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Abstract:

Next generation sequencing and metabolomics have become very cost and work efficient and are
integrated into an ever growing number of life science research projects. Typically, well established
software pipelines provide quantitative data informing about gene expression or concentrations of
metabolites from the raw data. This data needs to be visualized and further analyzed in order to
support scientific hypothesis building and identification of underlying biological patterns. Some
tools exist, but require installation or manual programming. We developed “Gene Expression
Plotter” (GXP), an RNA-Seq and Metabolomics data visualization and analysis tool entirely running
in the user’s web browsers, thus not needing any custom installation, manual programming or
upload of confidential data to third party servers. GXP enables the user to generate interactive plots,
visually summarize genetic or metabolic responses in scientific sketches (Mapman), carry out cluster
and principal component analysis, and conduct overrepresentation analyses. GXP can be used to
publish research data along with interactive plots and results of analyses carried out with it. GXP is
freely available on GitHub: https://github.com/usadellab/GeneExpressionPlots

Keywords: RNA sequencing, metabolomics, data visualization, overrepresentation analysis, cluster
analysis, principal component analysis, scientific plotting, Mapman, Mercator

1. Introduction

RNA sequencing is a popular and well established method to assess gene expression
in varying conditions and organisms. Typical analysis pipelines apply quality filters and
adapter trimming to raw reads [1-3] and quantify expression by aligning the reads back
to a reference genome or transcriptome [4-7]. Usually, a subsequent step is to compare
different biological and experimental conditions and infer the gene level response to the
contrasting stimuli, i.e. find transcripts whose expression responds to the experimental
stimulus and are significantly up- or downregulated, respectively. At the end of such a
standard analysis, expression tables provide numeric expression values typically
expressed as counts, counts per million (cpm) or transcripts per kilobase million (TPM)
and contrast tables inform about differential gene expression in terms of significance (i.e.
p-Values). Given the commodity nature of short read RNA sequencing, such RNA-seq
experiments often sample many genotypes and/or conditions exposed to a variety of
experimental conditions producing a large number of tabular result files. A similar data
structure occurs in metabolomics which is well established in the plant field and detailed
guidelines exist [8].

After these analyses, the expression of selected genes or metabolites of interest is
plotted, highlighting the biological response varying in different samples. On a more
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general level, genotypes or experimental conditions are compared by correlating their
measured gene expression or metabolite accumulation, which is visualized in heatmaps
and hierarchical clustering trees. Alternatively, the similarity of the genotype-specific
response measured for the different experimental conditions or genotypes is assessed and
plotted using principal component analyses. Typically, the response is not only described
by lists of up- or down-regulated individual genes and metabolites, but additionally by
the biological processes and pathways in which these genes and metabolites are involved.
Visualization of such contexts helps to summarize transcriptional responses, e.g. by
plotting gene expression into metabolic cellular sketches [9-12]. The molecular and
metabolic responses to a stimulus are often assessed by the identification of over-
represented functional annotations of selected genes compared to a suitable background,
e.g. the whole genome or the whole set of expressed genes.

In order to enable scientific meaningful interpretation of these comprehensive
intermediate results, these need to be summarized and visualized in scientific plots.
Multiple software applications provide such functionality [9,12,13],[14-17]. However,
these tools, at least partially, require the installation of a software [9,10,14-17], they need
to submit potentially confidential data to servers [12,13,16] or they provide summarized
sets of public data [13,18], respectively.

These observations inspired us to develop a simple browser based suite that enables the
user to (i) visualize their own quantitative data, (ii) assess the transcriptional response to
experimental conditions, and (iii) identify over-represented gene functions. Our new tool
“Gene-Expression-Plotter” (GXP) is freely available online
(https://github.com/usadellab/GeneExpressionPlots/), it does not require the user to
install any software or manually program plots, and, importantly, does keep all data local
on the computer of the user - no data is sent to any server. While GXP can be used to
analyze and visualize any quantitative data, it was mainly developed for transcriptomics
and metabolomics data. Finally, the output of GXP can be used for publication. A user can
save a current work-session and export all data, generated plots, and analysis results into
a single file, a GXP database, that can be shared with other users or uploaded to public
servers like GitHub. By loading a GXP Database into GXP, the data, plots, and analysis
results are restored and accessible. An option exists for advanced users to publish a
custom version of GXP that includes research data, plots, and analysis results on their
own website as well.

