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ABSTRACT

The aim of the lecture was to consider the role of gene ontology (GO) and the GO Consortium in shaping the 
knowledge base for genomics, proteomics, and biology. GO organizes and continually updates data on the molecular 
functions and biological processes in which genes and their products are involved.

The structure of GO, the features of GO term hierarchy and the connections between them, as well as the elements 
of each term are considered. The features of services for working with basic knowledge and various ways to access 
civil defense data are given. In addition to term characteristics, GO pays great attention to annotations – statements 
that link a gene product to a certain ontology term. The annotation process captures the action and location of a gene 
product using terms, providing a reference and a type of evidence.

The areas of application of GO related to the analysis of genomics and proteomics data are considered. The main 
approaches used by researchers are functional annotation of genes and pathway enrichment analysis. Analysis 
of large volumes of data (for example, when assessing gene expression) allows to gain knowledge about the 
involvement of genes and their products in various processes, extract biological meaning, and evaluate the features 
of molecular mechanisms in various diseases. The increasing role of GO in the formation of new knowledge in the 
relevant field is shown.
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РЕЗЮМЕ

Цель исследования – рассмотреть роль генной онтологии (GO) и Консорциума GO в формировании базиса 
знаний для геномики, протеомики и биологии. Генная онтология позволяет систематизировать и постоянно 
обновляет данные о молекулярных функциях и биологических процессах, в которых участвуют гены и их 
продукты.
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Рассмотрена структура GO, особенности иерархии терминов GO и отношения между ними, элементы каждого 
из терминов. Приведены особенности сервисов, обеспечивающих возможности работы исследователей с 
базой знаний с помощью различных способов доступа к данным GO. Помимо характеристик терминов в 
GO большое внимание уделяется аннотациям – утверждениям, связывающим продукт гена с конкретным 
термином онтологии. Процесс аннотации фиксирует действие и локализацию генного продукта с помощью 
терминов, предоставляя ссылку и вид доказательств. 

Рассмотрены направления применения генной онтологии, связанные с анализом данных геномики и 
протеомики. Основные подходы, используемые исследователями, – это функциональная аннотация генов, 
анализ обогащения путей. Анализ больших объемов данных (например, при оценке экспрессии генов) 
позволяет получить знания о вовлеченности тех или иных генов и их продуктов в различные процессы в 
организме, извлечь биологический смысл и оценить особенности молекулярных механизмов при различных 
заболеваниях. Показана возрастающая роль GO в формировании новых знаний в соответствующей области. 

Ключевые слова: биоинформатика, генная онтология, функциональная аннотация, биологический 
процесс, молекулярная функция, клеточный компонент, GO аннотация, функция гена 
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INTRODUCTION

Modern genomics research provides the 
opportunity to work with large volumes of data. 
However, it is essential to address the challenge of 
extracting a biological meaning from the obtained 
information. The primary question is how to map 
sequence data onto known results of gene functional 
analysis and how to derive new insights into gene 
functions. Ontology tools offer a solution – providing a 
consistent framework for describing a specific subject 
area, in this case, genomics and molecular biology [1].

From a computer science perspective, an ontology 
is a model used to represent objects, their properties, 
and the relationships between them [2]. Within a given 
subject area, this model comprises a set of concepts 
(terms) with definitions and attributes, along with a 
corresponding set of axioms and inference rules [3]. 
Typically, knowledge bases for a subject area include 
repositories containing general knowledge about 
classes of concepts, their properties, and relationships, 
as well as knowledge bases about individual objects, 
their properties, and links to other objects (e.g., 
specific data). Both components are interconnected 
within the knowledge base [1].

Applied to genomics, the development of a gene 
function ontology involved creating a controlled 
vocabulary of terms with clear definitions and 
establishing a hierarchical structure of relationships 

between these terms. A major advantage was that this 
ontology enabled the study of functional aspects of 
genomes from different organisms and facilitated the 
annotation of functions for novel sequences [4].

During the development of the gene ontology, 
special attention was given to questions that needed 
to be described in terms of: the location of gene 
expression within the organism and the subcellular 
localization of the gene product; the timing of gene 
expression (in the context of organismal ontogenesis); 
the function of the gene product and its position 
within the hierarchy of biological processes; genes 
regulating the activity of the given gene product. 
Initially, these challenges were addressed in the 
context of the Drosophila genome database, FlyBase 
[4]. The concepts of molecular function and biological 
process were employed as primary dimensions for 
the classification. The first gene ontology developed 
in this manner was described in the article by  
M.T. Ashburner et al. [5]. 

