Chapter 9
Computing and Visualizing Gene Function Similarity
and Coherence with NaviGO
Ziyun Ding, Qing Wei, and Daisuke Kihara
Abstract
Gene ontology (GO) is a controlled vocabulary of gene functions across all species, which is widely used
for functional analyses of individual genes and large-scale proteomic studies. NaviGO is a webserver for
visualizing and quantifying the relationship and similarity of GO annotations. Here, we walk through
functionality of the NaviGO webserver (http://kiharalab.org/web/navigo/) using an example input and
explain what can be learned from analysis results. NaviGO has four main functions, accessed from each
page of the webserver: “GO Parents,” “GO Set”, “GO Enrichment”, and “Protein Set.” For a given
list of GO terms, the “GO Parents” tab visualizes the hierarchical relationship of GO terms, and the
“GO Set” tab calculates six functional similarity and association scores and presents results in a network
and a multidimensional scaling plot. For a set of proteins and their associated GO terms, the “GO
Enrichment” tab calculates protein GO functional enrichment, while the “Protein Set” tab calculates
functional association between proteins. The NaviGO source code can be also downloaded and used locally
or integrated into other software pipelines.
Key words NaviGO, Gene ontology, Functional similarity, Visualization, Quantiﬁcation, Function
enrichment analysis, GO association score, Protein functional association score, Proteomic analysis

1 Introduction
The gene ontology (GO) is a widely used vocabulary for representing gene functions across all species [1, 2]. It is maintained
and updated by the Gene Ontology Consortium. Currently, GO
terms are classiﬁed into three categories: biological process (BP),
which describes pathway information of gene products such as
cellular physiological process or signal transduction; molecular
function (MF), which describes molecular level activities such as
enzymatic activity; and cellular component (CC), which describes
cellular localization of gene products. Currently, there are over
46,000 GO terms, which are organized in a hierarchical structure,
a directed acyclic graph (DAG). GO is very useful, particularly
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for computational analysis of gene functions; however, the volume
of the vocabulary and the complicated relationships often makes
analysis cumbersome.
NaviGO was developed to facilitate easy handling of GO terms,
particularly for quantifying and visualizing relationships between
GO terms [3]. NaviGO has four main functions: “GO Parents”,
“GO Set”, “GO Enrichment”, and “Protein Set.” “GO Parents”
maps and visualizes the hierarchical relationship of GO terms in an
interactive fashion, and “GO Set” calculates six functional similarity
and association scores and provides two visualization tools, a
network and a multidimensional scaling visualization. For a list
of proteins and associated GO terms, “GO Enrichment” performs
GO enrichment analysis, while “Protein Set” identiﬁes functionally
related proteins. Compared with other related online tools [4, 5],
NaviGO server has several advantages: ﬁrst, it provides multiple
similarity scores, which not only compare GO terms in the same
GO category but also across GO categories. NaviGO provides
biologists an intuitive and interactive tool to visualize parental
relationships between GO terms. NaviGO is also integrated into
the popular gene function prediction webservers PFP [6, 7] and
ESG [8, 9].

2 Materials
NaviGO can be freely accessed at http://kiharalab.org/web/
navigo/. It is a web application and does not require any platform
other than a web browser. The source codes of NaviGO and GO
Visualizer, a tool for visualizing the hierarchy of GO terms, can
be downloaded from GitHub at https://github.com/kiharalab/
NaviGO and https://github.com/kiharalab/GOVisualizer under
the terms of the GNU Lesser General Public License Ver. 2.1.
In order to use NaviGO, users need to provide a set of GO
terms or a set of UniProt IDs of proteins and associated GO
terms to be analyzed. These can be retrieved from the Gene
Ontology Consortium website (http://www.geneontology.org/)
[1] or from the UniProt database (http://www.uniprot.org/)
[10], respectively.

