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Abstract

Motivation: There is an increasing amount of transcriptomic and genomic data available for planarians
with the advent of both traditional and single–cell RNA sequencing technologies. Therefore, exploring,
visualizing, and making sense of all these data in order to understand planarian regeneration and
development can be challenging.
Results: In this work we present PlanExp, a web-application to explore and visualize gene expression
data from different RNA-seq experiments (both traditional and single-cell RNA-seq) for the planaria
Schmidtea mediterranea. PlanExp provides tools for creating different interactive plots, such as heatmaps,
scatterplots, etc. and links them with the current sequence annotations both at the genome and the
transcript level thanks to its integration with the PlanNET web application. PlanExp also provides a full
gene/protein network editor, a prediction of genetic interactions from single-cell RNA-seq data, and a
network expression mapper that will help researchers to close the gap between systems biology and
planarian regeneration.
Availability: PlanExp is freely available at https://compgen.bio.ub.edu/PlanNET/planexp. The source code
is available at https://compgen.bio.ub.edu/PlanNET/downloads.
Contact: jabril@ub.edu
Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction
Schmidtea mediterranea has emerged as a widely used model
for studying whole-body regeneration in animals due to its
regenerating capabilities. During the last few years, the
increasing amount of currently available molecular and sequence
data has boosted the knowledge of its developmental and
regenerative capabilities, consolidating its position as an
emerging model organism.

Many RNA-seq experiments driven by different sequencing
technologies have been performed in order to understand the
regenerative abilities of this animal (Sandmann et al., 2011;
Labbé et al., 2012; Kao et al., 2013; Rodríguez-Esteban et al.,
2015). While they brought light into the problem of planarian
regeneration and stem cell biology in a whole in-vivo animal
system; accessing, exploring, and visualizing data derived from
those experiments from an integrative perspective can be quite

challenging. Most of these RNA-seq datasets were bound to
the respective de-novo transcriptome assembly, and therefore
the published data refers to sequences in those assemblies, yet
the planarian community has made efforts to use a unique
reference transcriptome (Rozanski et al., 2018). With the recent
predicted gene-set computed over the newly published planarian
genome (Rozanski et al., 2018; Grohme et al., 2018), and
the expected future incremental improvements on the genomic
feature annotations for this organism, providing a way to link
this gene expression data to up-to-date genomic annotations is
necessary.

As previously stated, a high quality genome assembly of S.
mediterranea has been published, and is available for researchers
to explore and study freely on PlanMine. In addition, PlanNET
(Castillo-Lara and Abril, 2018) offers insights into the protein
network dynamics of this organism, in the form of a predicted
interactome that links many planarian RNA–seq datasets
together with human interolog protein pathways. Both resources
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2 Castillo-Lara et al.

offer ways to explore the transcriptome dynamics of planarians,
either as static data on transcript entries (in the case of
PlanMine), or by mapping expression data onto protein
interaction graphs (in PlanNET). Although it can be argued
that both approaches are useful and necessary, they can be
quite limiting when it comes to visualizing single–cell RNA
sequencing data (scRNA-seq), for instance, PlanNET does
not have options for filtering its networks according to tissue
expression, and PlanMine relies on single transcript pages to
check expression levels.

scRNA-seq technologies offer a very interesting outlook of
the transcriptomic landscape of organisms, and have also been
recently applied to study planarian biology (Plass et al., 2018;
Fincher et al., 2018). These technologies have the characteristic
of handling a large number of samples, increasing the size
of the expression matrix dramatically; with some experiments
gathering up to 50,000 cells, each one with expression data for
more than 20,000 genes. Storing, visualizing, and exploring
these data can be challenging, and the cited experiments
performed on S. mediterranea provide a small web-application
to that end, as this type of data necessitates specific tools to
be presented in useful ways. However, these tools offer distinct
features, and are often disconnected from the currently available
data for this organism, such as sequence annotations, homology
information, protein-protein interactions, genomic locations,
and so on. This disconnect offers an additional challenge for
researchers, who have to collect the data elsewhere in order to
make sense of these experimental results.

Finally, genes and proteins do not act alone as the sole
entities responsible for any biological processes. Genes are part
of regulatory networks, or signalling cascades, while proteins
form multi-protein complexes and often act together to perform
their function, or to regulate the activity of other proteins.
As such, a tool to investigate these relationships between
genes in their biological context is necessary. To that effort,
one of PlanExp’s main focus is the ability to visualize gene
expression of multiple genes simultaneously, and to offer insights
as to which genes co-express either in the same cells (in the
case of scRNA-seq experiments) or in the same experimental
conditions. Some tools have been developed for the inference
of gene regulatory interactions from RNA-seq experiments
(Huynh-Thu et al., 2010), and some take advantage of the large
number of samples in scRNA-seq data (Papili Gao et al., 2017;
Aibar et al., 2017). Gene co-expression networks extracted from
RNA-seq expression matrices have been used in the past to
reveal biological insights in other organisms (Potier et al., 2014;
Taylor-Teeples et al., 2015; Davie et al., 2018). In this work
we have also inferred genetic relationships from two scRNA-seq
experiments of the planaria S. mediterranea, and the results
have been integrated into PlanExp, to allow researchers to
explore, study, and curate putative genetic interactions in the
context of a centralized and multi-purpose web application.

A tool that brings together not only scRNA-seq expression
data, but also traditional RNA–Seq data with the current state
of the planarian genomic, transcriptomic, and interactomic
knowledge can be of great interest for researchers, and will
provide valuable insights into the biology of S. mediterranea.The
main aim of PlanExp is to be a central application in which all
this knowledge is accessible, extending PlanNET capabilities
into further layers of information.

2 Methods

2.1 Data sources

Currently, six RNA–Seq experiments are publicly available on
PlanExp: two of them are scRNA-seq ("2018 Rajewsky Cell
Atlas" and "2018 Reddien Cell Atlas"), while the rest are
traditional RNA–Seq or Digital Gene Expression experiments:
"2011 Bartscherer Time-course" (Sandmann et al., 2011),
"2012 Pearson Stem Cells" (Labbé et al., 2012), "2013
Aboobaker Time-course" (Kao et al., 2013) and "2015 Abril
D.G.E." (Rodríguez-Esteban et al., 2015).

Raw counts of "2018 Reddien Cell Atlas" were downloaded
from Gene Expression Omnibus (GSE111764); while the
rest of expression count matrices were retrieved from the
supplementary material of their respective articles.

2.2 Data processing

2.2.1 RNA–seq experiments
When possible, all differential expression comparisons were
obtained from the available online sources, so as to keep the
results between the publication and those available on PlanExp
identical. However, this was only possible for the experiments
"2015 Abril D.G.E." and "2011 Bartscherer Time-course".

