-relation is not clear
(country="Italy:Lombardy” and isolate="SARS-CoV-2/human/ITA/Sars-CoV2-SpikeB_
Milan_0Oct2019/2019”). Dates are also provided in various formats. Incompleteness
often happens at the day level, but can also occur at the month level — many sequences
are just assigned the year value “2020’ which make them useless for data analysis. Such
missing information is sometimes expressed with null/empty values; other times it may
be filled with fictitious data (such as ‘01" or ‘Jan; typically making an incomplete record
correspond with the first available date). Moreover, collection and deposition dates are
often confused. All these data quality aspects clearly bring negative consequences to data
analysis results and studies, especially when they are not made explicit. The ontological
unpacking reflects a precise semantics of the domain, enforcing a correct extraction of
location/time-related semantics from data (as demonstrated in the above ‘Describing a

process in space and time’ section).

Virus structure description

The structure of the SARS-CoV-2 virus includes 12 open reading frames (ORFs). Among
these, ORFla and ORF1b are two long overlapping ORFs (accounting for>70% of the
total virus length) generating continuous polypeptides, divided into 16 nonstructural
proteins (NSPs). The translation of ORF1b is mediated by a -1 frameshift that allows
translation to continue beyond the stop codon of ORFla [72]. Some data sources use
the genes notation ORFla and ORF1b. Others use the proteins notation pplab and
ppla, and still others directly use their (contained) non structural proteins notation
NSP1-NSP16.

The two most used reference sequences are named NC_045512 [73] within GenBank
and hCoV-19/Wuhan/WI1V04/2019 [74] within GISAID. They respectively have 29,903
and 29,891 bases and slightly differ also for the representation of proteins. UniProtKB
[75] and NCBI Gene [76]) provide structured annotations of its regions and functional
domains. However, currently, there does not exist a precise ontological characterization
of all the elements of the viral genome, making explicit which terms are synonyms and
which are instead connected by more complex relationships.

Meaning of variant

The intended meaning of variant (or mutation) is another aspect of interest: a mutation
is a deviation with respect to a standard—expected—behavior, which results into a dif-
ferent letter in a string that represents a sequence. The choice of a reference sequence is
thus necessary to give context to a variant. When a unique standard is lacking, mutations
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are expressed (in different databases) using various terms and coordinates. Moreover,
substitutions and deletions are either of arbitrary length or reported as only one-base or
one-residue strings.

While considering variants, technical limitations of the sequencing process should be
taken into account. The experimental practices that attempt to encode biological enti-
ties within information structures, in several occasions do not succeed in representing
correctly the reality. This can happen for several reasons: the biological material is not
sufficient to capture a given phenomenon; the quality of the technical equipment is not
adequate; or the coverage of the measurement is too limited. What meaning should be
associated with a mutation then? A different letter in a given position could indeed rep-
resent a new varied virus or simply an error/lack of measurement in that position.

A correct data representation of the genome cannot ignore these aspects, so several
additions to the VCM are needed, as highlighted by the use of OntoUML stereotypes.
First, note that several outcomes depend on the results of SARS-CoV-2 variants rec-
ognition kits, impacting socio-economic and epidemiological decisions. Thus, making
the VIrus SEQUENCING and the VARIANT ANALYSIS events explicit clarifies a series
of problems related to the transformation of a biological phenomenon into the cor-
responding information structure. We highlight the need of using one unique refer-
ence sequence, clarifying the ontological foundation of the virus structure. A PROTEIN
is a kind and all the real data instances that refer to a same protein may have differ-
ent names or slightly different coordinates on the nucleotide sequence. To integrate dif-
ferent sources, it is important that all their annotations map to the same instances of
the OntoVCM PROTEIN entity. Similarly, if a VARIANT expresses a relator between two
SEQUENCEs — respectively playing the role of REFERENCE SEQUENCE and of REGULAR
SEQUENCE - then data sources instances should map to this representation at the upper
ontology level. We conclude that, as different data sources may commit to different “rep-
resentations of the virus” (that is, different underling ontologies), their results should not
be seamlessly aggregated within statistics without prior mapping their ontologies to a
shared reference coordinate system.