3 Methods
3.1 Overview
of NaviGO

The NaviGO server has four main functions (Fig. 1). Either a set
of GO terms or a set of proteins (with their GO terms) can be
analyzed. For a set of GO terms, the “GO Parents” tab visualizes
input GO terms in the GO DAG, and the “GO Set” tab calculates
the functional similarity and association scores and visualizes them.
On the other hand, for a list of proteins with their GO terms, the
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Fig. 1 Overview of NaviGO functionality. Input to be analyzed can be either a set of GO terms or a set of
proteins

“GO Enrichment” tab performs GO enrichment analysis, and the
“Protein Set” tab calculates functional similarity and association
scores between proteins (Fig. 1).
Throughout this tutorial, we use the following six proteins,
which are involved in the light signaling pathway, as examples:
phytochrome A (PHYA, UniProt ID: P14712), phytochrome B
(PHYB, UniProt ID: P14713), phytochrome D (PHYD, UniProt
ID: P42497), phytochrome-interacting factor 3 (PIF3, UniProt
ID: O80536), pseudo-response regulator 7 (PRR7, UniProt ID:
A0A1P8BCB0), and histone deacetylase 15 (HDA15, UniProt
ID: Q8GXJ1) (Table 1). PHYA, PHYB, and PHYD are from
the phytochrome family and mainly function as red and farred photoreceptors. They have been experimentally veriﬁed to
interact with each other [11]. Interaction of the transcription
factor PIF3 with the phytochrome family causes phosphorylation
and degradation of phytochrome [12, 13]. Interaction of PIF3
with HDA15, a transcriptional repressor, represses the chlorophyll
biosynthesis and the photosynthesis [14]. PRR7 is one of the key
components of molecular clock in Arabidopsis and involved in the
phytochrome-mediated red light signal transduction pathway [15].
PRR7 interacts with phytochrome and PIF to regulate the red light
signal transduction. Known physical interactions of the six proteins
are summarized in Fig. 2.

P14712

P14713

A0A1P8BCB0

O80536

P42497

Q8GXJ1

PHYB

PRR7

PIF3

PHYD

HDA15

UniProt ID

PHYA

Protein name

GO:0005634

GO:0005634

GO:0005634

GO:0005634

GO:0005829, GO:0016604,
GO:0016607, GO:0005634

GO:0005737, GO:0016604,
GO:0016607, GO:0005634

CC

Table 1
List of the six example proteins and their associated GO terms

GO:0046872, GO:0032041

GO:0042802, GO:0000155,
GO:0009881, GO:0042803

GO:0003677, GO:0042802,
GO:0046983, GO:0003700

NA

GO:0031516, GO:0042802,
GO:0000155, GO:1990841,
GO:0042803, GO:0031517,
GO:0009883, GO:0043565

GO:0031516, GO:0042802,
GO:0003729, GO:0000155,
GO:0042803, GO:0004672,
GO:0009883

MF

GO:0006355, GO:0006351

GO:0018298, GO:0017006, GO:0009585,
GO:0006355, GO:0006351

GO:0009704, GO:0009740, GO:0031539,
GO:0010017, GO:0009585, GO:0006355,
GO:0009639, GO:0006351

GO:0000160

GO:0009687, GO:0006325, GO:0010617,
GO:0009584, GO:0009649, GO:0009630,
GO:0009867, GO:0045892, GO:0009640,
GO:0015979, GO:0009638, GO:0018298,
GO:0017012, GO:0010161, GO:0031347,
GO:2000028, GO:0010029, GO:0009409,
GO:0010218, GO:0010244, GO:0010202,
GO:0009266, GO:0010374, GO:0006351,
GO:0010148

GO:0009584, GO:0009630, GO:0017148,
GO:0009640, GO:0009638, GO:0018298,
GO:0017006, GO:0010161, GO:0006355,
GO:0046685, GO:0010201, GO:0010218,
GO:0010203, GO:0006351

BP
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Fig. 2 The interaction relationship of the six example proteins. These six proteins
are involved in the light signaling pathway

