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Abstract

Analysis pipelines in genomics, transcriptomics, and proteomics commonly produce lists of genes, e.g., differentially expressed
genes. Often these lists overlap only partly or not at all and contain too many genes for manual comparison. However, using
background knowledge, such as the functional annotations of the genes, the lists can be abstracted to functional terms. One
approach is to run Gene Ontology (GO) enrichment analyses to determine over- and/or underrepresented functions for every
list of genes. Due to the hierarchical structure of the Gene Ontology, lists of enriched GO terms can contain many closely
related terms, rendering the lists still long, redundant, and difficult to interpret for researchers.

In this paper, we present GO—Compass (Gene Ontology list comparison using Semantic Similarity), a visual analytics tool
for the dispensability reduction and visual comparison of lists of GO terms. For dispensability reduction, we adapted the RE—
VIGO algorithm, a summarization method based on the semantic similarity of GO terms, to perform hierarchical dispensability
clustering on multiple lists. In an interactive dashboard, GO—Compass offers several visualizations for the comparison and
improved interpretability of GO terms lists. The hierarchical dispensability clustering is visualized as a tree, where users can
interactively filter out dispensable GO terms and create flat clusters by cutting the tree at a chosen dispensability. The flat
clusters are visualized in animated treemaps and are compared using a correlation heatmap, UpSet plots, and bar charts.

With two use cases on published datasets from different omics domains, we demonstrate the general applicability and effective-
ness of our approach. In the first use case, we show how the tool can be used to compare lists of differentially expressed genes
from a transcriptomics pipeline and incorporate gene information into the analysis. In the second use case using genomics
data, we show how GO—Compa s s facilitates the analysis of many hundreds of GO terms. For qualitative evaluation of the tool,
we conducted feedback sessions with five domain experts and received positive comments. GO—Compass is part of the Tue-
Vis Visualization Server as a web application available at ht tps : //go—compass—tuevis.cs.uni—-tuebingen.de/

CCS Concepts
¢ Human-centered computing — Scientific visualization; * Applied computing — Bioinformatics;

1. Introduction

Lists of genes are one of the most common analysis results in bioin-
formatics. Often, multiple lists of genes are produced in large-scale
molecular biology experiments, so-called “omics” studies. These
lists are interpreted and compared by bioinformaticians and biolo-
gists to gain insight into the structure, function, and dynamics of an
organism.

In genomics, mutations or single nucleotide polymorphisms
(SNPs) located in genes are of interest since they can alter the
function of genes. For example, when comparing cancerous to non-
cancerous cells, researchers aim to identify all genes containing
mutations and study how these mutations may affect the function
of the cell. Moreover, in microbiological studies, bacterial strains
are compared which have specific properties, such as antibiotic re-
sistance. Studying lists of genes showing SNPs between the strains
can enhance insights into resistance mechanisms [ASJ*16].
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In transcriptomics and proteomics the expression of genes is
studied, i.e., the intensity with which genes are transcribed into
mRNA and translated into proteins. Usually, the expression of al-
tered organisms (with induced mutations) and/or the expression at
different conditions, such as timepoints or different environmen-
tal conditions, is studied. Multiple biological replicates are cre-
ated for each condition, which allows calculating lists of signifi-
cantly differentially expressed genes associated with fold changes
between conditions. Moreover, genes can be clustered by their be-
havior across conditions resulting in a list of genes per cluster.

Comparing lists of genes is a non-trivial task. While sometimes
genes can be compared individually, for example, if a gene is con-
tained in multiple lists of differentially expressed genes, usually the
lists overlap only partly or not at all. Therefore, gene lists are often
compared in terms of their functional composition using underly-
ing knowledge such as pathways or gene ontology terms associated
with the genes [HCI*04].
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The gene ontology (GO) is a graph-based, species-agnostic rep-
resentation of information about the functions of genes, with re-
spect to three domains: molecular function, biological process, and
cellular component. It is organized in single GO terms encoding
for specific functions. Every gene can be annotated with one or
multiple GO terms. Each domain of the ontology is organized
roughly hierarchically in a directed acyclic graph, which means
that terms higher up in the hierarchy are more general terms of
function than terms further down the hierarchy (see Suppl. Fig-
ure S1 for an example). This structure is both machine-readable
and human-readable, which allows applying a range of methods
that make use of the ontology and produce easily interpretable re-
sults. GO terms can be used to summarize the overall functions
present in a list of genes, which is often done using gene ontol-
ogy enrichment, a method to find statistically overrepresented GO
terms [TCK*03, KZP*18].

Not every gene is annotated with the same level of speci-
ficity. While some genes are annotated with very specific GO
terms, others are annotated with very general terms. Therefore,
the GO annotation of genes is usually propagated, which means
that a gene is not only annotated with the specific GO term
but also with all its parents to allow finding enriched GO terms
even if not all the annotations are very specific. In practice, this
means that a GO enrichment often results in long lists of GO
terms containing many, possibly nearly identical terms. For exam-
ple, if a very specific term, such as riboflavin metabolic process
(GO:0006771, Suppl. Figure S1), is enriched, its parent terms in-
cluding water-soluble vitamin metabolic process (GO:0006767),
vitamin metabolic process (GO:0006766), and small molecule
metabolic process (GO:0044281) might be present as well, but do
not add much information.