For the experiment "2013 Aboobaker Time-course", the
differential expression analyses were performed with limma (Law
et al., 2014). The p-value cut-off was selected based on the
one reported in the corresponding article. In the case of "2012
Pearson Stem Cells" no differential gene expression analysis was
performed due to the lack of replicates.

The design matrix of the experiment, as well as the contrasts
performed for each one of them can be found in Supplementary
Table 2. A summary of the analyses carried out can be found in
Supplementary Material “Integration of RNA-seq experiments”
section.

2.2.2 Single–cell experiments
Both scRNA-seq experiments were analyzed with the Seurat
package (Butler et al., 2018). Only those cells filtered by
the respective authors were considered, and the cell cluster
assignments were downloaded but not re-computed.

A differential expression analysis between each pair of
clusters was performed with Seurat’s function FindMarkers,
using a log fold change cut-off of 0.2 (logfc.threshold=0.2),
considering only genes expressed in at least 20% of both clusters
(min.pct=0.2). Differentially expressed genes were selected by
using an adjusted p-value cut-off of 10−5.

An additional marker discovery analysis was performed using
Seurat’s function FindAllMarkers. In this case, this process
was performed by selecting the area under the ROC curve
(AUC) as the test to use (test.use="roc"), with the parameters
min.pct=0.25 and thresh.use=0.25.

2.3 Genetic interactions prediction

A prediction of genetic interactions for both scRNA-seq
experiments was calculated by GRNBoost from the SCENIC
pipeline (Aibar et al., 2017). The prediction was performed
over all the cells in 2018 Rajewsky Cell Atlas and 2018
Reddien Cell Atlas separately, using raw counts as input (see
Supplementary Material Gene co-expression network section for
more information).
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PlanExp 3

Fig. 1. PlanExp MySQL database schema to store the expression matrices, the differential expression analyses, the sample meta-data, and all the information regarding
the experiments. Genes and Datasets available at PlanExp are linked to the Neo4j database of PlanNET by the MySQL columns gene_symbol and dataset, which allows
PlanExp to retrieve sequence annotations, homology information, and protein-protein interactions data. While the core structure is shared for traditional RNA–Seq and
scRNA-seq experiments, some tables are exclusive to the latter, namely: CellPlotPosition, which stores the coordinates of the cells in the t-SNE dimensions, ClusterMarkers,
that contains the markers for each cluster computed using a ROC AUC test, and Regulatory Links, which stores the predicted genetic interactions by GRNBoost.

Regulators for the gene co-expression network inference were
selected by Gene Ontology: only those planarian transcripts
with a Gene Ontology annotation in PlanNET indicating a
possible transcription factor activity were marked as regulators
(see Supplementary Table 3).

The interactions were annotated according to the Homo
sapiens REACTOME pathways (Fabregat et al., 2017) that both,
regulator and target, belong to. Moreover, those interactions
that have been predicted in the two sets, 2018 Rajewsky Cell
Atlas and 2018 Reddien Cell Atlas, have been tagged as having
"Multiple Evidences".

2.4 Database

The PlanExp database, which stores gene expression data
and differential gene expression comparisons across different
experiments, was implemented in MySQL, version 5.5.49. In
order to improve the performance of the web-application, and
due to the large number of dropouts in scRNA-seq experiments,

the database only stores expression values different from zero,
and these are inferred by the web-application when responding
to the user requests. This decision allowed the larger table in the
database (and thus the one with a bigger impact on performance
and disk space) to shrink from more than one billion rows to
only a few million.

PlanExp retrieves, for all the transcripts in the gene
expression experiments, all the available sequence annotations,
homology relationships, genomic location and protein-protein
interactions from the PlanNET database. This database, which
utilizes the graph-based database manager Neo4j, now also
holds a recently published set of gene predictions made over
the S. mediterranea genome (Rozanski et al., 2018; Grohme
et al., 2018). The ten transcript datasets hosted at PlanNET
were also projected over current reference genome sequences by
GMAP (Wu et al., 2016), to make them also referred through a
genome browser driven by JBrowse (Buels et al., 2016). Such
a design facilitates users to access interactions, sequences, gene
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4 Castillo-Lara et al.

cards, expressions, and location from each component of the
PlanNET/PlanExp applications.

A summary of the database schema used by both PlanExp
and PlanNET and how they are linked together can be found
in Figure 1. The whole PlanExp database can be downloaded
from https://compgen.bio.ub.edu/PlanNET/downloads.

2.5 Web application

The PlanExp web-application is implemented in python, using
the web-framework Django, which allowed us to take advantage
of the object relational mapping (ORM) system of Django to
easily query the database.

All the plots presented by the applications are generated
with the open-source graphing library Plotly.js (Plotly
Technologies, 2015). Thanks to this technology, all the plots are
fully interactive, users can hover on the data, toggle different
traces, etc. Additionally, thanks to the fact that Plotly.js
is built upon the Web Graphics Library API, interactive
visualizations with more than 50,000 points (as is the case of
the cell-embedding plots for scRNA-seq), are possible without
hindering the performance of the whole application.

PlanExp network visualizations are drawn with cytoscape.js
(Franz et al., 2015). On the other hand, Gene Ontology
enrichment analyses are computed by the python module
goatools (Klopfenstein et al., 2018).

3 Results
PlanExp main page is distributed into eight sections, and each
one provides a different table or visualization for users to explore
any of the currently available RNA-Seq experiments.

A summary of the differential gene expression analyses can
be found in Supplementary Table 1; and a full analysis example
on a set of genes is detailed in Supplementary Figure 1, along
with a description of all the plots available in PlanExp.

3.1 Differential gene expression

The differential expression comparisons for each one of the
experiments stored in PlanExp can be accessed through a
multiple dropdown selector. Each experiment’s factors, and
the levels of those factors, are stored in the database and
retrieved when an experiment is selected in the application.
Then, users can select a comparison of levels (for instance, for
a given factor Section users may select the comparison Head vs
Tail), and PlanExp will display a searchable table with all the
differentially expressed genes in the chosen comparison, along
with an interactive volcano plot.

Thanks to the PlanExp database schema, any combination
of factors can be selected in the dropdown menu (for instance, a
comparison of Head 24h vs Tail 24h is possible, which combines
the factors Section and Time in a given experiment). In that
way, the application is not limited by the initial design of the
differential expression analyses.

In the displayed differential expression table, users can click
on the differentially expressed transcript names. As a result, a
gene card with all the available information for that transcript
will appear on the screen, without leaving the application
(Supplementary Figure 2).

Once a comparison is selected, a gene ontology enrichment
analysis (GOEA) can be performed for any of the over-
expressed gene sets. The results of the GOEA are displayed
as a graph for each of the domains of gene ontology (biological
process, molecular function and cellular component), and can
be downloaded as a CSV file too.