3.2 Quantiﬁcation
and Visualization
of GO Term
Association
and Similarity

The “GO Set” tab computes six GO term similarity and association
scores for all the pairs of input GO terms. The scores are Resnik’s,
Lin’s, relevance similarity score (RSS), the Interaction Association
Score (IAS), the PubMed Association Score (PAS), and the Cooccurrence Association Score (CAS). The ﬁrst three scores quantify
similarity of a GO term pair of the same category. They are
calculated based on the frequencies of two GO terms in the
gene annotation database and their location in the GO DAG
[16–18]. Among the three scores, RSS not only considers the
relative depth of the common ancestor between the two GO terms
but also considers how rare the query GO terms are to identify
the common ancestor. The last three semantic-based functional
similarity scores were developed by our group. IAS quantiﬁes the
probability that two GO terms appear in physically interacting
protein pairs [19]. PAS and CAS quantify the frequency with which
two GO terms appear in the same PubMed abstract and in a single
gene annotation, respectively [20].
To use the “GO Set” tab, please follow the steps described
below:
1. Enter your input in the box. The input format of the “GO set”
tab is a list of GO terms separated by comma. Users can upload
a formatted ﬁle or type in the GO term ID. As a GO term ID is
being typed, NaviGO will automatically recognize the GO term
with the number and show candidates in a pull-down list. Thus,
users can choose one from the list. For example, “GO:0005737”
can be retrieved after typing “5737” and clicking the ﬁrst GO
term in the pull-down list (Fig. 3).
2. To empty inputs, click the “Reset button” located above the
input box. To delete a single GO term in the input box, click
the “X” sign at the GO term.
3. Clicking the “Submit” button below the input box will start the
analysis and show a result page when done.
At the top of the results page, query GO term scores are listed
in colors that indicate categories: BP terms are in red, MF in blue,
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Fig. 3 Example of inputting GO terms

and CC in yellow (Fig. 4, top). The numbers on the right side of
GO terms are the counts of each GO term in the input. Clicking
the BP/MF/CC Visualizer button below the query GO term list
will open a new page that shows the GO terms of the category in
the GO DAG (Fig. 5). The color legends of GO terms are listed
on the right side, and colors of GO term relationships are shown in
the left upper corner of the page. The query GO terms are shown
in a larger font in the DAG. Clicking a GO term in a graph will
expand links to all the children GO terms. In the example shown in
Fig. 5, seven molecular function GO terms are mapped (Fig. 5). We
can see that the GO terms locate in two branches, photoreceptor
activity and protein-binding activity.
Pairwise GO term scores are calculated and listed in the table
below the input GO term list (Fig. 4, bottom). GO pairs in the
table can be sorted by a score by clicking the title of the score
column. If the members of a pair of GO terms do not belong
to the same category or the score of the pair is not available,
“n/a” is shown. The signiﬁcance level of scores in each column is
indicated in a color scale, from light pink to red as the signiﬁcance
level increases. Clicking the “+” in the “common parents” column
expands the list of all common parents of the GO pair in the GO
DAG. Clicking a GO term will take users to the AmiGO website,
which provides more detailed information of the term.
In Fig. 4, a part of the result page for the example input in
Table 1 is shown. IAS of the BP term GO:0009584 (related to
detection of visible light) and the MF term GO:00031516 (farred light photoreceptor activity) is highlighted in red, because
the score 1480.737 is within the top 1% of scores relative to
the score background distribution. Both GO terms annotate the
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Fig. 5 Hierarchical graph representation using GO Visualizer. Seven molecular function GO terms are
visualized here, GO:0031517, GO:0009881, GO:0009883, GO:0031516, GO:0042802, GO:0042803, and
GO:0046983. Clicking a GO term expands edges to all the children GO terms

phytochrome proteins, which are known to form heterodimers
[11], so it is reasonable that the two GO terms annotating these
interacting proteins have a very high IAS.
The results table can be also downloaded in a comma separated
data ﬁle (a CSV format ﬁle) by clicking the “CSV ﬁle” button.
NaviGO provides two types of visualizations for GO pairwise
score results. One is a network visualization available under the
“Network Visualization” tab (Fig. 6). In the network, functionally
related GO terms are connected by edges. The score cutoff value
to deﬁne edges can be controlled by sliding the bar or by typing
the value in a text box. The scores to visualize can be chosen at
the upper left corner of the page. In the example in Fig. 6, the
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Fig. 6 The network of functional association score of seven GO terms: GO:0031517, GO:0009881,
GO:0009883, GO:0031516, GO:0042802, GO:0042803, and GO:0046983. (a) Network using RSS with a cutoff
value of 0.3. (b) Network using IAS with a cutoff value of 100

same set of GO terms as Fig. 5 was used. In the network with
RSS (Fig. 6, left), the GO terms were clustered into two groups,
which is consistent with the two branches in the GO hierarchy
shown in Fig. 5. Using IAS, all GO terms are connected (Fig. 6b).
This is also reasonable because these terms are associated with light
signaling proteins, and they are known to interact with each other
as shown in Fig. 2.
The second visualization is available at the “Multidimensional
Scaling Visualization” tab. In this two-dimensional (2D) graph,
GO terms are classiﬁed and mapped onto a 2D space with two
scores selected by users. Placing the cursor over a GO term will
show the normalized functional score of the GO term. In the
example in Fig. 7, the x-axis is RSS and the y-axis is PAS. The GO
terms are largely classiﬁed in two groups, which are again consistent
with the results in Figs. 5 and 6.
3.3 GO
Enrichment
Analysis