Using the first comparison of two complete 
eukaryotic genomes – the yeast Saccharomyces 
cerevisiae and the worm Caenorhabditis elegans – it 
was demonstrated that a significant proportion of genes 
in these organisms were orthologs. Furthermore, 12% 
of the worm genes encoded proteins whose biological 
significance can be inferred from their similarity to 
orthologs in yeast (which represents 27% of the yeast 
genes). It was found that such proteins participate 
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Fig 1.  Representation using a  QuickGO diagram of  parent  terms for  GO:0030330  DNA 

damage response, signal transduction by p53 class mediator

As of March 2025, the ontology contains 26,037 terms in the Biological Process  aspect, 

10,154 terms in the Molecular Function, and 4,023 items in the Cellular Component [22]. 

The GO structure is a graph in which each term represents a node, and the connections 

between nodes represent edges. It also possesses hierarchy, meaning that a child term is more specific 

than its parent (Fig. 1), and nodes may have multiple parent teams. GO also includes definitions and 

categories describing the relationships between terms. Commonly used relationships include: is a; 

part of; has part; regulates, negatively regulates, and positively regulates [23].

Features of the relationships between terms: 

The term “is a” constitutes the fundamental structure of GO. If A is a B, it implies that node A 

refers to a subtype of node B. For example, mitotic cell cycle is a (subtype of) cell cycle.

The term “part of” represents part – whole relationships, used only if B is necessarily a part of 

A, and the presence of B implies the presence of A.

The term “has part” refers to the part – whole relationships from the parent’s perspective. It is 

used only when A always contains B as a part; meaning A necessarily has B as a part. If A exists, B 

will always exist.
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in biological processes common to all eukaryotes 
(for example, DNA replication, transcription, 
and metabolism). A subsequent comparison of 
the genomes of yeast, worms, and fruit flies also 
confirmed the presence of homologs among them [6]. 
It was also shown that genes and proteins involved in 
fundamental biological processes were highly likely to 
be orthologous, a fact already confirmed in mammals 
and model organisms (e.g., yeast) [7–12]. 

Since a high degree of similarity and functional 
conservation was subsequently demonstrated across 
the genomes of different species, this finding opened 
new opportunities for the automated transfer of 
biological annotations from experimentally studied 
model organisms to less characterized species, thereby 
facilitating the development of the gene ontology.

THE GENE ONTOLOGY CONSORTIUM
Initially, the Gene Ontology (the Gene Ontology 

Consortium, GO Consortium) was a collaborative 
project involving three model organism databases: 
FlyBase16, Mouse Genome Informatics17, 18 (MGI), 
and Saccharomyces Genome Database19 (SGD). 
Subsequently, other organism databases joined the 
consortium [5].

The Consortium goal to create a structured, 
precisely defined, common, and controlled vocabulary 
to describe the roles of genes and gene products in 
any organism remains unchanged, despite progress in 
implementation and the dynamic development of the 
terminology system. Each element in GO is linked to 
other types of information, including gene and protein 
databases, such as SwissPROT [13], Gen-Bank [14], 
DDBJ [15], PIR [16], MIPS [17], YPD and WormPD 
[18], Pfam [19], SCOP [20], and ENZYME [21], 
facilitating continuous updating and refinement of 
knowledge about these entities [5]. 

The core GO terminology describes genes and 
their products within three categories (aspects). A 
Biological Process encompasses one or more ordered 
collections of molecular functions, often involving 
a chemical or physical transformation. Examples 
of high-level, general biological process terms 
(Fig.  1) include GO:0065007 biological regulation 
or GO:0050896 response to stimulus; low-level 
terms, such as GO:0042770 signal transduction in 
response to DNA damage or GO:0072331 signal 
transduction by p53 class mediator. A Molecular 
Function defines the biochemical activity of a gene  
product. 

Fig. 1. Representation using a QuickGO diagram of parent 
terms for GO:0030330 DNA damage response, signal 

transduction by p53 class mediator
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General examples include “enzyme”, “transporter”, 
or “ligand”, while more specific terms include 
“adenylate cyclase” or “Toll receptor ligand”. A 
Cellular Component indicates the location of gene 
product activity within a cell; examples are “ribosome”, 
“nuclear membrane”, or “Golgi apparatus” [5]. 