Finally, in the case of scRNA-seq, a new section called
"Marker genes" will be available, in which gene markers for each
cell type will be displayed.

3.2 Plotting gene expression

The expression of any transcript available for the previously
selected experiment can be visualized in the Gene Expression
Plot section of PlanExp (Figure 2).

PlanExp can generate three types of plots: violin plots,
heatmaps, and line plots. All are available at all times and
for all experiments, and users can change the plot type for
the same data on demand in order to find the most appropiate
visualization.

Gene expression can be grouped by factor (or by a
combination of factors if available for the experiment), via
a dropdown menu. Users can select any factor in a given
experiment to group the samples before plotting, and PlanExp
will retrieve all samples matching the specified levels and
compute the average expression (in the case of heatmaps, line
plots, and bar plots) or plot the points individually (in the case
of violin plots and scatter plots). For instance, in the case of
samples collected as time-region combinations (as is the case
for “2013 Aboobaker Time-course”), users can select to plot the
expression of several genes by grouping all samples in “Head”
and “Tail” levels, without taking into consideration the time
at which these samples were collected. This process is done
automatically at run-time by PlanExp, and allows users to group
the samples by their factors of interest.

Alternatively, and exclusively in the case of scRNA-seq, users
can plot the expression levels in each cell individually by using
a heatmap where each column corresponds to a single cell and
the rows to each gene/transcript.

Expression for multiple transcripts can be plotted
simultaneously for all plot types, and transcripts can be
searched not only by their transcript identifier, but also by their
gene identifier, by their annotated PFAM domain accession,
by the corresponding human homologous gene symbol, or by
GO accession. PlanExp provides an autocomplete option to
aid users in selecting the correct identifier or accession symbol.
Thanks to the interactive nature of Plotly graphs, transcript
traces can be toggled to hide or show them at will, plots
are zoomable, they provide information on hover (median and
quartiles for violin plots, for instance), they are exportable as
tabular files, and can also be saved as png images.

3.3 Cell embedding visualization

In the case of scRNA-seq, PlanExp offers a plot of the studied
cells in the experiment embedded in two dimensions using t-
SNE. Cells can be colored either by condition (cell cluster,
experimental condition, etc.) or by specific genes expression.
In both cases, cells are always grouped in traces by condition,
which allows users to toggle specific cell types (if plotted by
cluster), and to hide/show only the desired cells.

When searching for multiple genes at once, users can toggle
an option that, instead of showing all cells and coloring them
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Fig. 2. Figure examples produced by PlanExp. a. Line-chart comparing expression of all planarian transcripts in the Consolidated dataset homologous to human WNT
proteins in the experiment 2013 "Aboobaker Time-course". The interaction of the factors Section and Time was selected to see the changes in expression across time
in the studied levels of section "Head and Tail". Transcripts can be hidden or shown by clicking on their transcript identifiers on the right legend. b. Zoom-in on a
violin-plot summarizing the expression of WNT genes in the Dresden dataset in a particular cell type of the experiment "2018 Rajewsky Cell Atlas". c. Heatmap showing
the expression of WNT genes across the different cell clusters in "2018 Rajewsky Cell Atlas". Clicking on transcript identifiers pops up a gene card with information
about the transcript (Supplementary Figure 2). d. PlanExp facilitates to plot a heatmap of the expression of individual cells. Users can hover on heatmaps to check the
expression values directly. e. Cell embedding plot of "2018 Rajewsky Cell Atlas", coloring cells by cluster. Groups of cells can be hidden or shown by clicking on cluster
names in the legend on the right side, and users can zoom on the visualization too. f. Mapping expression of dd_Smed_v6_740_0_1 on the previous t-SNE plot. g.
Mapping the expression of multiple genes and coloring cells by the mean expression is possible when selecting a checkbox option on the main application, which will also
hide all cells not expressing the searched genes. h. Gene co-expression can also be explored through the Co-expression plot, which will project each cell expression in a
scatterplot where each axis represents the expression value for the selected genes. Users can choose which condition to use in order to group samples (in this case, cell
cluster is the selected condition), and then groups of samples can be hidden or shown by taking advantage of the interacting visualization capabilities of Plotly.
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6 Castillo-Lara et al.

by the expression of one gene, will only show cells expressing
all genes and will color them by the average expression of the
searched genes in each cell.

3.4 Gene co-expression plots

PlanExp is able to produce several plots with the aim to identify
if two or more genes are being expressed in the same samples
simultaneously. The Gene Co-expression Plot lets users plot the
expression of two genes for scRNA-seq experiments as a scatter-
plot, aiding researchers in the identification of co-expressed
genes in the different cell-types (thanks to the toggling function
that shows and hides cell types), and allowing them to identify
specific cells by hovering over the data points.

The Gene Co-expression Counts section displays the number
of samples that express multiple genes simultaneously. For more
information, see Supplementary Figure 1.

3.5 Genetic interactions

An inference of genetic interactions over the two available
scRNA-seq experiments in PlanExp was performed using
GRNBoost of the SCENIC pipeline. Both predictions resulted in
a similar number of predictions, and the confidence scores
over both predictions are moderately correlated (Pearson’s
r = 0.683, see Supplementary Material “Gene co-expression
network” section).

The inferred networks are available for users to explore in
the corresponding section of PlanExp, where interactions can
be retrieved by searching for gene symbols, contig identifiers,
PFAM domain accessions, Gene Ontology identifiers, REACTOME
identifiers, and REACTOME pathway names. The networks can also
be sent to the network viewer embedded in this tool for further
exploration.

3.6 Network editor and expression mapper

The last section of PlanExp provides a way for researchers
to filter and visualize expression data for each of the stored
experiments over a gene protein interaction network. This
network viewer has an import option that allows users to use
networks transferred directly from PlanNET (Figure 3). Users
can also push a Net Explorer graph from PlanNET onto this
editor, thanks to the Export to PlanNET button.

Gene expression for any of the available conditions in a given
experiment can be mapped over the network, coloring the nodes
in the graph proportionally to gene expression. Additionally, a
differential expression comparison between two conditions can
also be mapped, color-shading by log fold change those nodes
that are significantly over or under expressed in the comparison
taken.

In order to map gene expression data over any set of
interacting genes and proteins (even if they are not available on
PlanNET), a fully fledged network editor was implemented and
is available in PlanExp. This editor allows researchers to add or
remove genes to the visualization, as well as to add custom
interactions to prototype pathway models. Those edges are
marked to distinguish them from interactions already described
in PlanNET.