While the structure of the GO graph causes this redundancy, it
can also be used to combat it. The graph can be used to calculate
the semantic similarity of GO terms which serves as a measurement
to filter out highly similar terms [LSBGO3]. One of the most sim-
ple similarity measures is the number of edges in the shortest path
between two GO terms, but usually, more advanced methods are
preferred (see Section 3.2). Our tool GO-Compass uses semantic
similarity to hierarchically cluster GO terms. The tool lets users de-
cide on the desired level of redundancy by visualizing the clustering
result and allowing them to decide on a cutoff. The filtered GO term
lists are then visualized in an interactive dashboard that contains
comparative visualizations including an animated treemap, a cor-
relation heatmap, an UpSet plot [LGS™*14], and a comparative bar
chart. We demonstrate how GO—Compas's provides an efficient ap-
proach applicable in the omics domains by showing two use cases
on published datasets. Moreover, in structured expert feedback ses-
sions, we qualitatively evaluated our tool.

2. Related Work

For the downstream analysis and comparison of lists of GO terms
various packages in R or Python have been developed. The Python
package goatools implements functionalities such as statistical
testing, summarizing gene lists, GO enrichment, and semantic sim-
ilarity calculation [KZP*18]. The R package Viseago provides
a comparative heatmap visualization of multiple sets of GO terms

while clustering them by their semantic similarity [BJHA19]. How-
ever, the initial list of GO terms is not reduced, which can lead to
very large heatmaps. GOsummaries is an R package that focuses
on creating word clouds of GO terms [KV15]. It allows the pro-
cessing of the data using filtering, clustering, and dimension reduc-
tion. While these packages are extremely powerful, since they can
be easily extended and combined with other packages, the require-
ment of programming skills limits the size of the user base. How-
ever, they can serve as the basis for the backends of other tools.

Furthermore, tools with a graphical interface have been devel-
oped, which can be accessed by a broader audience. REVIGO is
a tool for reducing the redundancy in a list of GO terms and for
visualizing the results [SBSS11]. The tool is based on a cluster-
ing algorithm, which ranks the GO terms by their dispensability
based on their semantic similarity, their frequency, their p-values,
and their relationship to each other in the GO graph. The visual-
izations consist of a treemap, a scatterplot, and a table. REVIGO
is one of the most frequently used tools for reducing the redun-
dancy and visualizing lists of GO-terms as reflected by its citation
count. Moreover, the clustering result is used as an input for other
tools, such as CirGO, a visualization tool that uses the REVIGO
clustering results for visualization with sunburst charts instead of
treemaps [KLS*19].

BACA is a tool for the comparative visualization of GO
terms [FAG15]. It does not only visualize GO terms, but it also
includes information about gene expression. Each row in the visu-
alization corresponds to a GO term and each column to a condition.
For each condition and term, two circles are drawn corresponding
to up- and downregulated genes. The size of the circles corresponds
to the number of genes. The tool itself does not decrease the redun-
dancy of lists of GO terms. Moreover, the number of genes might
be a misleading value, as the size of sets of genes associated with
different GO terms varies immensely due to the hierarchical struc-
ture of the GO graph.

3. Method

GO-Compass is a domain-specific tool for the comparison of lists
of GO terms that arise from the analysis of large-scale omics exper-
iments. The tool implements semantic similarity clustering of GO
terms to reduce the redundancy in the lists. In a visualization dash-
board, the clustering result is visualized and multiple visualizations
are offered for the comparison of the reduced GO term lists.

GO-Compass makes use of several packages and methods in-
troduced in Section 2. For GO enrichment and semantic similar-
ity calculation, the goatools package is used. Moreover, GO—
Compass includes an adapted re-implementation of the clustering
algorithm of REVIGO that can handle multiple lists of GO terms.
Similar to REVIGO, it implements a treemap for the visualiza-
tion of the results of each list with an animated transition between
treemaps of different lists. Gene information is incorporated using
a glyph in the treemap. However, our visualization is not limited to
gene lists from differential expression experiments, it can also be
used for lists of GO terms and genes from other sources.

© 2023 The Authors.
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3.1. Data Input and Preprocessing

GO-Compass offers an internal enrichment method that can be
used by submitting lists of genes. The genes can optionally be as-
sociated with numerical values (e.g., fold changes when calculating
differential expression) that are used for visualization. Moreover,
users can submit lists of GO terms with associated p-values arising
from other enrichment methods. The GO term lists are arranged in
a table where each column contains the p-values of one of the lists.
In this case, the lists of genes are optional.

Furthermore, GO-Compass requires one or multiple back-
ground files containing the association of genes with GO terms for
the enrichment and the clustering of GO terms. The lists of genes,
GO terms, and backgrounds can originate from different species to
enable inter-species comparisons or from different types of omics
data (such as transcriptomic and proteomics) for multi-omics com-
parisons. GO-Compas s propagates the backgrounds, which means
that for every GO term, all parent GO terms are associated with its
set of genes. Propagation can be disabled by the user if the lists
have been previously propagated.

With a p-value filter, users can define their own significance level
to filter out GO terms. Thus, only the GO terms are kept whose p-
value is lower than the specified filter in at least one list. Moreover,
a method for calculating the semantic similarity of GO terms can
be selected, which is described in Section 3.2.

If lists of genes but no custom enrichment results have been sub-
mitted, GO-Compass performs GO enrichment with the Python
package goatools [KZP*18] using the propagated background.
For every list, the enrichment is calculated using Fisher’s exact test.
The resulting p-values are corrected using Benjamini-Hochberg’s
False Discovery Rate (FDR) [BH95].