Thus our new tool Gene Expression Plotter enables the end-user to visualize and analyze
quantitative data, typically taken from RNA-Seq or metabolomics analyses, identify
similarity between experimental conditions by cluster and principal component analysis,
generate visual summaries of genetic or metabolic responses, identify overrepresented
transcripts or metabolite characteristics, and even use GXP to publish the data along with
plots and analysis results.

2. Results

2.1 Handling input and output data

With the aim of providing a single suite in which a user can visualize and analyze
quantitative data and also share and publish the output, we programmed “Gene-
Expression-Plotter” (GXP). GXP is available freely with a GPL license on GitHub:
https://github.com/usadellab/GeneExpressionPlots. =~ GXP is provided with a
comprehensive online documentation and a manual ( see submenu “Docs”).
To use GXP, the user is first asked to import quantitative RNA-seq data in a tabular
format. Each row should represent a single transcript measured as presented by its unique
gene identifier in the first column. All following columns should contain the transcript
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counts for each genotype, replicate or treatment as specified by the column names in the
first line (figure 1.A). GXP is made aware of the factors studied in the experiments, in
terms of simple column names in the count table. In doing so the user can for example
specify the time after an experimental treatment at which a sample was obtained. Such a
factor is then used by GXP to position points on the x-axis in plots. We dub such a factor
used to position points on the x-axis “x-axis factors”. Note, that a x-axis factor joins
biological replicates into a bin. Such x-axis bins are used to calculate y-axis error bars for
points on the axis several joined replicates are represented with. Another type of factors
can optionally be introduced and used to compare for example genotypes or different
treatments, e.g. a mutant versus wild-type. We dub such factors that group several
biological conditions (x-axis factor values) spread out over different points on the x-axis
“group factors”. A user can specify as many group factors, as were investigated in a
respective research project. As said, GXP is made aware of these factors simply through
the column names of the counts table input.

Optionally, GXP can use any extra information associated with specific transcripts. This
is done by loading a separate table in which each row corresponds to a single transcript,
and each column holds the additional information (figure 1.B). Examples of additional
information include functional annotations of proteins, e.g. terms from the Mapman4
framework, [19,20], from the Gene Ontology (GO) project [21] or from KEGG pathways
[22], and differential expression between contrasted conditions, e.g. heat shock treatment
versus control conditions. Information about differential expression can be provided in
the form of logarithmic fold change and/or adjusted p-values. The user can provide any
information that group genes of interest or contain data about specific traits these genes
have. These can be numerical values, e.g. chemical properties of metabolites, or categorical
annotations about the protein function, like the terms used by Mapman4, GO or KEGG.
These data are displayed in the form of a tabular column and can be used for example, in
subsequent over-representation analyses.

2.1.1 Browsing and searching gene information

After having loaded the input data, the user can browse gene information in a searchable
interface and make this information available to all who have access (figure 1.C). The
presented information includes the respective count data extracted from the “counts
table” (see section 2.1) and any further information about the respective transcripts or
metabolites extracted from the “information table” (see section 2.1).

2.1.2 Saving work and exporting data

At any stage of using GXP, the user can export and save all imported data, plots, and
analyses by using the dedicated “Export GXP Database” functionality (figure 1.D). The
generated database can be used later to resume previous work or share plots and results.
The exported GXP database contains a configuration file that can be used to change the
order of “x-axis-factors”, the unit of the expression values, and the various field
separators used to load the tables into the application. At any stage all data is strictly kept
on the user’s computer and at no point is user data sent through the web.

2.2 Visualizing quantitative data

The user can generate interactive plots showing the expression of individually selected
genes. Available visualizations are bar- (figure 2.A) and line-plots (figure 2.B). In these
plots, “x-axis factors” (see section 2.1) define the position of points on the x-axis. If the
user has provided “group factor” information (see section 2.1) that further groups
replicates, e.g. genotype or different treatments, this information will be visualized by the
color of plotted values (figure 2). Group factor values can either be plotted side by side
(figure 2.A and 2.B) or as stacked lines (figure 2.C). The user can also visualize the
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expression of multiple genes/metabolites in the same interactive plot using all mentioned
types: bar, single, or stacked lines (figure 2.D for an example with bars). In this case, the
color distinguishes genes while the group factors are shown in their separate panels side
by side. All plots are interactive. Hovering with the mouse over a specific point will
display the underlying plotted data corresponding to that point, or bar, respectively. All
plots a user generates can be saved and downloaded in high quality scalable vector
graphics and used for publication purposes. Furthermore, exporting the GXP data and
state optionally saves generated plots and analyses as well (see section 2.1).