Fig. 3. Network expression mapper (top panel): PlanExp facilitates mapping
gene expression in a particular experiment condition, or in a comparison of two
conditions, onto a network of gene-protein interactions. This network can be
filtered by using the controls on the bottom right corner, highlight genes with
a similar expression value (left gradient bar) or interact with the visualization in
different ways by using the provided graph controls (top buttons). Network editor
(bottom panel): Alternatively, users can create or edit their own gene-protein
networks with the newly implemented network editor, which allows the creation
and removal of both nodes and interactions. These networks can then be sent to
the network mapper by clicking on the Save button.

4 Discussion
In this work, we present PlanExp, a web application that
provides a universal integrated framework for exploring and
visualizing both traditional RNA-Seq and scRNA-seq data of
S. mediterranea; offering several JavaScript-based interactive
visualizations, allowing the immediate retrieval of sequence
annotations, protein-protein interactions, and genomic data.

Database scalability and performance. The ability to
hold and store a diverse set of expression experiments for
planarians allows researchers to plot gene expression across
conditions, create tables with differentially expressed genes, and
map expression data onto a gene network by using the same
web-application, independently of the experiment of interest,
and thus, the biological question at hand. Additionally, thanks
to its database design and its scalability, PlanExp will be able to
store many more gene expression experiments performed in the
future with ease, independently of the experimental design of
such experiments. With the pace at which new S. mediterranea
expression data is being generated, and the increasing amount
of space needed to store that information (especially with the
advent of scRNA-seq technologies), the development of a new
way to store all that information together, and to be able
to retrieve data in a timely manner as to be useful for end
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users, was necessary. PlanExp stores expression data for 72,560
samples in total, mapped over five transcriptome datasets with
an average transcript count of 22,456 per sample, and is able
to retrieve expression values for all samples in a given condition
for over a hundred genes in just a few seconds.

Dynamic visualizations. PlanExp provides new ways to
explore already published RNA-seq data in the form of several
plots and tables. Contrary to most other visualizations available
elsewhere for this type of data, PlanExp bases all of them in
Plotly’s graphing library, which in turn is built on top of D3.
This technology allows the exploration of the plots by the end
user in ways that static images cannot provide, enabling the
ability to zoom, remove traces (such as hiding clusters in a t-
SNE plot, or showing only some genes in a line plot), hovering on
the visualization to check expression values, and even exporting
the data as a tabular file for futher study. All this exploratory
data analysis is made at the client level, freeing the server of
recomputing each plot for each new request, and allowing a
faster and more responsive modification of such plots by users.

Linking expression to all omics data. By including
previously published traditional RNA-seq experiments on
PlanExp, we have provided a new way to explore them that
was not possible before, significantly reducing the barrier
of entry to the retrieval of useful data from the current
planarian knowledge base. Additionally, PlanExp brings the
current genomic and transcriptomic annotations directly onto
the tables and visualizations: with homologous human genes
and transcript-gene relationships available in the differential
gene expression tables; genomic locations, protein-protein
interactions, and PFAM domains available from all tables
and on heatmaps; and with the ability to search by gene
identifiers, human genes, PFAM domains, or GO accessions
in a given experiment condition to produce a variety of
plots. Thanks to the ability of the PlanNET database to
link previously assembled trascriptomic datasets with planarian
genes, human homologs, PFAM domains and GO accessions,
PlanExp provides a way to explore gene expression data based
on any dataset using a variety of identifiers, ensuring that this
expression data will be searchable and useful for researchers in
the future to come. The addition of new sequence annotations
to the genome over time will be brought to the experiments
uploaded to PlanExp, as reserachers will be able to access all
sequence annotations from gene information cards, and search
for gene expression by gene names once new ones are annotated
onto the new genome assembly.

Previous tools. While some tools have been developed in
order to explore scRNA-seq data for planarians1, PlanExp offers
some advantages to researchers compared to them. First, all
the visualization options in PlanExp are interactive, allowing
users to explore the data more easily, by toggling gene traces,
removing and adding cell types to a visualization, zooming
on the plots, etc. all without waiting for a response from the
server. Second, several visualizations and options, such as the
network expression mapper, the co-expression plots, or the
interactive heatmaps are exclusive to PlanExp. And finally, as
stated previously, all the transcripts are linked to their sequence
annotations in PlanNET, providing an easier way to navigate
through expression data and sequence features at the same

1 https://digiworm.wi.mit.edu/ and
https://shiny.mdc-berlin.de/psca/

time. PlanMine2 offers a centralized and mineable resource
storing genomic, transcriptomic, and phylogenetic data, and
while it provides plenty of gene expression information, the focus
of PlanExp on the experiment instead of the gene/transcript
entry allows for different visualization options and features.
A comparison of PlanExp features and other applications
to explore RNA-seq data in planarians can be found in
Supplementary Table 4.

Network biology. Linking network biology to the gene
expression data available for S. mediterranea is necessary
in order to understand the dynamics of processes such as
regeneration. PlanExp is the first online tool that allows
researchers to create gene-protein network visualizations—
either from currently available knowledge in the literature,
from experts hand-curated networks, from predictions already
available in PlanNET, or from other in silico predictions (Lobo
and Levin, 2015)—, and then map expression data for any of the
six uploaded experiments already in PlanExp. Thanks to the
large number of samples available in scRNA-seq experiments,
we have been able to use a gene regulatory network inference
tool to predict genetic interactions for planarians.

Although GRNBoost was conceived as a program to retrieve
genetic interactions from expression matrices, it only constitutes
the first step of the SCENIC pipeline to retrieve genetic
interactions. Subsequent steps include the filtering of the gene
co-expression network by using information of cis-regulatory
elements. Unfortunately, due to the novelty of the most
current S. mediterranea genome assembly, such data is not
available yet. Therefore, the predicted co-expression networks
contain other types of relationships between genes apart
from genetic regulatory interactions, such as protein-protein
interactions, genes that belong to the same signalling pathways,
or genes expressed in the same cell types (see Supplementary
Material, Gene co-expression network section). Nevertheless,
these co-expression networks are available for download so
that researchers may use them for further filtering (either by
following the whole SCENIC pipeline or by implementing their
own filtering protocol). Given that the co-expression network
prediction is the most computationally expensive step of the
SCENIC pipeline, releasing this prediction—so that researchers
may be able to implement other filtering protocols or validate
the genetic interactions individually—can help the planarian
community to explore and annotate many important genetic
interactions.

To highlight the usefulness of our approach, we
looked at a recently published experiment where an RNA-
seq was undertaken comparing soxB1-2 (RNAi) planarians
to controls (Ross et al., 2018). Of the 86 genetic
interaction targets predicted for soxB1-2 in PlanExp, 23 were
shown to be differentially expressed in soxB1-2 knockdown
planarians. Three of these genes (pkd2-1, pkd2-4, and eml-
1 ) presented movement and sensory defects after RNAi
inhibition (Supplementary Table 6). Thus, the predicted gene
co-expression relationships contain many described genetic
interactions in S. mediterranea, and may prove a way to uncover
novel regulatory links.