3.2. Semantic Similarity

GO-Compass clusters GO terms based on their semantic similar-
ity. There are various definitions of semantic similarity. The sim-
plest measure is the shortest path between two GO terms A and B in
the GO graph (Edge-distance measurement). A problem with this
approach is that it assumes uniform distances in the graph. Since
the GO graph is highly imbalanced, GO—Compass offers three
other commonly used measures, the Resnik, Lin, and Wang seman-
tic similarity [Res99, LO98, WDP*07]. Resnik semantic similarity
is a node-based measure, defined as the information content (IC) of
the lowest common subsumer of two GO terms, also called the most
informative common ancestor (MICA) [Res99]. Let S(A, B) denote
the set of common ancestors of terms A and B and p(¢) the prob-
ability of term ¢. Then the Resnik similarity of A and B is defined
as:

SimResnik(AvB) = IC(MICA) = max (_ log(p(t))) (D

1€S(A.B)

The Lin semantic similarity represents a normalized version of the
Resnik similarity [LO98]:

2IC(MICA)
IC(A) +IC(B)

Wang semantic similarity is a graph-based method, which consid-
ers the contribution of all ancestors to the semantics of a term, with

simpin(A,B) = @
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closer terms contributing more than more distant terms [WDP*07].
The contribution of a term ¢ to the semantics of term A is defined
by the S-value:

ift=A

1
Sa(t) = 3
A (1) {max{wg x Sa(t')||¢" € children of t} else @

we is the contribution factor of edge ¢ linking ¢ and ¢’. The semantic
value is then the sum of all S-values of the set T4 which contains
all ancestors of A:

SV(A) =Y Salt) 4

teTy

The Wang similarity between two terms A and B is then defined as:

. Yiennry (Sa(t) +S5(1))
A,B) = A8 5
simiang (4, 8) SV(A) + SV (B) ©)
In this equation, the semantic contributions of the shared ancestors
of A and B are summed up and divided by the total contribution of

each term’s ancestors.

GO-Compass uses goatools for the calculation of seman-
tic similarity with these four measures [KZP*18]. At our request,
the authors of goatools have also added Wang’s method to their
repertoire.

3.3. Algorithm

GO-Compass applies an adapted version of the REVIGO algo-
rithm to perform hierarchical dispensability clustering separately
for each GO domain. For every pair of GO terms, semantic simi-
larity is computed and the pairs are sorted. Starting with the most
similar pair A and B, a term is rejected, i.e., set as a child of the
other term if one of several criteria, is fulfilled. The criteria are
based on the terms’ frequencies, their significance, and their rela-
tion in the graph. More concretely, the rejection criteria for term A
are (applied in this order, and vice versa for B):

1. A has a frequency in the background data > 5% and the fre-
quency of A is bigger than B.

2. The majority of p-values of A is less significant (difference >5%
of the p-value range in the data).

3. A s the parent of B and contains more than 75% of its genes.

. Ais achild of B.

5. (Pseudo) random rejection: A term is rejected at random using
the numbers of the GO ID corresponding to term A as a seed
to guarantee that the result is consistent when the tool is run
multiple times.

~

Criterion 3 guarantees that if two GO terms in a parent-child rela-
tionship are associated with a similar set of genes, the one that is
less specific, i.e., the parent is rejected, while criterion 4 rejects the
child if the sets of genes are different.

The semantic similarity at which a term is rejected corresponds
to the term’s dispensability. The term’s uniqueness is calculated in
the following way, where T corresponds to the set of all present GO
terms:

~ Yiersim(A,t)

6
7] (6)

uniqueness(A) = 1



274 T. Harbig, M. Witte Paz, & K. Nieselt / GO-Compass

While REVIGO offers the Resnik, Lin, and two further IC-based
methods, our adapted algorithm uses additionally and by default
the Wang method, which takes the semantics of all ancestors of the
GO terms into account to calculate their similarity. Moreover, the
Wang method does not rely on the frequency of GO terms in the an-
notation of a species and is thus especially suited for comparisons
using multiple different annotation backgrounds.

Furthermore, the p-value rejection criterion has been adapted to
handle multiple p-values and thus to cluster terms from many lists
of GO terms. Instead of rejecting the less significant p-value, the
term for which the majority of p-values is less significant is re-
jected. The other rejection criteria have been implemented as de-
scribed in the original REVIGO publication. Moreover, while the
original algorithm stops clustering at a dispensability cutoff value
provided by the user, GO-Compass always clusters all terms. The
resulting structure is a tree with rejected terms as child nodes of ac-
cepted terms. The closer a term is to the root, the less dispensable
it is.

4. Visualization

Based on our survey of related work we created multiple objectives
for the development of GO-Compass:

1. Show all clustered GO terms to increase the explainability of the
results. Users should see how their choice on a dispensability
cutoff affects the final list of GO terms. Moreover, make terms
that did not pass the filter accessible.

2. Provide visualizations that have a high acceptance and are com-
monly used in the field, like bar charts and REVIGO treemaps.

3. Summarize the overall similarity of the lists using, e.g., correla-
tion values or the number of common enriched GO terms.

4. If available, also incorporate and visualize gene information.

Moreover, we refined the visualizations after testing the first ver-
sion of the tool with domain experts in expert feedback sessions
(see Section 6). In the following, we describe the implementation
of our objectives in the current version of GO-Compass.