The goal of GO enrichment analysis is to ﬁnd if any GO term
appears more frequently in a set of proteins than would be expected
from the background frequency of the term in the genome. The
signiﬁcance of protein is quantiﬁed by a p-value. A p-value of a
GO term for a protein set is calculated by considering the number
of proteins in the set, the number of proteins annotated with the
GO term in the genome, and the total number of proteins in the
organism. The smaller the p-value is, the more signiﬁcant the GO
term is.
The input format of the “GO Enrichment” tab is a list of
UniProt IDs associated with GO terms, e.g., “A0A1P8BCB0
GO:0005634, GO:0000160”. NaviGO automatically identiﬁes
the organism based on the UniProt ID of the ﬁrst protein in the
input.
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Fig. 7 The multidimensional scaling visualization of seven GO terms: GO:0031517, GO:0009881,
GO:0009883, GO:0031516, GO:0042802, GO:0042803, and GO:0046983

In the results page, GO terms of input proteins are sorted
by their p-value (Fig. 8). The signiﬁcant p-value (below 0.00005
or top 30) GO terms are highlighted in red. The total number
of signiﬁcantly enriched GO terms is counted in the box on the
left from “Open GO Visualizer”. The third column shows the
number of input proteins that have the GO term. In the example
shown in Fig. 8, the most enriched GO term among the proteins
from Arabidopsis is GO:0000155 phosphorelay sensor kinase activity
with a p-value of 3.57E-10 and GO:0018298 protein-chromophore
linkage with a p-value of 8.11E-9.
Enriched GO terms with p-value above 0.00005 (or the top
30 GO terms) can be mapped to the GO hierarchy by clicking
“open GO Visualizer”. The enriched GO terms are shown in
a larger font and colored based on p-value from red to yellow
indicating most to least signiﬁcance. The ﬁgure can be downloaded
by clicking “Download Figure Here”. In the example in Fig. 9,
the signiﬁcantly enriched GO terms are involved in the signal
receptor activity such as GO: 0000155, “phosphorelay sensor
kinase activity” with p-value of 3.57e-10, and GO:0009883, “red
or far-red light photoreceptor” with p-value of 8.43e-8. Also,
GO terms identiﬁed as enriched are involve in red or far-red
light signaling pathway such as GO:0010161, “red light signaling
pathway” with p-value of 8.43e-8, and detection of light stimulus
such as GO:0009854, “detection of visible light” with p-value of
4.10e-8.
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Fig. 8 The GO enrichment analysis result of six proteins: PHYA (P14712), PHYB (P14713), PRR7
(A0A1P8BCB0), PIF3 (O80536), PHYD (P42497), and HDA15 (Q8GXJ1)

3.4 Quantifying
Functional
Association
of Proteins

This function identiﬁes protein pairs in a query protein set that
have functional relevance. Using a GO pair score, functional
relevance of a protein pair is evaluated by the funSim score [21],
which is in essence the average GO pair scores of GO annotations
of the two proteins (see Note 1). Eight different GO pair scores are
used in NaviGO (Fig. 10): “MF”, “BP”, and “CC” use RSS of the
particular GO category, “BP + MF” is the funSim score using BP
and MP, while “All” is the funSim using MF, BP, and CC. “PAS”,
“CAS”, and “IAS” use the corresponding functional association
scores to compute funSim.
For example, when studying whether proteins exist in the
same cellular component, it would be interesting to check the CC
funSim score. When studying whether proteins are involved in the
same pathway or biological process, users would want to check
“BP”, “MF”, or “BP + MF” columns.
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Fig. 9 Visualization of 12 signiﬁcantly enriched GO terms

