GSO: A Semantic Web Ontology to Capture 3D Genome Structure
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Abstract. More and more evidences indicate that the 3D conformation of eukaryotic genome plays important functional role in the cell. While extensive
experimental investigations have been performed to study such structurefunction relationships using techniques such as Hi-C methods, there is no data
standard to capture the 3D conformation of the genome. In previous work, we
have developed an object-oriented framework, Genome3D, to integrate, model
and visualize human genome in 3-dimension. We report here about a high level
ontology, Genome Structure Ontology (GSO), to capture the 3D conformation
of eukaryotic genome. GSO captures the structural organization of eukaryotic
genome at levels ranging from chromosome, to 30nm fiber, to nucleosome and
then to the atomic level of DNA. We believe such ontology could play a significant role in annotating, analyzing and describing molecular data for the 3D
conformation of eukaryotic genome.

1 Introduction
The latest research indicates that spatial conformation and interaction of chromatin
(1, 2) play a fundamental role in important cellular functions (such as gene regulation)
and cell state determination (e.g., stem cell pluripotency). The influx of new details
about the higher-level structure and dynamics of the genome enabled many recent
efforts measuring and modeling genome structures at various resolutions and levels of
detail (3-10). While incorporating this spatial information can yield a 3D genome
model, the size and complexity of these data dictate the design and development of
new algorithms and methods in data integration and model construction.
The 3D conformation of eukaryotic genome is complex: at high level, chromosomes go through different states through the cell cycle and take different conformations; each of these states will have different structures; at low level, the conformation from 30nm fiber to nucleosome, and to histone and DNA are also affected by
the cell cycle. Precise modeling of these chromosomes’ conformation is critical for
us to understand the structure-function relationships for the 3D conformation of the
genome. As the exploration of the genome 3D structure becomes more and more

comprehensive, developing a Genome Structure Ontology (GSO) to capture the structural information in formal specifications becomes imperative. While there are extensive ontologies, such as gene ontology and sequence ontology that have been developed to model genome information, none is aimed at capturing the 3D genome
structure.
We created the first model-view framework of eukaryotic genomes, Genome3D, to
enable integration and visualization of genomic and epigenomic data in a threedimensional space (11). Our model of the physical genome implicitly contains all
levels of structure and hierarchy, and provides an underlying platform for integrating
multi-scale genomic information within three dimensions. Our viewer uses a hierarchical model of the relative positions of all nucleotide atoms in the cell nucleus.
Through this work, we have gained extensive experience in capturing the multi-scale
information about the 3D structure of human genome. Here we report our initial
attempt to transform this knowledge into Genomic Structure Ontology at high level.

2 Methods and Results
We created the GSO in Web Ontology Language (OWL) (12) in the Protégé ontology editing environment. OWL is built on formalisms that use Description Logic
(DL)(13) to allow reasoning and inference. The Rule Interchange Format (RIF)(14)
can be used to add rules to OWL and can be used to infer new knowledge from an
OWL based ontology and reason about OWL individuals. Moreover, the Semantic
Web community has developed open source tools for editing, storing, and reasoning
over information represented in OWL. Building the GSO in OWL will allow us to
directly OWL’s formalism and tools for semantic defining the knowledge in the domain and perform reasoning in the future.
Figure 1 shows the hierarchy defined in GSO. The hierarchy reflects the conceptual

structure of eukaryotic chromosome, together with high level, critical information
about the state of the chromosome and the cell cycle phases, which are critical in
determining the 3D conformation of the chromosome. The details for the anaphase
chromosome are captured with details all the way down to the DNA. The design of
this hierarchy is accommodative such that the details for other phases or other types
of genomes can be incorporate in the future.
GSO provides a way for us to semantically define important genome structure entities
such as Nucleosome Core Particles (NCP). Each NCP has a 146 bps long DNA wrapping around the histone core, with a radius and rise, and has a unique position and
orientation define by a radial vector and an axis. The histone core is an octamer with
two copies of Histone H2A, H2B, H3 and H4. Figure 2 shows the ontological representation of the NCP. Each NCP has a base pair (BP) index, which is composed of
three vectors, axis of radiation, center position, and the radius to the starting BP. We
created a new class called BPIndex and three object properties (axisofRotation, centerPosition, and radiusToStartingBP) to represent the three vectors. Each vector is

Figure 1: Hierarchy of genome structure for eukaryotic genome defined in GSO.

represented by a class called 3D_Stucture. The domain of the object properties is
BPIndex and the range is 3D_Stucture. Three data properties x_coord, y_coord, and
z_coord have been defined to represent the x, y, and z coordinator values in a 3D
structure. In addition, we also created properties to represent other important features
of an NCP. The Data property rise_nm is defined to represent the rise per turn of the
NCP in nm; the Data property rot_rad is defined to represent the length of DNA spiral around the NCP in radians; the Data property ncp_bps is defined to represent the
number of bps in the DNA NCP wrap; and the Data property is defined to represent
the number of NCPs in file. After these classes and properties have been defined, we
can represent individual NCPs in RDF with respective of the GSO definition. Figure 3
shows an example RDF representation of an NCP (partial).

Figure 2: Ontological definition of NCP

Figure 3: RDF representation of a sample NCP (partial). Each NCP is defined by
a set of parameters: rise, rotation, ncp bps and BPIndex. The BPIndex is defined by
center position, the axis of rotations and the radius of starting base pair

GSO is intended to capture the 3D conformation of the genome, and has overlaps
with other existing ontologies. In order to avoid re-inventing the wheel, we surveyed
the existing ontologies for ontology terms that we used in the GSO. We applied the

NCBO annotator on the all the GSP terms and searched for matches for all the ontologies hosted by the NCBO Bioportal. Not surprisingly, we have found that 98 other
ontologies contain terms in GSO. We have created a matrix to link the terms in GSO
with the terms in the other ontologies. Out of the 98 ontologies, the top 10 ontologies
are BIOMODELS, CRISP, MESH, RH-MESH, NIFSTD, AURA, GO, GO-EXT,
HINO, and SNML. We will further investigate these ontologies and terminologies
and align the GSO terms to them when applicable.

3 Discussion
Built upon our knowledge of constructing a 3D physical model of the human genome,
we developed a Genome Structure Ontology (GSO) for eukaryotic genome. GSO
captures the basic structure of the genome from the whole genome level to the chromosome level, to the 30nm fibre level, to the nucleosome level and then down to the
atomic level of the DNA structure. Combined with quantitative parameters, GSO also
defines the details of genome structure at each level.
A mature GSO cannot only define a 3D genomic model, but also annotating existing data used to construct the model. For example, analysis results from Chip-Seq
data for the nucleosome position can be annotated with the ontology term such as
NCP. Such annotation can help data user to quickly identify data needs to be used for
3D model construction. While annotating a 3D model of a eukaryotic genome, the
ontology can help to infer the relationships of different components of a model, thus
providing useful insight from spatial relationships. For example, in our original Genome3D paper (11), we gave an example of multiple Single Nucleotide Polymorphisms (SNPs) occurred within an NCP, we can easily infer all the occurrence of such
SNPs for the whole genome using GSO. Another example of such application is an
enrichment analysis of ontology terms in space: given a transcription hotspot or
CHIA-PET (Chromatin Interaction Analysis by Paired-End Tag Sequencing) spot,
what are the ontology terms are enriched within a radius of 0.1μm.
Even though the GSO is still a prototype, further refinement of this prototype could
make it a very useful tool to annotate and to capture the 3D structure of eukaryotic
genome. More semantic annotations can be built on top of the GSO classes in order to
support automatic inference for different use cases.
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