4.1. Dashboard Components

GO-Compass provides multiple visualizations organized in a
dashboard for the comparison of the lists of GO terms based on
the dispensability clustering. The dashboard consists of five com-
ponents (Figure 1, original screenshot in Suppl. Figure S2). Two
components provide an overview of the dataset by showing the
clustering results (Figure 1A) or by summarizing the comparison
of different GO term lists into single values (Figure 1C). The other
components (Figure 1B and D) provide more detailed views of the
individual GO term lists. All visualizations are interactive, provide
linked highlighting, and are enhanced using tooltips displaying the
full GO term names and further information. All GO terms together
with their associated genes, p-values, dispensabilty, and uniqueness
are collected in a table below the visualization components of the
dashboard (see Suppl. Figure S3 for an example).

Using the controls menu of the dashboard, users can switch the
GO domain displayed and define the significance threshold for the
visualizations. Every visualization as well as the final filtered list

of GO terms together with their p-values and dispensability can be
exported.

4.1.1. Hierarchical Clustering Visualization and Cutoff
Selection

To improve the explainability of the dispensability clustering re-
sults, created with the modified REVIGO algorithm (Objective 1),
the clustering tree is visualized using an indented tree layout (Fig-
ure 1A). The nodes in the tree represent GO terms, positioned by
their dispensability indicated on the x-axis. For interactive cutoff
selection, two sliders in the tree can be used for selecting the data
for the other visualizations. With the right slider, redundant terms
can be filtered out. The left slider cuts the tree at a specific dis-
pensability to produce flat clusters, which are colored using a set of
categorical colors. These colors are used as the background color
of the flat clusters in the tree, as well as in the other components of
the dashboard. Next to each slider a number is shown indicating the
number of flat clusters and the total number of GO terms currently
visualized. Numbers next to the GO terms indicate the number of
direct descendants of this term in the hierarchical clustering that
are currently filtered out. By allowing an interactive selection of
the cutoffs, users have full control over the number of clusters and
GO terms that are visualized.

To facilitate the creation of flat clusters in the tree, child terms
are always placed below parent terms in decreasing sort order by
dispensability. Thereby, when a new flat cluster is created, all GO
terms belonging to this cluster are placed in a block. Moreover, this
layout prevents crossing edges and terms from changing positions
when the filter slider is moved.

The p-values of the GO terms across different lists are visualized
in a heatmap, which is aligned horizontally to the tree using guid-
ing lines as a visual aid. The heatmap shows the negative logarithm
of the p-values in the different lists using a color scale from white
(high p-value) to red (low p-value). The p-values that pass the sig-
nificance threshold defined by the user are indicated using a black
dot in the center of the heatmap cell.

To deal with trees larger than the designated component, the tree
and the aligned heatmap are vertically scrollable. A custom scroll
bar that serves as a summary visualization on the left side shows
the current position and size of the visible section of the full tree
relative to the currently created flat clusters (Suppl. Figure S4).

4.1.2. Treemaps

For list-centered overviews, the significance of GO terms at
each condition is visualized using treemaps, similar to REVIGO
treemaps (Objective 2, Figure 1B). The size of a rectangle corre-
sponds to the negative logarithm of the p-value. Rectangles rep-
resenting GO terms with significant p-values receive a full color
fill, and non-significant GO terms are indicated with a striped fill.
One list is selected to be shown as the main treemap (Figure 1B.i),
while the others are visualized in small multiples in a scrollable
container (Figure 1B.ii). By clicking on a small multiple, the cor-
responding list is selected and triggers an animation where the
rectangles dynamically change their size. This helps find espe-
cially prominent changes between lists. For smooth transitions, the
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Figure 1: Overview of the dashboard components of GO-Compass using a dataset from a time-series gene expression experi-
ment [SKvD*20]. (A) The REVIGO clustering results are visualized in an indented tree layout. Two sliders enable the interactive filtering
of GO terms and the selection of a cutoff for the creation of flat clusters at chosen dispensability. The flat clusters are visualized using a set
of categorical colors. The numbers next to the left and the right slider indicate the number of currently created flat clusters and the number
of GO terms passing the filter cutoff. The number next to the GO terms indicates the number of direct descendants in the clustering that are
currently filtered out. To visualize the p-values of each GO term, a heatmap is aligned to the tree on the right side. Guiding lines connect the
GO terms in the tree with the heatmap. On the left side of the tree, an overview component is located which shows the current position in the
tree is larger than the currently visible part. (B.i) A treemap shows the significance of GO terms at a selected list and encodes the flat clusters
depending on the selected cutoff value. (B.ii) Using small multiples, different conditions can be selected. (C) A Venn diagram visualizes
the intersection of significant GO terms across the different lists. The number of each subset represents the current selection (left) and the
total size of each set (right). The subsets can be hovered (indicated by an orange highlight) for a more detailed comparison using bar charts
showing the —log(p-values) in the hovered lists. (D) The dotted lines represent the chosen p-value threshold.

A Color:
A B Relation between positive/negative

gene-associated values or median value

treemap is implemented using a modified version of the squarify
algorithm [BHvWOO], where nodes only change size but not posi-

B Brightness: . . . . .
Total number of genes tions when the animation is triggered.

associated with GO term
Length:

C Relative number of present genes
associated with GO term

A glyph is used to additionally show gene information if avail-
able (Figure 2, Objective 4). The glyph consists of a bar showing
the proportion of genes associated with a GO term that are present
in the corresponding genes. The color shade of the bar is used to
encode additional numerical information if the genes are associ-
ated with numbers (e.g., fold changes in differential expression).