As of March 2025, the ontology contains 26,037 
terms in the Biological Process aspect, 10,154 terms 
in the Molecular Function, and 4,023 items in the 
Cellular Component [22]. 

The GO structure is a graph in which each term 
represents a node, and the connections between nodes 
represent edges. It also possesses hierarchy, meaning 
that a child term is more specific than its parent (Fig. 
1), and nodes may have multiple parent teams. GO 
also includes definitions and categories describing 
the relationships between terms. Commonly used 
relationships include: is a; part of; has part; regulates, 
negatively regulates, and positively regulates [23].

Features of the relationships between terms: 
The term “is a” constitutes the fundamental 

structure of GO. If A is a B, it implies that node A 
refers to a subtype of node B. For example, mitotic 
cell cycle is a (subtype of) cell cycle.

The term “part of” represents part – whole 
relationships, used only if B is necessarily a part of A, 
and the presence of B implies the presence of A.

The term “has part” refers to the part – whole 
relationships from the parent’s perspective. It is used 
only when A always contains B as a part; meaning A 
necessarily has B as a part. If A exists, B will always 
exist.

The term “regulates” describes relationships where 
one process directly influences another, i.e., regulates 
it. It denotes necessary regulation; if both A and B are 
present, B always regulates A, although A may not 
always be regulated by B [23].

All terms (except the root terms representing each 
aspect) have a subclass relationship to another term: 
for example, GO:0023052 signaling is a (refers to) 
GO:0050789 regulation of biological process (Fig. 1).

Currently, various methods consistent with graph-
based terminology are employed for referencing 
and representing logical relationships in the GO. A 
node corresponds to a GO term; a parent node refers 
to a term closer to the root of the graph, and a child 
node – to a term closer to terminal nodes. For is_a 
and part_of relationships, the parent node refers to a 
more general GO term, and the child node – to a more 
specific term [23]. The direction of the relationship is 
indicated by an arrow (in Fig. 1, the black is_a arrow 

points from GO:0023052 signaling to GO:0050789 
regulation of biological process), while dashed lines 
denote implied relationships, i.e., those not explicitly 
stated in the ontology.

Nodes (i.e., terms) in the GO graph can have any 
number and types of relationships with other nodes. 
Similar to hierarchies, such as a family tree or species 
taxonomy, a node can be connected to multiple more 
specific (child) nodes and may also have multiple 
parent (more general) nodes, maintaining various 
relationships with each parent [5, 23]. For example, 
in Fig. 1, the term GO:0051716 cellular response to 
stimulus has two parents: it is a subtype of GO:0050896 
response to stimulus and simultaneously a subtype of 
GO:0009987 cellular process.

Each GO term consists of the following elements:
Accession: a unique seven-digit identifier 

prefixed by GO; e.g., GO:0005739, GO:1904659, or 
GO:0016597).

Name: the human-readable name of the term, e.g., 
mitochondrion.

Ontology: indicates the category to which the 
term belongs, specified as molecular_function (MF), 
biological_process (BP), and cellular_component 
(CC).

Synonyms.
Alternate IDs.
Definition: textual description of the term with 

reference to the source.
Comment.
History.
Chem. react.: participation in chemical reactions.
Subset.
If information for a particular element is 

unavailable, it is indicated as  None. It is mandatory 
to specify how the term relates to other terms in the 
ontology [5].

In addition to terms, GO also includes annotations 
– statements linking a gene product to a specific 
ontology term. Collectively, annotations associated 
with a gene provide a comprehensive characterization 
of its biological role. As of 2025, GO contains 
8,683,287 annotations: 3,064,581 for the Biological 
process, 2,791,054 for the Molecular function, and 
2,791,054 for the Cellular component [22].

