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CHAPTER

Direct data exchange
of complex genetic datasets;
the VarioML framework, an update
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Direct data exchange of complex genetic datasets

9.1 Abstract

As genetic data sharing becomes increasingly complex, standardized and interoperable data
formats are essential. To align with modern data exchange practices, the VarioML framework,
originally designed based on an XML-based format for complex genetic datasets, has been
extended with a native JSON implementation. This update enhances interoperability, allowing
seamless integration with modern bioinformatics tools and automated submissions to the
LOVD3 database. JSON Schema definitions were developed to ensure data validation. Unlike
alternative formats such as Phenopackets, VarioML maintains a flexible, ontology-driven
structure suitable for both patient-centered and variant-centered representations.  This
update ensures that VarioML remains a robust solution for LSDB interoperability and future
genetic data exchange. By implementing VarioML JSON in our APIs, we take steps towards
integrating the FAIR principles in LOVD.



9.2 Introduction

Gene variant databases, or Locus-Specific Databases (LSDBs), and related resources are increas-
ingly interconnected through automated data exchange mechanisms. These connections
may link distributed systems for bi-directional exchangell or facilitate federated queries via
a central hub? However, most of these integrations focus solely on DNA variant sharing,
relying on simple data formats. Given the complexity of genetic datasets in LSDBs, including
case-level patient and phenotype data, a more structured format is necessary to take full
advantage of this information. Such a format would not only allow automated submissions
to databases like the Leiden Open Variation Database (LOVD), but also improve data inter-
operability for solving increasingly complex genetic cases where automated access to highly
detailed case-level data is required.

In 2012, we introduced the VarioML framework? a flexible XML-based data format designed
to store and exchange complex LSDB datasets. VarioML was structured to support both
variant-centered and LSDB-centered views, and was adopted in Cafe Variome ! !\/\olgenis,E
and LOVD2E A key feature of VarioML is its ontology-driven standardization, which enables
seamless data exchange across systems using differing internal representations.

Since the design of VarioML, XML has been largely replaced by JavaScript Object Notation
(JSON), a more widely adopted programming language-agnostic format for structured data.’
While the original VarioML framework included an XML-to-JSON conversion method, this
process was only partially automated and still required XML as the primary format. To
modernize VarioML and support direct JSSON implementation, we developed a native JSON
version of VarioML.

Here, we describe the design and implementation of VarioML in JSON, its integration into
LOVDS3 for automated database submissions, and the development of JSSON Schema definition
files to enable fully automated validation of VarioML JSON datasets. The resulting toolkit
provides a modern, flexible approach to exchanging and validating complex LSDB datasets.

9.3 Materials and Methods

The primary structural difference between XML and JSON lies in how they store and organize
data. While both formats support single values, lists, and nested elements, XML also allows
the use of attributes, which do not exist in JSON. As a result, converting XML to JSON requires
attributes to be mapped into JSON keys. Additionally, when an XML element contains both
attributes and a textual value, a special key must be introduced in JSON to store that value.
Another key distinction is that XML permits direct repetition of elements, whereas JSON
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<seq_changes>
<variant type="cDNA">
<gene source="HGNC" accession="IVD" />
<ref_seq source="genbank" accession="NM_002225.3" />
<name scheme="HGVS">
c.97C>T
</name>
</variant>
</seq_changes>

Figure 9.1: An example of an XML format with attributes, a textual value, and a repeatable element.
The attributes in this example are the “type” of the “variant” element, the “source” and “accession” of the
‘gene” element, the “source” and “accession” of the “ref_seq" element, and the “scheme” of the “name”
element. Attributes do not exist in the JSON format. The name’s value, ‘c.97C>T", would normally be
stored under the key "name” in JSON. However, since the “name” element has a “scheme” attribute, the
JSON format will require a different method to store the value. Note that the variant element is repeatable;
any “seq_changes” element can contain multiple “variant” elements. This is possible in XML but not in
JSON, as JSON keys have to be unique.

does not allow duplicate keys, requiring an additional level of nesting to handle repeatable
elements. An example of an XML representation of LOVD data is shown in Figure B.1]

During the development of the JSON-native version of VarioML, we based our design on a
VarioML data file representing the LOVD3 data model for a full database submission. Several
key modifications were made compared to the XML approach. Elements that are allowed to
occur multiple times, such as the “variant” element, were renamed using plural nouns (e.g.,
“variants”) and structured as JSON arrays to align with standard JSON best practices. XML
attributes were converted into key-value pairs within their respective elements, with special
care taken to prevent naming conflicts. When an XML element contained both attributes
and a textual value, the value was explicitly stored under a key named “value” rather than
“string” as described in the original VarioML design, as not all values are strings, making “value”
a more generic and widely applicable alternative. The JSON format for the data displayed in

Figure Pl is shown in Figure 2.