Figure 2: Glyph for the visualization of gene information. (A) The
color of the bar either encodes the median value in a set of genes or
the proportion of positive/negative values on a color scale from blue
to white to red, where blue and red shades correspond to the ma-

jority of values being negative and positive, respectively. A white
shade encodes an equal number of positive and negative values. (B)
The brightness of the background in the glyph corresponds to the
set size of the GO term, where smaller sets receive darker fills than
bigger sets. (C) The length of the bar encodes for the relative num-
ber of present genes associated with the GO term.

© 2023 The Authors.
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Users can choose to either show the median value or the propor-
tions of negative to positive values on a color scale from blue to
red. A small flag-like attachment on the right end of the bar ensures
that the color is still recognizable even if the bar is short. If no in-
formation about fold changes is available, the bar is colored black.
Furthermore, the background of the glyph encodes the gene set size
of a GO term using a grayscale color scale, where dark values en-
code for larger sets than bright values. If no gene information has
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been uploaded, only the gene set size is shown, which is always
available since it is calculated using the uploaded background lists.

When hovering over a rectangle in the treemap the p-values of
the corresponding GO term in the different lists are displayed in a
tooltip with bar charts or line charts. Moreover, the full GO-term
name, as well as the gene information is shown in the tooltip.

4.1.3. Summary Visualizations and Bar Charts

In order to allow a quick comparison of the lists (Objective 3),
two summary visualizations show the similarity of GO terms be-
tween the lists (Figure 1C). The user can choose between visualiz-
ing the correlation of the p-values of the GO terms (Figure 1C.i) or
the intersecting sets of significant GO terms across the lists (Fig-
ure 1C.ii). A correlation heatmap visualizes Pearson’s correlation
of the p-values of GO terms between the lists regardless of the sig-
nificance threshold (as seen in the use case in Figure 3B) using a
blue (negative correlation) to red (positive correlation) color scale.
The set summary visualization shows the overlap of significantly
enriched GO terms between the conditions. For less than four lists,
a Venn diagram is used (Figure 1C.ii). For more than three lists an
UpSet plot is visualized instead (as shown in the use case in Fig-
ure 3D) [LGS*14]. UpSet plots show set intersections as a matrix,
where rows correspond to the sets and columns to the intersections.

For detailed comparison of subsets of lists, cells in the correla-
tion heatmap or intersections of the Venn diagram or UpSet plot can
be hovered and the GO terms can be compared in vertically juxta-
posed bar charts (Figure 1D), where each bar chart corresponds to
one of the hovered lists. All GO terms present in the hierarchy after
filtering are shown on the horizontal axis.

4.2. Implementation

GO-Compass is implemented as a client-server application using
Python for the enrichment calculation and dispensability clustering
with goatools in the backend and JavaScript for the visualiza-
tion in the front end. The Python package F1ask [flal0] is used for
client-server communication. The frontend is implemented using a
combination of React [Fac13] for the component structure of the
application, mobx [mob15] for storing the application’s state, and
D3 [BOH11] for the visualizations, i.e., scales, animations, and the
treemap layout.

5. Use Cases

To demonstrate the general applicability of GO—-Compass in the
omics field, we present two use cases. The first use case shows how
GO-Compass allows the exploration of many GO term lists from
a transcriptomics experiment and also includes further important
gene information. In the second use case, we present the results of
an enrichment analysis of genomics data and demonstrate how GO—
Compass facilitates the analysis of a few hundred of GO terms.

5.1. Use Case 1: Functional Enrichment of Antibiotic
Response in the Mouse Transcriptome

In the study by Lavelle et al. [LHP*19], the authors addressed the
question how antibiotics change the transcriptome response across

a time window of 18 days in two mice. For this, they sampled RNA
at four different time points (Day 0, 8, 11, and 18), analyzed the ex-
pression levels using microarrays, and computed differentially ex-
pressed genes between each time point. Of the six pairwise compar-
isons, one did not return significant differential expression (day 18
compared to day 11, in short D18vsD11). To acquire a functional
overview of the differences, the authors ran an enrichment analysis
using goana [RPW*15] on the five lists of genes. Independently
for each comparison, they extracted the 100 most significant GO
terms and reduced the datasets to those terms with a dispensability
lower than 0.4 by using REVIGO for each of the lists. For visu-
alization of the results they created a tailored visualization using
custom R scripts. Figure 3C in the original article visualizes the
results using bar charts encoding for the negative logarithm of the
p-value [LHP*19].

We reproduced the results with GO-Compass to show how it is
able to provide the same information and furthermore include ex-
ploratory as well as other informative features. The preprocessing
was reproduced from the data and scripts provided by Lavelle et al.,
resulting in five lists of differentially expressed genes for each com-
parison (referred to as D8vsDO, etc. in the following) and the signif-
icant GO terms identified by goana. To make the results compara-
ble, we also reduced the dataset of each comparison to the 100 most
significant terms as done by the authors. The five lists of genes with
their log,-fold changes, the results of the GO enrichment, and the
used GO background were loaded into GO-Compass for the dis-
pensability computation and visualization. Wang’s similarity mea-
surement and a p-value filtering of 5 x 10 were selected as fur-
ther parameters.