Discussion

The progression of research in the life sciences requires the development and use of
databases that can be shared amongst scientists and researchers. Before the data can be
used, the databases must be integrated, requiring semantic interoperability. Data inte-
gration is still challenging, especially for domains where data grows uncontrollably and
at very fast rates, as within the SARS-CoV-2 domain. Ultimately, it is essential [77, 78] to
share such data within large scientific communities to faciliate efficient processing and
analysis from different sources. With the structuring of genomic data based on interna-
tional standards, data are easier to merge and analyze.

We have argued that adhering to the genomic standards requires a prior shared
understanding of the domain. We first showed how the original VCM offers a restricted
representation of the reality, hindering the correct understanding of all the processes
behind the production and use of viral sequences. We have thus proposed the ontologi-
cal unpacking as a method to unveil the semantics of a complex domain hidden behind
information structures. Designing ontologically unpacked models responds to a general
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call of the scientific community that requires not only Findable, Accessible, and Reusable
datasets, but also Interoperable ones. We interpret interoperability in the sense defended
by Guizzardi [25], which requires the use of Formal Ontology, as a discipline, and repre-
sentation languages based on formal ontological principles, for grounding interoperable
artifacts.

The ontological representation of a conceptual information structure, such as the
VCM, can also provide the basis from which to investigate further aspects of the virus
representation. It uncovers the need for separating the description of the biological enti-
ties (concepts) from their representation within information structures (data). For exam-
ple, in OntoVCM a FurLL CONSENSUS SEQUENCE is a type of complete VIRUS SEQUENCE
record. Given the initial purpose of VCM, these entities are information/representation
entities and not actual chemical structures. In reality, a FULL CONSENSUS SEQUENCE is
a representation of a virus sequence type that is instantiated by actual complex chemical
structures (sequences of nucleotides). An ontological representation makes this distinc-
tion explicit. Similarly, the OntoVCM TRANSLATION event is not the actual biochemical
event involving the real-world counterpart of these entities, but, rather, an informa-
tion processing event that generates PROTEIN representations from CODING REGION
representations.

When adopted within clinically-relevant contexts, OntoVCM can be fundamental in
allowing a shared understanding of the viral information, especially when this informa-
tion needs to be joined with characteristics of the infected host. Consider, for instance, a
scenario where a hospital with COVID-19 patients is interested in assessing their clini-
cal phenotype, possibly annotating the collected swab tests with additional information
regarding the specific SARS-CoV-2 variant and the presence of given mutations with
known effects [18]. Tools such as SnpEft [79], CorGAT [80], or the Coronavirus Typing
Tool [81] may be used for annotating the viral information, within protected environ-
ments such as VirusLab [82]. A correct ontological characterization of concepts is nec-
essary for 1) interpreting all the aspects related to the production of virus sequence, 2)
establishing a correct host-virus link, and 3) supporting effective interoperability [17],
thereby enabling the design of models that correlate clinical outcomes with the charac-
teristics of the virus.

We presented OntoVCM as a reference conceptual model providing conceptual clari-
fication and ontological grounding for a particular perspective on the domain of viral
information (infection, sampling, sequencing, annotations and depositing). As such, the
model aims at supporting tasks such as domain understanding, unambiguous communi-
cation, and meaning negotiation, all of which are essential for semantic interoperability.
With the support of the existing OntoUML tool ecosystem [54], from this conceptual
model a number of computational implementations can be systematically produced for
different implementation platforms ranging from relational databases, to constraint sat-
isfaction visual simulation languages (such as Alloy), to computational logic languages.
Note that representations (such as RDF, OWL, OWL-DL, SWRL, etc.) directly enable
processes of data annotation [79, 83] and automated reasoning [84, 85]. Reasoning can
be extremely powerful within the context of knowledge concerning viral mutations and
their impacts, where the most promising directions, based on the taxonomy of Keet et al.
[85], are finding gaps in an ontology, discovering new relations, comparing ontologies,
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using hierarchies of relations, building complex queries interoperable. Following this
stream, one can produce different implementations that share the same conceptual
worldview but also implementations that are ontologically sound by design. In particu-
lar, one of the OWL implementations generated by these tools is directly grounded on
gUFO (an expressive OWL implementation of UFO) [86]. Because of it, these implemen-
tations can benefit from a general formalization and reasoning support of foundational
axioms dealing with events, situations, change, higher-order types, etc. In general, dif-
ferent mappings are required to address different sets of non-functional requirements.
Future work is needed to map a number of requirements for different classes of applica-
tions that can be based on our model. These classes will then inform our choice of map-
pings that will be implemented and made available to the research community.