Once the JSON format for a full case-level submission was finalized, it was implemented in the
LOVD3 submission AP, allowing fully automated data submissions from European diagnostic
laboratories. Following this, the variant-centered VarioML JSON format was developed and
implemented in a new LOVD3 API that enables registered LOVD instances to exchange data
with the central LOVD server and generate bulk data downloads in VarioML JSON format.
To ensure compliance with the VarioML standard and enable automated validation, JSSON



"seq_changes": {
"variants": [

{
"type": "cDNA",
"gene": {
"source": "HGNC",
"accession": "IVD"
},
"ref_seq": {
"source": "genbank",
"accession": "NM_002225.3"
},
"name": {
"scheme": "HGVS",
"value": "c.97C>T"
}
}

Figure 9.2: The JSON output for the data displayed in Figure P.1]. The “variant” element is repeatable,
so was renamed to “variants” and implemented as an array.

Schema definition files were created based on the existing XML Schema: LSDB. json, which
defines all supported fields and their values and contains the structure of a complete LSDB
submission, and variant . json, which defines the structure for variant-centered data while
referencing LSDB. json for field definitions. Additionally, GA4GH. json was developed as a
JSON Schema for a GA4GH Data Connect APl endpoint that returns VarioML data.

All schema files are publicly available at the GitHub repository: github. com/VarioML/VarioML.

9.4 Results and Discussion

JSON has become the most widely used data exchange format due to its built-in support
across all major programming languages and the availability of extensive online documenta-
tion, tools, and validators. By converting VarioML to a JSON-native format, we significantly
improved its interoperability with modern bioinformatics tools and infrastructure. The
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resulting format is highly flexible, supporting both patient-centered and variant-centered im-
plementations, and has been integrated into LOVD3 to enable fully automated submissions
of case-level datasets as well as seamless data exchange between registered LOVD instances
and the central server.

Initially, to determine the best XML-to-JSON conversion method, we tested six different XML-
to-JSON tools, generating five distinct JSON outputs. Each JSON result was then converted
back to XML to assess reversibility, which succeeded in only one case. The tested tools
encountered problems converting repeatable elements, element attributes, and text values
in elements containing attributes. None of the tested tools based their conversion on the
XML schema, resulting in inconsistent conversions of repeatable elements. Based on these
findings, we opted to design a native JSON format prioritizing readability and usability over
direct XML reversibility. The subsequent required renaming of repeatable elements (e.g,
“variant” to “variants”) aids developers in adopting the format, as it is immediately clear that
the data format allows for multiple variants.

During the development of this JSSON implementation, the Global Alliance for Genomics and
Health (GA4GH) introduced Phenopackets, a data exchange format designed for complex
patient-centered data structures Phenopackets has several limitations compared to VarioML.
It is strictly a patient-centered format and does not support variant-centered representations,
limiting its broader applicability. Additionally, its model includes oversimplifications that
reduce its usefulness for resources requiring a higher level of detail. For instance, genetic
data in Phenopackets must always be linked to a diagnosis, preventing the storage of genetic
information for undiagnosed patients or healthy individuals. Furthermore, it lacks an internal
structure to explicitly link variant expressions across DNA, RNA, and protein levels, making
it impossible to indicate which descriptions correspond to the same underlying genomic
change. While some degree of simplification is necessary when designing data models, every
abstraction inherently reduces flexibility. These limitations in Phenopackets not only prevent
proper conversion of existing data into its format but also hinder accurate reconstruction
of stored data. To address similar challenges in VarioML while maintaining adaptability, the
VarioML model implements the “evidence_code” element, allowing users to store additional
observational data when needed. This ensures that critical information can still be captured,
even ifit does not fit directly within the predefined model, and helps maintain full bidirectional
compatibility between different data representations.

A major advantage of VarioML is its strong reliance on ontologies, which ensures that all
data fields and values are fully standardized. This makes VarioML datasets easily convertible
into FAIR-compliant formats (Findable, Accessible, Interoperable, and Reusable). The FAIR
principles aim to maximize data interoperability, particularly for federated queries across



distributed systems.E Since FAIR-compliant datasets can be stored as JSON-LD (JSON for
Linked Data), native VarioML JSON files can be transformed into FAIR-compliant files requiring
relatively little effort. By implementing VarioML within LOVD APIs, we have taken an important
step toward full integration of the FAIR principles in genetic variant databases.

Although the current JSON implementation of VarioML is primarily designed for LOVD3-
based datasets, the VarioML framework was developed for broader applicability. To support
adoption in the wider scientific community, we plan to extend the JSON version to fully
capture the complexity of the original VarioML framework. Additionally, we aim to improve
documentation and develop an online validation tool, allowing researchers and developers
to verify compliance of both data files and APl endpoints with the VarioML standard.

Examples, JSON Schema files, and the original XML implementation are available in the
VarioML GitHub repository: github.com/VarioML/VarioML.
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