We first focus on those terms related to the domain Biological
process. For this domain, GO—Compass returns a visualization
with 179 GO terms, which can be reduced to 25 terms by filtering
terms with a dispensability higher than 0.4 (Figure 3A), as done
in the original analysis. To gain more insight into the different GO
terms, the cluster cutoff of GO-Compass was set to 0.2, returning
seven flat clusters (Figure 3). The visualization of many aspects of
the lists within the graphical interface allows simultaneous explo-
ration. For example, the heatmap aligned next to the tree shows
that all but the first list of GO terms contain terms of the cluster
rooted at extracellular matrix organization. This dissimilarity can
be confirmed by looking at the correlation heatmap (Figure 3B) that
shows how D8vsDO is negatively correlated with all but one com-
parison at this dispensability level (D18vsD8, Pearson correlation
p ~ 0.08).

By using the treemaps, users are able to compare the flat clusters
between these two lists and account for further data, such as the
log,-fold change of the genes. The animated transition facilitates
the finding of the common terms between the lists and tracking
major changes (Figure 3C). The visualization of the median shows
that the expression of genes corresponding to the lists is not similar.
While the genes related to the terms rhythmic process and regula-
tion of circadian rhythm in D8vsDO0 are upregulated, the genes in
D18vsD8 are strongly downregulated (see glyphs in Figure 3C).

The UpSet plot can be used to compare the terms that are signif-
icant in more than one list (Figure 3D). For example, the GO terms
extracellular matrix organization, blood vessel development and
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Figure 3: Use case for GO-Compass with the transcriptome data from the study by Lavelle et al. (2019). All subfigures visualize terms from
the ontology domain Biological process. (A) Visualization of the clustering results. The clusters were cut at a dispensability level of 0.2 using
the left slider. Terms with a dispensability lower than 0.4 have been filtered out using the right slider. (B) Correlation heatmap of all p-values
of the terms contained in the five lists. The list comparing day 8 with day 0 (D8vsDO0) shows an anticorrelation of GO terms with all other
lists, except for a minimal positive correlation with the list D18vsD8. (C) Treemap visualizations for the conditions D8vsDO and D18vsDS.
The transition animation (middle treemap) helps to follow the changes between the two treemaps. The glyph shows the median log,-fold
change of the genes linked to each GO term. (D) UpSet plot comparing the specific terms shared across conditions. Three GO terms are
found significant in all four lists. The juxtaposed bar charts containing all terms of these four lists are shown, and the bars for the common
terms are highlighted.
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Figure 4: Tree showing the clustering results for all terms related to
the ontology domain Molecular function for the study by Lavelle et
al. (2019). The cluster cutoff was defined at a dispensability level
close to 0.2 to visualize a cluster rooted at glycosaminoglycan bind-
ing (purple cluster).

localization of cell are found significant in four lists and their cor-
responding p-values can be easily compared using the bar charts.
Interestingly, in the dispensability reduction of the original analy-
sis, the term extracellular matrix organization appears only in three
of the five lists. However, this term is actually significant in four of
the lists, which is evident in the analysis with GO—Compass.

Lavelle et al. also analyzed significant GO terms for the ontol-
ogy domain Molecular function, for which they identified ten dif-
ferent GO terms, all related to binding. With the visualization of
GO-Compass, the user is able to visualize the hierarchy of the
clusters and identify the most important terms regarding their dis-
pensability (Figure 4). In this case, by setting a cluster cutoff at
0.2 a meaningful flat cluster is created containing all terms related
to binding rooted at glycosaminoglycan binding. Moreover, by vi-
sualizing the whole clustering and interactively selecting the filter
cutoff, the user can decide whether general terms such as binding
should be filtered out to reduce the redundancy of the results for
further analysis. This cutoff is independent of the filter cutoffs se-
lected for the other GO domains, while in the original analysis with
REVIGO a single cutoff value for all domains had to be chosen.

5.2. Use Case 2: Genomic Variability in the Syphilis Agent,
Treponema pallidum

‘We demonstrate the wide applicability of GO—Compass for study-
ing the genetic variability of Treponema pallidum, the bacterium
responsible for syphilis [SR99]. For this, the data published by
Pla-Diaz et al. [PDSBG*22] was analyzed using the tool Evi-—
dente [WPHN22] to identify enriched GO terms for genes as-
sociated with SNPs in phylogenetic clades. A clade is a set of
organisms that share a common ancestor in a phylogenetic tree.
The data of Pla-Diaz et al. consists of genomic samples from four
main strains of 7. pallidum: ten samples from the strain Nichols
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Figure 5: Use case for GO-Compass resulting from the GO en-
richment of phylogenetic clades of Treponema pallidum. All sub-
figures visualize terms from the ontology domain Biological pro-
cess with a dispensability lower than 0.5. (A) Visualization of the
clustering results. The cluster cutoff was set at a dispensability level
of 0.1. (B) Correlation heatmap of all p-values of the terms con-
tained in the three clades. (C) Treemap visualization for the SS14
clade. The numbers above or beside the gene information glyph
encode the total number of genes associated with the GO term, the
genes associated with the GO term containing SNPs, and the me-
dian number of SNPs found within these genes. The same values
are encoded in the gene information glyph using the background
color, the length of the bar and the color of the bar, respectively.