These co-expression interactions may also reveal unknown
key elements in important planarian signalling pathways. For
instance, in Supplementary Table 5, we can find relationships

2 http://planmine.mpi-cbg.de/planmine
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between elements that belong to the Wnt signalling pathway as
annotated in the KEGG database (hsa04310), such as wnt11-2,
axinA, wntP-2, sfrp1, among others. These predictions could
be used to find other unknown elements that may play a role
specifically in the Wnt signalling pathway, or in other pathways
relevant for the planarian biology.

Finally, the exploration of the gene co-expression
interactions is facilitated by their annotation with the REACTOME
pathways in which they appear. It is also possible for users
to check which interactions were inferred independently in the
prediction over the experiments "2018 Rajewsky Cell Atlas" and
"2018 Reddien Cell Atlas", restricting the search of possible
edges and potentionally reducing false positives. Finally, these
predictions have also been integrated into the application; thus,
they can be sent to the network expression mapper and editor
for a deeper analysis.

5 Conclusions
Providing a tool to link expression data with the current
knowledge of the different omics fields (genomics, transcriptomics
and interactomics) offers researchers a unique and universal
way to explore gene expression experiments performed for
planarians. The large array of dynamic visualizations,
searchable tables, and downloadable data that PlanExp offers
will hopefully help researchers to understand the complex
biology of S. mediterranea. Last but not least important, the
application’s current design will facilitate the integration of
future transcriptomic datasets under such a unified interface.
In that sense, researchers can send their data to be uploaded to
PlanExp at:

https://compgen.bio.ub.edu/PlanNET/send_to_planexp.
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General comments

When testing the last update of the web-application, please make sure that you properly clear the
browser’s cookies and cache, as you may have an older JavaScript version of the libraries. This will
guarantee using the last version of PlanExp code.

Summary of changes

A. Web application

1. Loading spinners added to all sections.

2. New Gene Co-expression counts section that allows users to count how many samples express
multiple genes at the same time.

3. Re-ordering PlanExp sections to a more logical order.

4. Gene symbol searches are now case-insensitive (e.g.: Wnt1 search returns same results as
WNT1).

5. Gene symbol searches now work with SMESG symbols (and not only Human homolog gene
symbols).

6. Implemented PFAM symbol searches (e.g.: searching for ”dead” will return the same results as
searching for ”PF00270”).

7. Plots now display units when appropiate.

8. New Send to PlanExp page to upload gene expression datasets to PlanExp.

9. Added more clarifications to Gene co-expression network section (see gene network prediction
changes).

10. Network viewer now displays Human homolog gene symbols on node labels.

11. Gene Co-expression network table is now fully searchable: users can search by gene sym-
bols/PFAM domains/GO codes/REACTOME pathway names and get the predicted interactions
for those genes.

12. Send to network button re-implemented and now sends only displayed gene co-expression inter-
actions in table, allowing researchers to choose which interactions to send to network viewer.

13. Condition Types without differential gene expression data won’t appear in the dropdown menu
of the DGE section. For instance, for 2013 Aboobaker Time-course, only the Condition Type
“Hour – Region” will appear.

14. New “Send to PlanExp” button in PlanNET NetExplorer, that allows users to send PlanNET
protein networks to PlanExp Network Viewer and Expression Mapper automatically, improving
the integration of PlanNET and PlanExp.

15. Explanation of PlanExp plots added to Supplementary Material.

16. Small bug fixes and usability improvements.

1
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B. Gene network prediction

1. Prediction performed with GRNBoost of the SCENIC pipeline as opposed to GENIE3.

2. Prediction performed over all cells in both experiments: 2018 Rajewsky Cell Atlas and 2018
Reddien Cell Atlas.

3. Putative transcription factors retrieved by Gene Ontology only, as opposed to Gene Ontology
and PFAM domains.

4. Implemented filters described in SCENIC pipeline to improve the accuracy of the results and to
allow future re-use of the predictions.

5. Comparison of results for both predictions: confidence score correlation and direct comparison
of filtered interactions results are available in Supplementary Material. Annotation of gene links
retrieved by both predictions simultaneously, to aid manual curation by researchers.

6. Renamed Gene Regulatory Network to Gene Co-expression Network, following the nomenclature
used in Aibar et al. 2017, to avoid any confusion. Explanation of what the predicted gene links
mean is available both in the corresponding section of PlanExp and in the Discussion section of
the manuscript.

7. Comparison of the results predicted for a particular gene (soxB1-2 ) to candidate target genes
retrieved from a recently published RNA-seq experiment (Ross et al. 2018 ). Intersection of
predicted target genes available in Supplementary Material and discussed in Discussion section
of the manuscript.

8. Retrieval of genes belonging to the Wnt signalling pathway from the network prediction, showing
the usefulness of PlanExp to retrieve genes involved in the same biological processes.

9. Annotation of gene links with REACTOME pathway identifiers. Summary of results available
in Supplementary Material.

10. More thorough explanation of the protocol added to Supplementary Material.

11. Complete protocol to predict gene co-expression interactions available as a markdown file, along
with all the files needed to reproduce our results. Gene co-expression interactions also available
for download on github site.

2
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C. RNA-seq integration

1. Differential gene expression for 2013 Aboobaker time-course re-computed with the limma-trend

pipeline, due to our inability to obtain raw expression counts.

2. Differential gene expression for 2012 Pearson Stem Cells removed due to the lack of replicates.
The experiment is still accessible for exploration in the application, only the D.G.E. section is
unavailable.

3. Re-named some Condition Types from ”Section” to ”Region”, as per Reviewer’s 1 suggestion.

4. Planarian regions re-ordered to follow the animal’s anatomical order.

5. New section in Supplementary Material detailing important parameters for all computed Differ-
ential gene expression analyses.

6. All protocols and all the necessary files to reproduce the analyses are now available on our github
site.
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Response to reviewers

Reviewer 1

This paper presents PlanExp, a web application for centralizing and visualizing planaria
RNAseq data. This is an extension of their previously published PlanNet web applica-
tion for protein-protein interaction networks in planaria. The data included in the web
application are two scRNAseq and four RNAseq datasets from the literature, together
with further computational predictions of gene interactions derived from these datasets.
The web interface is polished and easy to use. These centralized transcriptomics datasets
and query tools clearly would be useful for the planarian community. However, I have
some major and minor concerns as detailed below.

We would like to thank Reviewer 1 for his/her kind comments regarding our work and for his/her
insightful comments. We have made an effort to adress all his/her concerns, which are listed below
along with our responses.