Fig. 10 Example of protein set analysis. (a) Results of pairwise protein association scores. (b) The protein
association network of six proteins PHYA (P14712), PHYB (P14713), PRR7 (A0A1P8BCB0), PIF3 (O80536),
PHYD (P42497), and HDA15 (Q8GXJ1) with a cutoff value of 100

The input data is a list of proteins and their GO annotations,
the same as described in the GO enrichment analysis. In the results
table (Fig. 10), the signiﬁcance levels of scores are shown in color
scale (red to pink for high to low). Since the signiﬁcant cutoff is
deﬁned by the score distribution of a particular organism, there is a
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pull-down menu above the table to select the reference organism.
In this example of six proteins, they all have the same RSS score of
CC (Fig. 10a), reﬂecting that all proteins are located in the nucleus.
PHYA (P14712) and PHYB (P14713) have a signiﬁcantly high IAS
of 1992.12, because they physically interact with each other [22].
Sometimes, it is difﬁcult to see the functional association
between proteins by looking at the score numbers in the output
table. NaviGO provides a network visualization, which is available
at “Open in new Window” (Fig. 10b). In the network, proteins
are connected if their association scores are above a cutoff value.
In the example, only HDA15 is not connected in the association
network with IAS cutoff value set to 100. This is consistent with
the STRING database [23], where only HDA15 has low binding
scores with all the other proteins in this network.
3.5 Downloading
Source Codes

The entire source code of NaviGO is available for academic use
on GitHub (https://github.com/kiharalab/NaviGO). The code
for GO Visualizer is also separately available on GitHub (https://
github.com/kiharalab/GOVisualizer). GO Visualizer is the tool
integrated in NaviGO that performs real-time rendering of GO
DAGs in an interactive way. The code is licensed under the terms
of the GNU Lesser General Public License Ver. 2.1. Users can
download the package for local use of the software or to integrate it
into other software pipelines, for example, a pipeline for proteomic
mass spectrometry data with protein function analysis.
To set up the GO Visualizer locally, follow the steps below:
1. Install the software dependencies. The GO Visualizer requires
Ruby, Gem, Sinatra, and MySQL. Ruby and Gem are two
programming languages which have been installed in most
of computers. Sinatra is a free and open-source software
web application library. MySQL is one of the most popular
open-source relational database management system. The general MySQL installer is available at https://dev.mysql.com/
downloads.
2. Download the GO database from the GO Consortium. The
size of the GO database is around 12 MB. In a Linux terminal,
the GO database can be downloaded by running the following:
$ wget http://archive.geneontology.org/latest-full/
go_monthly-termdb-data.gz

3. After downloading a GO database ﬁle, the Linux command to
uncompress the ﬁle is:
$ gunzip go_monthly-termdb-data.gz

4. The GO database can be created with the following Linux
command, where the “database_name” is the name users want
to assign for the database, and “db_login” and “db_password”
are the username and password deﬁned by users, respectively:
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$ echo “create database database_name” |
mysql --user=db_login --password=db_password
$ mysql --user=db_login --password=db_password
database_name < go_monthly-termdb-data

5. To run GO Visualizer, use the following terminal commands:
$ git https://github.com/kiharalab/GOVisualizer.git
$ cd GOVisualizer
$ mv config_template.rb config.rb

6. Users need to change the settings in conﬁg.rb according to the
local MySQL settings using following terminal command:
$ ruby server.rb

To set up the NaviGO webserver locally, follow the steps
below:
1. In order to implement the NaviGO package on the local
machine, Perl, Python 2.7, Python 3.4, and MySQL are
needed.
2. The pre-calculated pairwise GO IAS, PAS, and CAS scores are
also needed to compute protein functional association scores
and can be downloaded with the following commands:
$ wget http://kiharalab.org/web/navigo/data/PAS.txt
$ wget http://kiharalab.org/web/navigo/data/CAS.txt
$ wget http://kiharalab.org/web/navigo/data/
BIOGRID-3.2.107_GOpair_IASscores.txt