The Evidence and Conclusion Ontology (ECO) 
describes various evidence types arising during scientific 
research that support claims. These include: evidence 
from experimental studies; phylogenetic evidence, 
based on analysis of gene functions in phylogenetic 
branches and inference of gene relationships; 



180 Bulletin of Siberian Medicine. Bulletin of Siberian Medicine. 2026; 25 (1)2026; 25 (1): : 176–184176–184

computational evidence; author statements (with or 
without evidence); and inferences from literature [25]. 
ECO also denotes whether annotation was performed 
manually or automatically. Users can select data 
associated with specific types of evidence. As of 
2025, GO contains 3,971,399 phylogenetic evidence 
entries, 1,049,834 experimental evidence entries, and 
2,460,718 automated entries [22].

As discussed, the GO annotation process captures 
gene product activity and localization using terms, 
providing references and evidence types (including 
evidence codes). The annotation format is standardized 
– a gene association file – where each line corresponds 
to an association between a gene product and a GO 
term, including evidence codes, references, and 
additional information [23].

GO resources also comprise software supporting 
the knowledge base functionality, web access to the 
ontology and annotations, and analytical tools [23]. 
Furthermore, GO functions as a dynamic ontology, 
continuously revising, expanding, and updating its 
content in accordance with accumulating biological 
knowledge.

SERVICES
In addition to maintaining the knowledge base and 

annotations, a significant role in supporting the GO 
is attributed to the development and enhancement of 
ontology tools. Currently, GO data can be assessed 
through various means, including web portals, 
downloadable files, and APIs.

Web interfaces allow users to access GO data via 
standard web browsers. The most popular services are 
described below.

AmiGO (http://amigo.geneontology.org) [24] 
is the official tool for working with gene ontologies 
and annotations complied from model organism 
databases, UniProtKB, InterPro, and other sources – a 
total of 37 to date. The tool provides functionalities, 
such as uploading user data for analysis and multiple 
search modes [25]. AmiGO is a product of the GO 
Consortium and serves as the official distribution 
channel for GO datasets.

QuickGO (http://www.ebi.ac.uk/QuickGO) is part 
of the Gene Ontology Annotation (GOA) project at 
the European Bioinformatics Institute (EBI) [26], 
developed by the European Molecular Biology 
Laboratory (EMBL-EBI), offering extensive 
capabilities for query-based data retrieval.

DAVID (https://davidbioinformatics.nih.gov/) is 
a database for gene annotation and visualization that 

facilitates functional analysis to interpret large gene 
expression datasets in the context of GO terms [27, 28].

Blast2GO (https://www.blast2go.com/) performs 
comprehensive genome analysis, assigning gene 
ontology terms by integrating gene sequence similarity 
data with functional annotations and predicting 
molecular functions [29].

PANTHER (https://www.pantherdb.org/) is a 
curated database of gene and protein families used to 
infer gene product functions; it forms an integral part 
of GO resources [30].

One of the most important applications of GO 
is gene set enrichment analysis. This approach, 
utilizing available annotations, enables identification 
of certain GO terms significantly represented (or 
underrepresented) within a specific gene set. The GO 
website provides direct linkage to the enrichment 
analysis tool from the PANTHER classification 
system [31].

GO data files contain up-to-date and historical 
ontology results and annotations. In some cases, it is 
more practical to extract raw data directly from these 
files using various tools. The most commonly used file 
types are ontology files and association files.

There are three different versions of GO, arranged 
in ascending order of complexity – go-basic, go, and 
go-plus [23]. Go-basic is the basic version of GO, 
where annotations can propagate upward through 
the graph. The relationships between elements are 
described as is_a, part_of, adjustable, negatively_
regulates, and positively_regulates (explained in the 
previous section of the article). Since many outdated 
tools still use this version, it remains available.

Go is the main version of GO, which includes 
additional relationship types within the hierarchy, 
such as has_part (has a part) and comes_in (is a part 
of), connecting elements that are not linked in go-
basic. Go-plus is the most comprehensive version 
of GO, encompassing more relationships than the 
previous versions, as well as connections to external 
ontologies, including ChEBI [32], Uberon Anatomy 
[33], and Plant Ontology [34].

In modern research, it is often essential to analyze 
large gene sets, including by applying gene annotation 
methods. However, interpreting such results is a 
challenging task due to the large volume of data and 
the complexity of relationships between elements. To 
address this, visualization methods for large lists of 
GO terms are commonly employed.

In some cases, research involves characterizing 
dozens or hundreds of genes whose expression may 

Chasovskikh N.Yu. Gene Ontology for Genomics and Biology
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vary under different conditions within an organism. 
From the perspective of elucidating the mechanisms 
underlying these processes, it is important to determine 
whether these genes participate in the same metabolic 
or signaling pathways and biochemical processes. 
These gene sets are subject to statistical enrichment 
tests to identify relevant functional categories [35].