The intersection of conceptual models and ontologies with Machine Learning has
been considered in [87]. Specifically, research on knowledge graphs provide important
technologies for linked data and ontologies in general [88] and conceptual modeling in
particular, including reasoning and querying over contextual data, and rule/axiom min-
ing. OntoVCM will inspire the use of knowledge graphs for representing sequences,
their mutations, co-occurrences, and effects; learning techniques will be employed on
such structure.

From the standpoint of domain understandability, OntoVCM can be extended by
addressing the principles of identity of viruses and their mutations. The original VCM
identifies a specific sequence of a virus by means of identifiers of the deposition data-
bases where it was stored and, possibly, by the information on the publication record
with which the sequence was first presented. However, mechanisms of identification
are missing. What are the identifying characteristics for considering the sequence of a
certain species? This is particularly interesting when we allow for modifications; that is,
mutations, that can consistently change the functionalities of the virus. In the literature,
taxonomies [89] are defined, but not with precise ontological terms. Our ontological
representation provides a starting point for precisely defining identifying properties of
a virus and its extracted sequence. A definitive characterization of this aspect may also
lead to a generalization of the model to completely include all known viruses. It may also
be possible to interoperate information between different viruses.

The most relevant limitations to the adoption of the proposed technique are practi-
cal. Considerable time is required to perform an ontological analysis; therefore, the joint
work of different ontology engineers and scientists must be taken into account. However,
the desiderable goal of reaching a shared understanding of a complex domain should
justify the effort. Prior knowledge of the OntoUML framework and a background with
foundational ontologies and their principles is required to perform a sound ontological
analysis and unpacking. However, typically adopters do not need to fully understand the
concepts provided in the input models or structures, because the understanding will be
assessed and completed while the analysis is conducted.

Moreover, OntoVCM restricts its scope to single-stranded viruses. This was motivated
by the need to prioritize a strategy that would include the case of SARS-COV-2. How-
ever, since OntoVCM is meant as a general reference model for viral information (under
the perspective adopted here), in future work, we will extend our model to include the
analysis and modeling of double-stranded viruses.
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Conclusions

Research on the human genome and virology has revealed the need to facilitate the
sharing of databases that support such work. In this research, we have shown how
conceptual models can support the semantic interoperability needed for sharing
among databases and assessed the ontological clarity of these models to support
their effective use. This modeling effort was illustrated by an application to the Viral
Conceptual Model that captures and represents the sequencing of viruses. Our work
was inspired by SARS-CoV-2, the virus responsible for COVID-19. The “ontological
unpacking” was accomplished by applying the stereotypes of the OntoUML ontology-
driven conceptual modeling language, to propose an ontologically grounded model.
OntoVCM is based on the initial model but with guaranteed interoperability among
the data sources that employ it. In doing so, we support the desired “I” (interoperabil-
ity) in FAIR. Further research is needed to apply these modeling efforts to other life
science applications.

We have already been applying our method of “ontological unpacking” to other com-
plex domains and, in particular, other sub-domains in the life sciences including a con-
ceptual model of the human genome. The work described in [90] presents the first
results of this initiative with a focus on biological pathways that describes the chemical
reactions that explain the different molecular processes in the human body. Such results
will be complemented with efforts to address other dimensions of human genomic
information including: a structural view (composition of transcribable chromosome ele-
ments); a variation view (types of changes that may occur in the genome); a transcrip-
tion view (process of moving from DNA to RNAs); a proteome view (characterizing
proteins structure and properties); and a bibliography and data sources view (identifying
relevant information related to sources of valid information, such as KEGG [91] or Reac-
tome [92]). Our ultimate goal is to produce a strongly and precisely connected ontol-
ogy network for human genome sharing, making available both a system of reference
conceptual models and derived implementations with clear indications of the motivating

non-functional requirements.

Abbreviations

(@] Conceptual modeling

FAIR Findability, accessibility, interoperability, reusability

OntoUML An ontologically well-founded language for ontology-driven CM; it is built as a UML extension
based on UFO

OntoVCM Ontological viral conceptual model

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2

UFO Unified foundational ontology

UML Unified modeling language

VCM Viral conceptual model
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