and 58 samples from the strain SS74 (both belong to subspecies 7.
pallidum pallidum, TPA), seven samples from subspecies pertenue
(TPE) and one sample from subspecies endemicum (TEN). All
samples were compared to one Nichols reference genome to iden-
tify single-nucleotide polymorphisms (SNPs). Using Evidente
we identified GO terms that are enriched for genes affected by mu-
tations within one clade compared to the rest of the phylogenetic
tree. A GO enrichment was calculated for four main phylogenetic
clades, producing a list of significantly enriched GO terms per clade
(p-value < 0.05). All non-reference clades showed enriched GO
terms: 61 within the SS14 clade, 70 within TPE and 514 within
the TEN clade. Since Evidente does not contain features for di-
rect comparison of GO terms, these three lists, containing a total of
576 unique significant GO terms, were loaded into GO-Compass.
Furthermore, for each clade, a list containing the number of SNPs
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per gene across all strains and positions was uploaded as further
gene information. Wang’s semantic similarity measure and p-value
< 0.05 were used as parameters for the redundancy calculation.

All three GO domains (biological process, molecular function,
and cellular component) show high correlation and GO term sim-
ilarity across the TPE and TEN lists, while the SS14 clade shows
distinct GO terms over all three domains. We further reduced the
data by filtering out GO terms with a dispensability larger than 0.5.
In the case of the domain Biological process, the dataset of 306 GO
terms was reduced to 41 terms which still reflects the similarities
between TPE and TEN as well as their differences with SS14 (Fig-
ure 5A/B). Interestingly, the GO terms specific for the SS14 clade
include low dispensability terms such as membrane assembly and
response to antibiotic (Figure 5A). The low dispensability and the
position of the terms in the tree indicate that they are specific to the
SS14 clade and are only very distantly related to terms enriched in
TPE and TEN. This is in agreement with the information presented
by Pla-Diaz et al., where they discuss the changes in the membrane
of SS14 strains and the antibiotic-resistant potential across SS14
samples when compared to strains from the Nichols clade. With
the glyph visualization in the treemap, we were able to identify that
a single gene is linked to the term membrane assembly. The red
color of the bar indicates that there is a high number of SNPs (695)
associated with this gene across all samples and positions of the
gene (Figure 5C). This specific gene (TPANIC_RS01590) can be
identified using the tabular view for further analysis, for example,
to study the effect of the SNPs on the translated protein.

6. Qualitative Evaluation

For qualitative evaluation of our tool, we performed semi-
structured interviews with five domain experts including two bioin-
formaticians, two biologists, and a clinical doctor who is one of the
authors of the original publication discussed in the first use case
(see Section 5.1). None of the experts was involved in the devel-
opment of the tool or had used our tool before. The interviews
were conducted in an online video session and took around lh
each. First, the experts were interviewed about their experiences
using GO terms. Depending on their level of expertise the con-
cept of Gene Ontology was recapitulated and the central ideas of
the tool were introduced. Apart from the dispensability clustering
tree, none of the visualizations were explained to get an unbiased
view of the tool’s intuitiveness. After the session, the experts were
asked to fill out a short survey that includes a selected subset of the
system usability scale questionnaire (see Suppl. Figure S5 for the
questions) [Bro96].

For the testing, the data from the first use case was used. Dur-
ing the session, the experts were presented with five tasks, each
related to a different visualization component (Suppl. Table S1).
The first task (T1) was to reduce the size of the dispensability tree
and simplify the visualization. In the second task (T2) users were
asked which lists are the most/least similar ones. For the third task
(T3) they were asked which three GO terms are the most significant
ones shared between the two most similar lists. The fourth task (T4)
was about gaining an overview of a single list and the experts were
asked to summarize the biological processes happening in the list
D11vsDO. The last task (T5) was made up of subtasks for compar-
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ing the gene sets between two GO terms in the treemap based on
the underlying gene information.

6.1. Expert Feedback

All participants were able to successfully reduce the size of the tree
(T1) by using the filter slider. Two participants were initially con-
fused by the cluster slider but were able to figure out its function
when being told to observe the effect of moving the slider in the
other visualizations. Moreover, all participants were able to com-
pare lists using the correlation heatmap (T2). While they were not
able to tell which values are correlated (p-values), they had the in-
tuition that similar lists were indicated by a red color (see Figure
1C,i). All participants were able to compare the lists in detail using
the bar chart (T3) and found the linkage between the correlation
heatmap and the bar charts useful.

For the fourth task, all users were able to navigate to the list in
question in the treemap visualization and could summarize the bi-
ological processes. Similar to the second task, users were not able
to explicitly tell what is encoded, but still were able to solve the
task. The glyph visualization (T5) received mixed feedback from
the users. It is important to note, that the version tested did not in-
clude a legend for the gene set glyph. Two users wrongly assumed
that the blue-to-red color scale of the glyph is related to the correla-
tion displayed in the correlation heatmap. Moreover, initially, two
users could not tell that the background of the glyph was colored
using different shades of gray. In the tested version big gene sets
received brighter fills than small gene sets, which was considered
unintuitive by all users. We, therefore, decided to reverse the color
encoding of the gene set sizes for the final published version of GO-
Compass. Eventually, all users were able to solve the subtasks and
considered the glyph useful after the explanation.