2.3 Assessing similarity of gene expression between biological replicates

As explained in the introduction, to distinguish within and between group differences
and enable drawing significant conclusions in terms of response when contrasting
experimental conditions, it is mandatory to include biological replicates. The similarity of
these replicates and thus also of gene expression/metabolite accumulation between
experimental conditions can be assessed and visualized using correlation based
hierarchical clustering and principal component analysis.

2.3.1 Hierarchical cluster analysis

Results of a hierarchical cluster analysis are visualized in a heatmap whose axis is
accompanied with a tree dendrogram representing the hierarchical clusters, samples have
been grouped into (figure 3.A). A transposed cluster analysis can also be carried out, in
which all or a selected subset of transcripts/metabolites are grouped by similarity of their
respective quantitative data. GXP computes and visualizes hierarchical cluster analysis on
demand in the user’s browser. The user can either select correlation or euclidean distance
between replicates’ gene expression vectors as a basis for the clustering analysis. The
potentially demanding analysis is carried out in the background, using web-workers, and
therefore does not block the user interface. While an analysis runs, a “loading” plot is
immediately created, indicating ongoing calculation. Once complete, the plot color
indicates either the correlation values or euclidean distances between respective
replicates, depending on the original user's choice. A color scale is provided. The plot is
interactive, hovering with the mouse over a heatmap cell will display the calculated
likeness value assessed for the respective pair the cell corresponds to.

2.3.2 Principal component analysis

Results of principal component analysis (PCA) are typically visualized as a subclass of
scatter-plots where the two axes represent the two principal components that explain most
of the observed variance between samples. GXP carries out a PCA on user demand and
runs the respective calculation in the user’s browser and in the background, thus not
blocking the user interface. Once the calculation is finished, the loading icon indicating
ongoing processing disappears and the respective scatter plot becomes visible (figure 3.B).
Each gene expression vector of a biological replicate is color coded. Hovering with the
mouse over a data point will display the name of the underlying biological replicate and
the values of the two visualized principal components.

2.4 MapMan web browser plots

The Mapman frameworks (Mapman4 [20] and the older version Mapman v.3.6 [23])
comprise a manually curated vocabulary to describe the function of land plant proteins.
Mercator and Mercator4 [19,20] are efficient and accurate genome scale annotation
pipelines that assign the descriptions of Mapman v.3.6 and of Mapman4, respectively, to
query proteins or transcripts. The desktop application MapMan [9,19,20,23]) has been
developed to visualize annotations of the Mapman frameworks in the context of gene
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expression data. Based on a proof of principle code [9,24] we also developed a simple
MapMan web browser application. Like in the MapMan desktop application, a user can
choose one of several basic metabolic cellular sketches, e.g. “Metabolism overview”,
“Photosynthesis”, or “Cellular respiration” (figure 4). In these sketches small squares
represent proteins or transcripts with functional annotations semantically corresponding
to that region in the diagram. For example, all proteins with functions related to the Calvin
cycle would appear as small boxes in the upper left area of the “Photosynthesis” sketch.
The user chooses either a group of expression values for biological replicates belonging to
the same experimental condition (x-axis factor; see section 2.1), or any arbitrary numerical
information provided in the optional information table. This can be the logarithmic
expression fold change as typically shown in pathway diagrams comparing two
experimental conditions, e.g. control versus heat shock. Instead of using logarithmic fold
change values as a measure of the intensity of a transcriptional response under different
experimental conditions, the user can also choose adjusted p-values produced by
differential gene expression analyses. Finally, the user can choose how the color gradient
is dispersed over the selected numerical values. The choice is between a divergent scale
from a fixed negative value to the positive counterpart (as in the MapMan desktop
application which focuses on log fold change data), or a continuous scale ranging from
zero, or the first quartile to the third quartile. The MapMan web browser plots are
interactive, hovering with the mouse over a specific box displays the gene identifier, the
Mapman4 protein description , and the numerical information assigned to the gene .