GO term enrichment analysis may produce long 
and redundant lists of significant terms, complicating 
interpretation. Visualization methods help to reveal 
the biological meaning by summarizing the main 
trends in the data. This typically involves grouping 
similar GO terms [35].

Visualization tools include browsers for interactive 
viewing (such as AmiGO and QuickGO), network 
construction software that – while not GO-specific 
– can display any type of graph, including GO or 
its subsets (Cytoscape [36], Gephi [37], and Pajek 
[38]). Additionally, Cytoscape plugins specialized in 
processing groups of GO terms have been developed, 
including EnrichmentMap [39], BINGO [40], and 
GlueGo [41]. Other visualization approaches represent 
GO term groupings as tag clouds (with colored and 
sized text) or hierarchical tree maps (REVIGO [42], 
GOSummaries [43]).

Processing of GO terms and GO annotations 
can be performed using Python as well as other 
programming languages – Java, R, Perl, and Matlab. 
The Gene Ontology Consortium website provides a 
list of available software libraries at: 

f tp : / / f tp .geneonto logy .org /pub/go/www/
GO.tools_by_type.software.shtml. 

APPLICATION
GO plays a significant role in advancing biomedical 

research and acquiring new biological knowledge. The 
primary applications of GO relate to the analysis of 
genomics and proteomics data through the following 
approaches.

Functional annotation enables the classification 
of genes into three categories (biological process, 
molecular function, and cellular component), 
facilitating the assessment of their biological roles. 
This approach allows for the identification of genes 
involved in specific metabolic pathways, signal 
transduction, and other processes, thereby providing 
a deeper understanding of their functions and the 
functions of their corresponding protein products in 
cellular and organismal contexts. GO annotations are 
widely used to identify genes associated with particular 
diseases and to elucidate disease mechanisms. By 

highlighting key genes within pathways implicated 
in pathological processes, researchers can pinpoint 
potential therapeutic targets. Such analyses have been 
conducted across various molecular mechanisms in 
humans [44–49], animals [50–52], and plants [53–
56]. GO annotation has become indispensable for 
analyzing large-scale gene expression data. Clustering 
and classification of gene expression profiles enable 
the identification of biologically meaningful trends 
dependent on experimental conditions [57].

Pathway enrichment analysis employs GO terms to 
map genes onto specific biological pathways (e.g., cell 
cycle, apoptosis, immune response, etc.) and to identify 
genes active at different stages within a pathway. 
This information aids in uncovering potential disease 
mechanisms at the cellular level [58–61]. This approach 
statistically assesses the representation of particular 
biological pathways or processes within defined gene 
sets, facilitating the functional interpretation of gene 
expression datasets. By using GO terms, one can 
detect biological processes or molecular functions that 
are significantly enriched under varying experimental 
conditions, thereby assisting in the elucidation of the 
biological significance of gene expression changes 
[62–65].

Comparative functional analysis using GO 
annotations enables the comparison of gene functions 
across different species via consistent GO terms. This 
approach supports the evaluation of homologous gene 
functions and tracking of evolutionary relationships. 
Furthermore, GO terms allow for the prediction of 
gene functions based on sequence homology in species 
with poorly annotated genomes [66–69].

CONCLUSION
The Gene Ontology and gene annotation system 

described above is continuously evolving, updating 
its knowledge base and adapting to new experimental 
findings. GO is an open, publicly accessible project, 
designed to make the annotation of homologous gene 
and protein sequences across multiple organisms 
as flexible and dynamic as possible by employing 
unified vocabulary. Concurrent referencing of various 
external knowledge bases and meticulous curation 
of annotations ensure comprehensive coverage of 
currently known data in this domain. Gene Ontology 
and gene annotation systems provide the research 
community with powerful tools to analyze large 
volumes of genomics and proteomics data and 
identify and interpret trends in biological processes 
under diverse organismal conditions, including the 
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identification of therapeutic targets. Overall, Gene 
Ontology serves as a foundational knowledge system 
that dynamically supports the interpretation and 
revision of biological, genetic, and proteomics data, 
thereby offering new possibilities for future research.
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