1. The 6 datasets centralized in this resource seem to be treated in isolation. Indeed,
the user needs to select which dataset to use before running any query. As such, the
main advantage of having a centralized repository, that is to run meta-searches across
all datasets, is not available in this web application. It doesnt seem that this capability
would be very difficult to implement, and the usability of the application would increase
considerably.

Indeed, users need to select a given experiment before having access to all the visualization and sum-
marizing tools. While, the proposed functionality would be clearly useful to the planarian community,
implementing it in our application would require an extensive rewrite of both the back-end and the
front-end code of the application. All queries, templates, and plots expect all data to refer to a single
experiment, and chaning them all is not feasible for us at the moment. Additionally, when designing
such a tool, we would have to ensure that all expression values are comparable across experiments,
and we would have to design or implement a cross-experiment normalization protocol. Finally, finding
a way to map expression data from multiple experiments onto a gene-protein network, which is one of
the main functionalities of PlanExp, can be challenging.

However, we will consider implementing such an extension in the future to allow for meta-searches
across multiple experiments by re-using the same database for PlanExp. The requested functionality
is too complex and we consider it out of the scope of PlanExp, as its focus is always a particular
experiment.

2. For the most part, the genes are identified and searched in the application with
their specific (and cryptic) symbol used in the dataset (such as OX Smed 1.0.10743),
instead of the common name for the gene (such as Wnt2). This makes the application
difficult to use and obscures the interpretation of the graphs and their usability. See the
examples in Fig. 2; if the common gene names were displayed instead (or in addition) of
the cryptic gene symbols, it would be much more informative and easier to understand.
The same critique can be made for the interaction networks (Fig. 3), which currently
shows a network of cryptic names.

While all genes are identified with their specific symbols (such as “OX Smed 1.0.10743”), all plots
search forms and all the dynamic tables allow for searching using common gene symbols (e.g.: WNT2 ),
PFAM domains (e.g.: PF11262 ) and GO identifiers (e.g.: GO:0030182 ).

While reviewing this question, we found a bug in our code that made gene names searches to be
case-sensitive (i.e.: searching Wnt2 would not return results while searching for WNT2 would). We
have now fixed this bug, and all gene name searches are now case-insensitive. The autocomplete
functionality of all gene search bars now also works in a case-insensitive manner.

Additionally, we have changed the network visualization to display the homologous “official” gene
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symbol of each node in parenthesis. These symbols appear even when creating the network from
scratch in the Network Editor, but also when importing networks from PlanNET. We have chosen to
use the homologous gene symbol to allow full compatibility with PlanNET networks (see question 4),
although we plan on adding the ability to switch to planarian gene names (as named by Grohme et
al. 2018 ) by using a radio button on top of the visualization.

For the other visualizations, such as the Heatmaps in Figure 2, formatting issues with the plotting
library Plotly make it difficult to display both the cryptic transcript ID and the gene name at the same
time due to the length of the labels. Displaying only the gene name is unfortunately not an option,
as we would not want to have repeated labels in the rows of the heatmap, for instance. However, in
the case of these visualizations (contrary to the network where we now display the gene name), users
can click on the transcript IDs to get a PlanNET information card with all the relevant information
for a particular transcript.
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3. For the prediction of genetic interactions using GENIE3, random cell samples for
each cluster were used. How variable are the predicted interactions when running the
algorithm again with a different random sample? A statistical analysis confirming the
validity of this approach would be helpful.

We have now changed the genetic interaction inference protocol (see Summary of Changes above).
Currently, we don’t use any random subset of cells anymore, and instead use all cells for both pre-
dictions. This new approach makes unnecessary to subsample the datasets and bootstrap to assess
any variance due to sampling bias. For more information, refer to the Supplementary Material “Gene
co-expression network” section, where we also compare the predictions between the experiments 2018
Rajewsky Cell Atlas and 2018 Reddien Cell Atlas.

4. Even if this new PlanExp web application is included in the portal for planNET,
it doesnt seem that there are much linking or interactions between them. For example,
in order to visualize a network, a user needs to go to PlanNET and download a file to
the computer, and then go to PlanExp and upload such a file there. That seems to be
an unnecessary burden, and a better integration between the two applications would be
helpful. Also, the button ”Send to Network viewer doesnt seem to be available as far as
I can tell.

We agree with Reviewer 1 that this initial approach was not integrative enough as it required too
much user-dependant steps. We have now implemented a way to send PlanNET networks directly to
PlanExp, and this feature is currently available on the application. Users are able to click on a button
called Send to PlanExp which will reveal a pop-up menu to select an Experiment and a Dataset.
Upon acceptance, a new tab will be opened with the selected PlanExp parameters and the PlanNET
network ready for exploring in the PlanExp network viewer and expression mapper. Users will also
be able to edit this network with the built-in network editor in PlanExp.

Finally, a bug with the JavaScript DataTables library prevented the Send to Network button to
appear under some circunstances. We have now changed the button implementation to ensure it is
always going to appear correctly.

5. After selecting the options for generating a graph (such as the volcano plot), there
is no indication that there is a computation running in the background, and instead the
interface doesnt change for a few seconds, which is confusing. A processing message
would be helpful here.

Some loading gifs were missing in the application. We have now added them, which should improve
the user’s experience, avoiding any confusion as to if a process is running or not.
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6. When plotting gene expressions for worm sections, it would be more useful if the
order of the sections follows the anatomical order of the worm. Also, instead of section
it may be more appropriate to call them region, since the head or the tail are regions,
not sections, of the worm.

We have re-ordered the levels of the ”Section” factor in all experiments to more closely follow the
anatomical order of the worm. We have also re-named the ”Section” factor to ”Region”.

7. There are some grammatical mistakes and typos along the paper, which would benefit
from some copy editing. Here are some examples, just from the introduction:

• Fincher and others., 2018, − > Fincher et al., 2018

• as each cell can be considered one − > one sample?

• exponentially; with − > exponentially and with (there is no verb in the second
clause).