2.5 Over-representation (enrichment) analysis

To qualitatively describe a biological response, often, annotations about the biological
process and the molecular function are analyzed. Those annotations found to be
significantly over-represented among selected genes of interest characterize that group of
genes. The selection criteria can be a significant up- or down-regulation contrasting two
experimental conditions, e.g. control versus heat shock treatment. Typically, Fisher’s exact
test is used to determine whether the number of annotations within the selected genes
significantly deviates from the number of annotations found within the background, i.e.
the whole genome. GXP offers the user an easy way to carry out such overrepresentation
analysis (ORAs). The user specifies a criterion shared by all selected genes and annotation
terms for which overrepresentation should be tested. Alternatively, the user can select
the genes of interest manually by entering gene identifiers. It is noteworthy that GXP is
agnostic to the underlying data structure, consequently the user can use any information
originally loaded with the “information table” (section 2.1) and in principle could do this
for metabolite data as well, even though these analyses are less common for targeted
metabolomics. Thus, a great variety of enrichment analyses can be carried out. Each single
calculation of Fisher’s exact test produces a corresponding single p-value, i.e. one p-value
for each tested annotation. Currently, these p-values are corrected for multiple hypothesis
testing using Bonferroni’s method. All calculations are carried out in the background, so
that user experience is not interrupted. The final result is a table in which for each tested
annotation the corresponding adjusted p-value is shown (figure 5). These results can be
exported along with the data and plots by clicking the “Export GXP Database” button in
the “Data” sub-menu (see section 2.1).

2.6 Usage of GXP to publish data along with plots and analysis results

As previously mentioned, a user can save a GXP work-session by exporting all data, plots,
and analysis results into a downloadable “GXP Database”. Such a GXP Database file can
be made publicly available, e.g. by uploading it to a web-server like GitHub . A link to
this database can be included in scientific articles, and readers can download the
published GXP Database, load it into GXP and explore the data, plots, and analysis results
restored from the original work-session.
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Another, more luxurious mode of publishing data, plots, and analysis results along with
GXP exists. A user can deploy GXP together with an exported database to a dedicated
web-server. GitHub-pages offers this option free of charge. This creates a link that can be
cited in upcoming publications.

Thus, by using either of the above two methods, not only the raw expression counts and
differential expression analysis result data could be provided, but also pre-generated
supplemental interactive plots highlighting the scientific results could be discussed in
publications. This makes the data free to be explored by third parties in their own context
of interest, possibly reaching beyond the scope of the publication citing the installed
custom version of GXP. The GXP manual (“Docs” menu) explains how to deploy custom
versions of GXP in a few simple steps e.g. on GitHub.

3. Discussion

The availability, efficiency, and relatively low cost of next generation sequencing and
metabolomics technologies allow their application in a wide variety of plant science
research projects. Quantification of results and contrasting these quantifications between
different experimental conditions is implemented in many standard pipelines. However,
the need for simple visualization, summarization, and further selected analyses revealing
similarity between biological replicates and overrepresented molecular functions in sets
of selected transcripts or metabolites is the key for a biological interpretation of these
datasets. Consequently, platforms have been developed to provide the user with tools to
generate scientific plots and carry out clustering, principal component, and over-
representation analysis [14-17]. However, these tools require either a manual installation
of software, or sending data via the web to dedicated servers. . Spreadsheet applications
are often used to fill this gap, but the resulting plots are not interactive, and these
applications do not allow clustering, principal component or overexpression analyses.
Alternatively, tools like MeV [25] allow an even deeper analysis but require installation.
For this reason also MeV has been ported to the web as WebMeV [25,26] which even
allows to run complex workflows, but it requires a login and to send the data to a
proprietary server for analysis and storage.

Gene Expression Plotter (GXP) does all calculations locally in the browser without any
need to submit data to servers. Hence, calculations in GXP are made efficient by usage of
the web worker technology that enables running background processes in parallel and
GXP offers simple solutions to explore data and to generate high quality plots.

4. Materials and Methods

Gene-Expression-Plotter (GXP) was implemented in TypeScript
(https://www .typescriptlang.org/) as a stand alone application (single page application)
running in the web-browser. The React]S (https://reactjs.org/) and Chakra UI
(https://chakra-ui.com/) libraries were used to build the user interface. The Vite]S library
was used for tooling. GXP can be accessed on GitHub pages
(https://usadellab.github.io/GeneExpressionPlots); everytime a new version is pushed to
GitHub, the new code is compiled and automatically deployed to GitHub pages. GXP’s
source code is freely available on GitHub
(https://github.com/usadellab/GeneExpressionPlots) under a GPL-3 license.

Example data has been generated manually based on random Gaussian distributions to
highlight different aspects in the plots and analyses.

4.1 Input and output data
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Expression or metabolite data, and additional information about transcripts or
metabolites, can be loaded into GXP (see section 2.1). Alternatively, a previous work-
session can be restored using the “Import GXP Database” function in the “Data” menu
(see section 2.1). All data is stored in memory, no data is ever sent via the internet to any
backend-server. State management has been implemented using the MobX library
(https://mobx.js.org).