3. To install GO Visualizer, run:
$ git https://github.com/kiharalab/NaviGO.git

4. Users need to change the directory to “NaviGO/AutoUpdate”:
$ cd NaviGO/AutoUpdate

5. If there is no temporary folder, users need to make one named
“tmp” to save the updated GO database:
$ mkdir tmp

6. Users need to run the “update.pl” script to generate the
database NaviGO uses with the following command. After
running the script, there should be a folder named like
GO_YYYYMM, for example, GO_201701, and all the ﬁles
should be inside this folder.
$ perl update.pl

7. Before running NaviGO, users need to set the paths correctly
in “conﬁg_template.pl” and then rename the script “conﬁg_template.pl” to “conﬁg.pl”:
$ mv config_template.pl config.pl

NaviGO Server for Gene Functional Analysis

127

8. To run the protein set function on NaviGO, users need to
create their own folder under the “job” folder with the following commands, where “your_job_name” is the customized
job name deﬁned by user:
$ cd job
$ mkdir your_job_name
$ cd your_job_name

9. Users need to create the input ﬁle. The required format
of input ﬁle can be found on our server NaviGO. For a
given list of GO terms, the format should be “GO:xxxxxxx,
GO:xxxxxxx . . . . . . .” For a given list of UniProt ID and their
associated GO terms, the format should be “UniProt_ID:
GO:xxxxxxx, GO:xxxxxxx . . . . . . .” Currently, NaviGO
supports the required format and also the CAFA format
(https://github.com/idoerg/cafa-format-check).
NaviGO
also provides a ﬁle checker under the “format_check” folder.
The “cafa_go_format_checker.py” script will convert the
CAFA format to our required format or check the ﬁle you
provided. Users can run by the following command, where
“ﬁle” is the CAFA-formatted ﬁle provided by the user, and
“input_ﬁle” is the required format ﬁle converted by the script:
$ python ../../format_check/cafa_go_format_checker.py file >
input_file

10. Then, you can run NaviGO by the following command:
$ perl ../../run.pl input_file

11. To run GO set, users can type the following commands, where
“path_to_your_go_ﬁle” is the input ﬁle provided by users:
$
$
$
$
$

cd job
mkdir your_job_name
cd your_job_name
cp path_to_your_go_file ./input_file
perl execute.pl

12. To run enrichment analysis, users can type the following
commands, where “organism_id” is the organism ID deﬁned
by UniProt database:
$
$
$
$

cd job
mkdir your_job_name
cd your_job_name
python3.4 ../../Enrich/enrich.py -f input_file -o
organism_id

4 Notes
1. Functional relevance of a protein pair is quantiﬁed with the
funSim score of a particular GO pair score [18]. The funSim
score of a GO pair score for a protein pair is deﬁned as, in
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short, the average of the best combination of GO term pairs
that annotate the two proteins. For a pair of protein, as shown
in Fig. 10, NaviGO provides funSim scores for MF, BP, CC,
BP + MF, all (i.e., BP + MF + CC), PAS, CAS, and IAS.
For the ﬁrst ﬁve scores, RSS of GO term pairs is used. From
mathematical standpoint, the funSim score of a protein pair is
deﬁned as follows [18]:
First, RSS of two GO terms c1 and c2 is computed as

sim (c1, c2) =maxc∈Ancestor(c1,c2)


2 log (p(c))
· (1−p(c))
log p(c1)+ log p(c2)
(1)

where c represents a set of their common ancestors and p(c) is
deﬁned as the fraction of proteins in the GOA database annotated
with GO term c.
Then, the funSim score of a GO category, GOscoreGOcategory
(X, Y ), is computed by averaging the sim scores between GO
annotations of two proteins, X and Y, in the given category as
GOscoreGOcategory (X, Y )


Ax
1 
max sim (P xi, P yj ) ,
= max
Ax i=1 1≤j ≤Ay
⎞⎫
⎛
Ay
⎬

⎝ 1
max sim (P xi, P yj )⎠
⎭
1≤i≤Ax
Ay

(2)

j =1

where Ax and Ay are the number of annotations for proteins X
and Y, respectively, in that category, and Pxi is ith annotation for
protein X, and Pyj is jth annotation for protein Y.
For computing the funSim score for three categories,
f unSim (X, Y )
=

1
(GOscoreBP (X, Y ))2 + (GOscoreMF (X, Y ))2
3

+ (GOscoreCC (X, Y ))2

(3)

This is used for “All” in a NaviGO result page and for
“BP + MF” is the average is computed for BP and MF.
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