• as type of data necessiates − > as this type of data necessitates

• researchers; and will − > researchers and will (no semicolon)

We have fixed all the errors listed by Reviewer 1, and we have checked for more mistakes elsewhere
in the manuscript. All changes made to the text of the manuscript are colored in red.
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Reviewer 2

In this manuscript, the authors have developed an open source web application, PlanExp,
to explore RNAseq expression data from planarian, a tissue regeneration model organ-
ism. Currently, the different publicly available planarian RNAseq datasets are linked
to their own de-novo transcriptome assemblies and annotations, and connections be-
tween the available planarian gene expression data and up-to-date reference genome and
transcriptome annotations are missing. The authors propose to provide such an integra-
tive tool with PlanExp. PlanExp has been designed to link published planarian RNAseq
datasets with the currently available planarian genome annotations through another web
application previously developed and published by the authors, PlanNet. PlanNet is a
predictive planarian protein interactome application that is based on an interolog ap-
proach. PlanExp has been built using several packages described in the methods section.
The authors used 6 available RNAseq experiments including large scale scRNA-seq files
from different publications, some of which had to be re-computed by the authors, and
the recent versions of the planarian reference transcriptome and planarian reference
genome that have been published in 2018. The PlanExp database can be upgraded and
integrate novel RNAseq experiments and up-to-date genome annotations as they become
available. Amongst other interesting features provided by this application are the pos-
sibility to have access to gene cards with several search options, the expression mapper
and network editor, and the dynamic visualization tool that should contribute to help
researchers to explore the planarian transcriptome. With PlanExp, the authors aim to
provide to the scientific community, especially working on planarians and on tissue re-
generation, an upgradable tool that gathers all the available planarian expression data
and sequence annotations, thus contributing in building an unified ”omics” database for
this model organism, a valuable application. Below is a list of specific comments on the
manuscript that should be addressed by the authors prior to publication.

We want to thank Reviewer 2 for his/her comments and suggestions. We are grateful on his
confidence on this tool as a valuable resource for contributing to an unified omics database for the
planarian community. Below, we attempt to address his/her concerns.
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A) The critical issue of dealing with different sequence annotations across several pub-
lications and the current planarian reference transcriptome and genome has be addressed
more clearly by the authors.

We map all transcriptome sequence sets against a reference set, so we can compare their equivalent
identifiers for a given transcript across experiments. The reference PlanNET network was already
described. Each transcriptome defines a layer in the database linking each node/transcript to the
homologous human genes, prior to the construction of the interologs network. As such, users have
access to all genomic annotations stored in the PlanNET database through the neo4j connections,
keeping them separate from the main PlanExp database (see Figure 1).

B) The link that the authors provide between expression data and evolving genomic
annotation has to be clarified, and it should be explained how they will implement the
application with novel annotation and novel datasets, and what end users will be able to
do in this respect.

We have added some clarifications to the Discussion section of the manuscript (new text added in
red):

Linking expression to all omics data. By including previously published traditional
RNA-seq experiments on PlanExp, we have provided a new way to explore them that was not
possible before, significantly reducing the barrier of entry to the retrieval of useful data from
the current planarian knowledge base. Additionally, PlanExp brings the current genomic
and transcriptomic annotations directly onto the tables and visualizations: with homologous
human genes and transcript-gene relationships available in the differential gene expression
tables; genomic locations, protein-protein interactions, and PFAM domains available from
all tables and on heatmaps; and with the ability to search by gene identifiers, human genes,
PFAM domains, or GO accessions in a given experiment condition to produce a vari-
ety of plots. Thanks to the capability of PlanNET database to link previously assembled
trascriptomic datasets with planarian genes, human homologs, PFAM domains and GO
accessions, PlanExp provides a way to explore gene expression data based on any dataset
using a variety of identifiers, ensuring that this expression data will be searchable and use-
ful for researchers in the future to come. The addition of new sequence annotations to the
genome over time will be brought to the experiments uploaded to PlanExp, as reserachers
will be able to access all sequence annotations from gene information cards, and search for
gene expression by gene names once new ones are annotated onto the new genome assembly

Genome annotations will be added once they are published by researchers and made available to the
public. By keeping these annotations separate from the expression data in the database (see Figure 1),
we can keep adding new tracks to the genome browser, new homologs, new PFAM domains, etc. and
all of these will be instantly available in PlanExp gene cards, and instantly searchable in all PlanExp
forms.

We intend for PlanExp to keep growing, both in features and in available datasets. To that end,
we have implemented a new page (https://compgen.bio.ub.edu/PlanNET/send- to planexp ) where
researchers can send their data to PlanExp. Users have the ability to keep their data private to their
own user or to make it public for all PlanExp users. We have added this link to the main manuscript
to encourage readers to send their data, and a new link in the main PlanExp page has been added. We
are open to collaborate with those groups that may produce novel datasets that may require further
curation before uploading to PlanExp.
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C) PlanExp is coupled to the PlanNet application which was designed to display an in-
teractome for Transcription Factors. It is unclear how the TF-oriented focus of PlanNet
relates to the larger scope of the PlanExp application.

The focus of PlanNET was to build a network of interologous interactomes that facilitated analyses
across different transcriptomes. The sequence annotations stored in PlanExp were used to select
the transcription factors for the prediction of genetic interactions, but PlanNET is not focused on
transcription factors.

We have added a section in Supplementary material listing the new functionalities of PlanExp with
respect to PlanNET, to contextualize the added functionalities presented in this manuscript.

D) In the Methods section it should be discussed how the different computation of
sequencing data could impact the results.

It is not the scope of the manuscript to compare different sequencing technologies and the corre-
sponding analyses that have been uploaded to PlanExp. We can just state the obvious, that single-cell
experiments require more resources than D.G.E. on RNA-seq, especially when processing the new
sequencing data, but also the depth and breadth of the analyses might differ. The PlanExp database
contains the final processed results of those analyses, in order to navigate through the data and extract
possible biological interpretations.

E) In the Discussion, the authors should emphasize further the PlanExp (and Plan-
Net) added value and improvements brought over existing planarian datamining tools
such as PlanMine for example. A comparison of what the different web applications
offer and how they complement each other could be further exposed (as a summary of
supplementary table 4).

The section Previous tools of the Discussion section on the main manuscript offers a brief summary
of the features that PlanExp offers compared to other single-cell planarian resources. We have added a
sentence mentioning how the approach of PlanExp is different from that of PlanMine. Users can then
refer to Supplementary Table 4 for further information about the specific features now mentioned in
the Discussion.

PlanMine offers a centralized and mineable resource storing genomic, transcriptomic, and
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phylogenetic data, and while it provides plenty of gene expression information, the focus
of PlanExp on the experiment instead of the gene/transcript entry allows for different
visualization options and features.

A stated in the answer to question C, we have added a section to Supplemnentary Material high-
lighting the new improvements brought to PlanNET by PlanExp. Hopefully all these changes will help
researchers asssess what these tools offer, and how PlanExp can complement them.

F) In the Results sections, 5 out of 7 sections of the application are described. A
sentence concerning the two that are not mentioned would be useful.

All eight (previously seven) sections of the application are now explained in their corresponding
section in the main manuscript.

The sections Differential Expression and Marker genes are detailed in the Results section Differential
gene expression, the Gene Expression Plot section is explained in Plotting gene expression, the t-SNE
Plot section is explained in Cell embedding visualization, the Gene co-expression Plot and Gene co-
expression counts are detailed in the new section Gene co-expression plot, the Gene Co-expression
network is explained in Genetic Interactions, and finally, the Network Viewer section is explained in
Network editor and expression mapper.