4.2 Gene expression plots

All introduced plots (see section 2.2) are implemented with the plotly.js v2.6.3 Javascript
library (https://plotly.com/javascript/). Plot data and definitions are stored in memory and
thus can be exported to and restored from GXP Databases (see section 2.1.2).

4.3 Hierarchical cluster analysis

Similarity between biological replicates is either assessed using correlation or euclidean
distance between the respective gene expression vectors (see section 2.3.1). In this,
correlation values cixare transformed to distance values dixas follows:

dik=1 - abs( cik)
Thus, complete anti-correlation as well as complete correlation are interpreted as
maximum likeliness of gene expression vectors.
Euclidean distance measures are computed with the ml-distance v3.0.0
(https://github.com/mljs) Javascript library. And hierarchical clusters are identified using
the ml-hclust v3.1.0 library (https://github.com/mljs). The heatmap and the respective
dendrogram visualizing the results of hierarchical clustering are plotted with the visx
v2.4.0 (https://github.com/airbnb/visx) library that incorporates the popular and well
proven D3 library (https://d3js.org/) into React.js.

4.4 Principal component analysis (PCA)

In GXP, a PCA can be carried out to identify and visualize likeliness between gene
expression or metabolite concentrations of biological replicates (see section 2.3.2). The
principal component analysis is computed with the help of the ml-pca v4.0.2 library
(https://github.com/mljs). The respective plot visualizing the first two principal
components contributing most to the observed differences is created with plotly.js v2.6.3
(https://plotly.com/javascript/).

4.5 MapMan visualizations

GXP offers to summarize genetic expression or responses to contrasting experimental
conditions in the form of MapMan plots [9] (see section 2.4). All available canvas sketches
(version X4.3) upon which to draw boxes to represent transcripts’ values were
downloaded from the “MapMan Store” (https://mapman.gabipd.org/mapmanstore) and
included in the GXP package. Based on the proof of concept implementation [24] the
visualization was programmed with the D3 library v7.1.1 (https://github.com/d3/d3).

4.6 Over-representation analysis

Gene Expression Plotter offers the user to define sets of transcripts (genes) of interest,
either by stating the respective identifiers one by one or by defining a selection criterion
(see section 2.5). Subsequently annotations assigned to the selected genes are tested for
being over-presented in comparison to the background, which is the whole information
table (see section 2.1). Each of these tests is carried out as Fisher’s exact test resulting in a
single p-value indicating how likely the observed annotation numbers can be explained
by the null hypothesis, i.e. variations of the background annotations. In Fisher’s exact test
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contingency tables are created and p-values calculated using the hypergeometrical
probability distribution (HGD) [27]. The calculation of specific HGD p-values is carried
out with the GNU scientific library [28] which was compiled to web-assembly
(https://webassembly.org/) for usage in the web-browser with Javascript. This
compilation was done with emscripten (https://emscripten.org/). To calculate the
likelihood of the alternative hypothesis that the observed numbers of annotations are not
just as is in the contingency table but potentially greater, i.e. more extreme, more
contingency tables of more extreme distributions need to be created and tested. Resulting
p-values are summed up until no more extreme contingency tables can be generated, i.e.
the respective cells contain zero. This procedure has been implemented manually in
Javascript.
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Figure 1. Screenshot images of the Gene expression tool data page interfaces for: (a) RNA-seq
expression table file import, (b) transcript information table file import, (c) the gene browser that allows the
imported input data to be viewed and (d) data export. These interfaces can be accessed on the side menu
of the data page.
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Figure 2. Interactive gene expression visualization plots describing expression levels (counts) (y axis) of
selected genes in response to treatments of mutant and wild plant leaves (x axis). (a-d) The plots display
mean values of replicates used in the experiment with standard deviation error bars. (a) Bar plots and (b)
individual line plots display the same information. The stacked line plot (c) shows the same information
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grouped per experimental sample type. (d) Multiple gene bar-plots. Note the gradual increase in expression
of gene100 with respect to time (DAT) (a, b, c).
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Figure 3. Hierarchical cluster analysis heatmap based on euclidean distance of different replicates (a).
Clustering pattern of the individual samples based on the main principal components representing the
highest variation observed revealed three distinct groups (b).
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Figure 4. Images imported from the gene expression tool MapMan function. Each functional protein
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annotation category (bin) is represented by a box where the expression value for each gene is translated
into a color scale. The example images are a) Metabolism overview , b) Photosynthesis and c) Cellular
respiration.
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Figure 5. The image shows an interactive and downloadable tab-delimited text file format of an enrichment
analysis performed on gene expression data. The tests were done for protein categories of the Mapman4
framework (here shown as code of the bins).
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