Overall, the tool received positive feedback from all experts. One
expert noted that although she could not tell why it was very intu-
itive for her to know where to click and hover. While the visualiza-
tion dashboard was first considered slightly overwhelming by some
users, all found it useful and consider using it for their own research
or for teaching. One expert noted, that the tool obviously shows a
lot of information. However, they did not consider it to be a flaw as
the underlying data contributes a lot to the complexity and the tool
already reduces the mental load for analyzing the data. One expert
noted that he “can’t think of anything that beats this” when being
asked for an overall evaluation of the tool.

From the feedback session, we deducted several action items
and features for implementing the tool that we then included in
the current version. Many of these features relate to improving the
labeling and legends of the visualizations as well as solving minor
usability issues. Legends were included for the glyph and a label
now indicates that the correlation heatmap shows the correlation
of p-values. Moreover, the scrolling behavior of the dispensability
tree was improved by making the overview visualization draggable.
Furthermore, a user suggested a more detailed visualization of gene
information as well as a simplified version of the dispensability tree
which we consider enhancements for future versions of the tool.

The answers collected from the survey after the interview sup-
ported the positive impression we had during the interviews (Suppl.
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Figure S5). While the tool was considered complex, all users found
it useful and would like to use it frequently for their own research.

7. Discussion

We presented GO—-Compass, an application with a unique set of
features enabling the interactive visual comparison of lists of gene
ontology terms. The tool extends the REVIGO algorithm and the
treemap visualization for the analysis of multiple lists of GO terms
and has a wide field of applicability for lists created in different
omics studies due to the simple input formats it requires. With
its tree visualization, it increases the explainability of the under-
lying hierarchical clustering and gives users full control over the
desired level of dispensability in the lists of GO terms. Further-
more, it effectively combines well-known visualization techniques,
for the direct comparison of sets such as UpSet plots and correlation
heatmaps with detailed-focused visualizations like bar charts and
treemaps for a comprehensive analysis. Moreover, with the glyph
in the treemaps gene information is included, if available.

GO-Compass is based on the structure of the gene ontology,
semantic similarity calculations, and on GO enrichment. Since the
GO graph is created using expert knowledge, which differs for the
different sub-domains of the graph, it lacks uniform density and
uniform relatedness of parent-child relationships. The edges of the
GO graph are not weighted according to relatedness, therefore it is
not possible to take this factor into account for semantic similarity
calculation. GO-Compass counteracts these factors by allowing
interactive selection of the filter cutoff and therefore gives users
the opportunity to decide on a desired level of redundancy with
computational support. Furthermore, different dispensability cut-
offs can be chosen for each gene ontology domain. Thus, with our
interactive dispensability filtering we compensate for the bias that
all GO terms are treated the same regardless of their relatedness in
the GO graph. When reducing the dispensability in lists separately,
for example using REVIGO, it can happen that a term is filtered
out in some of the lists despite being significant in all of them. Our
simultaneous analysis of all lists avoids losing information, as seen
with the term extracellular matrix organization in the first use case,
which was filtered out in one of the lists in the original analysis.

GO-Compass clusters the complete lists of GO terms instead
of stopping at a fixed dispensability cutoff. This gives the users in-
sights into the underlying algorithm and increases their control over
the desired level of redundancy. This can be seen especially promi-
nently in the first use case, where dispensable terms could easily be
identified and filtered out using the visualization. The indented lay-
out of the tree is designed to facilitate the process of filtering and
the creation of flat clusters, as it ensures that all children of a GO
term in the hierarchical clustering are organized in a block without
the need of rearranging the tree after moving the sliders.

GO-Compass implements treemaps for visualizing the func-
tional composition of a single list. An animation is triggered to
show the changes when the condition is switched. While it is diffi-
cult to compare the areas of rectangles of different sizes and follow
multiple concurrent animations, the most drastic changes are un-
derlined using the animation. A more detailed comparison can be
done using the bar chart appearing in a tooltip when hovering over a

GO term. Moreover, with the designed glyph any type of numerical
information associated with genes can be included in the analysis.
Moreover, by including linked summarizing charts (the correlation
heatmap and the UpSet plot) and detailed views (treemap and jux-
taposed bar charts), users can access different levels of information
of the datasets. This helps to compare the lists using many relevant
aspects for the domain, such as further gene information or shared
GO terms.

In our use cases, we demonstrated the applicability of GO-—
Compass for two different omics data types. In our first use case,
we presented a use case for functional analysis in transcriptomics
studies, which is one of the most common use cases where GO en-
richment is applied. In the second use case, we show how the tool
can be applied to genomics data and handle data up to a few hun-
dred GO terms. However, GO—Compass can be applied in many
other contexts, such as the integration of lists originating from dif-
ferent omics layers in multi-omics experiments, as well as lists
originating from different species.

GO-Compass compares lists of genes regarding their functional
composition using GO terms. However, also other annotation sys-
tems, such as KEGG Pathways or protein families, are frequently
used by researchers for functional analysis. Compared to these an-
notations, the advantage of GO terms is the inherent structure of the
GO graph, which allows the simple calculation of semantic similar-
ity to serve as the basis for dispensability clustering. Nevertheless,
we plan to extend our tool to be able to deal with other types of en-
richments using custom algorithms for dispensability calculation.

To conclude, as omics experiments increasingly consist of the
comparison of many conditions, semantic-similarity-based reduc-
tion for generating visualizations of multiple GO term lists has be-
come more and more popular and useful. With GO—-Compass we
provide an easy-to-use visualization tool for this task with the ul-
timate aim to help researchers interpret the biology of the systems
studied.
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