All plots are also now explained in detail in Supplementary Figure 1.

2) The text should be checked for langage and editing issues (underlined). Some
specific points are listed below.

a) In the first sentences of the Introduction, redundant words could be avoided for
a better sentence flow. In some instances, synonyms could be prefered (for example
”difficult, challenging” instead of ”hard”).

b) In p. 2 of the Introduction, the authors should explain a in short sentence why
PlanMine and PlanNet are limiting for scRNA-seq visualization.

c) The sentence ”These technologies have the specific characteristic...” should be
rephrased. ”as each cell can be considered one (sample)” adds confusion to the sentence.

d) The sentence ”However these tools offer varying levels of features...” is unclear
(varying or various levels of analysis features?).

e) The sentence ”.. aim of PlanExp is to provide such tool and bridge this gap and
to provide this missing tool..” should be rephrased within the context of the paragraph.

f) In the Discussion, in ”Network Biology”, the sentence ”As such, linking network
biology to the static nature of gene expression ..” is unclear. The use of ”static” in the
sentence is unclear given the fact that gene expression is dynamic, by essence.

We have thoroughly checked all the text to correct editing and spelling mistakes. We would want
to thank Reviewer 2 for annotating them directly on the text and detailing some of them here. All
changes made to the manuscript are colored in red.
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Reviewer 3

In this manuscript, Castillo-Lara and Abril extend their PlanNET database (Castillo-
Lara and Abril, Bioinformatics, 2018), which is an effort to unify the emerging wealth
of genomic and transcriptomic data for the planarian Schmidtea mediterranea, a promi-
nent animal model of regeneration. In the current paper, the authors introduce Plan-
EXP, which adds tools for data visualization and analysis for six recent RNA-Seq ex-
periments: two time courses of regeneration, two studies of gene expression in sorted
neoblasts and their progeny, and two single cell RNA-Seq studies. The authors also
(for the first time to this reviewer’s knowledge) attempt to define gene regulatory net-
works (GRNs)/regulator-target interactions based on co-expression of transcripts with
predicted transcription factors in two single cell data sets using GENIE3, and utilize the
interaction map visualization tool (an implementation of Cytoscape) already available in
PlanNET as a way to import and explore these GRNs.

With a few suggestions for minor improvements noted below, the tools for visualiz-
ing RNA-Seq data are implemented well, and many planarian researchers will find the
ability to quickly analyze pairwise comparisons and generate volcano plots and other vi-
sualizations useful. Hopefully the authors will continue to add additional data sets, as
the six chosen are only a fraction of what has now been published in this field. Non-
planarian researchers may also find these tools useful, as effort has been made to attempt
to identify/associate planarian transcripts with human orthologs, which can be searched
in the gene expression analysis and are clickable in the ”gene cards” that are hyperlinked
throughout PlanEXP (and PlanNET). In addition, the versatility of plotly tools makes
these sections quite functional, and the tutorial on the PlanEXP web site is good.

We would like to thank Reviewer 3 for his/her thorough and helpful suggestions and concerns,
especially those referring to the regulatory network inference, which have encouraged us to improve
and expand significantly. Thanks to his/her suggestions, we have changed the whole protocol for
inferring genetic interactions. For a brief list of changes, refer to the Summary of changes section of
this document. Below we have a detailed answer to Reviewer’s 3 concerns, where we try to explain
the changes we have made to both the protocol and the manuscript, and how we think these changes
relate to dissipate his/her concerns.

However, the implementation of GENIE3 and initial attempt to identify GRNs seems
preliminary (although intriguing), and of questionable value due to (a) incomplete de-
scription of methods used and poor referencing of relevant literature; (b) no attempt to
evaluate and/or validate the success of the approaches; and (c) no attempt to use the
GRNs to infer anything novel about the single cell data used to generate them. Further-
more, although this work seems to constitute 40%+ of the paper, it is not even mentioned
clearly in the abstract or the introduction. Without better documentation and descrip-
tion of the methods, validation, and/or the use of more rigorous approaches, the network
interactions are not only of questionable usefulness, but may even confuse less experi-
enced researchers not familiar with these methods or the caveats in interpreting inferred
interactions. This reviewer has been unable to find published examples similar to the
authors’ implementation of GENIE3 (and the authors do not support this approach with
references) that infer GRNs from single cell data and then make no attempt to validate
the results or draw new biological insights. Thus, this reviewer believes these deficiencies
must be rigorously addressed.

We have attempted to address all three of the main reasons why Reviewer 3 believes PlanExp’s
genetic network inference is of questionable value. We hope we provide here enough evidences that it
is worth to keep these analyses as part of the PlanExp sections.

First, we have added a new paragraph to the introduction to contextualize our approach by refer-
encing relevant literature. We have added a new section in supplementary material where we describe
thoroughly the methods for inferring genetic interactions, as well as uploading the complete protocol
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as a markdown file. This should make our protocol completely reproducible, and we think it adds to
the manuscripts’ relevance in the field.

We have explored the inferred networks to highlight how they can be useful for researchers by
comparing the inferred networks to a recently published paper (see answer 4) and we have curated
a list of interactions related to the Wnt signalling pathway, hihglighting how PlanExp can be useful
for retrieving functionally related genes. These results are discussed in the Discussion section of the
manuscript.

We would like to point out that the main focus of PlanExp is not to extract or infer anything novel
about the datasets included in the application. We have tried to integrate data from many different
sources in a useful application, and the regulatory network inference was devised as a way to help
researchers extract and infer that information from the data themselves.

Nevertheless, we agree with most of Reviewer’s 3 concerns: our approach was maybe too preliminary,
non-reproducible, and we didn’t compare the inferred networks to any published data, which made
the whole network inference not as useful, detailed and clear as it should be. However, some predicted
results seem to be in agreement with experimental work, so despite being a predictive model we still
think it can be useful as an exploratory complement to PlanExp.

M-(1) The authors have not referenced similar implementations of GENIE3 to in-
fer GRNs from single cell data, even though several such efforts have been published,
including:

• Ocone et al., Bioinformatics, 2015 (https://doi.org/10.1093/bioinformatics/btv257)

• Aibar et al., Nature Methods, 2017 (https://doi.org/10.1038/nmeth.4463)

• Gao et al., Bioinformatics, 2018 (https://doi.org/10.1093/bioinformatics/btx575)

As a result, the reader cannot know (without doing their own searches) what progress
has been made in this space recently, and how the authors’ work compares. All three
of these papers validate results by demonstrating the detection of known regulatory in-
teractions and transcription factors in specific cell types, draw new biological insights
from the networks discovered, and demonstrate superiority of their approaches to other
methods for identifying gene networks. If the PlanEXP authors are aware of other pub-
lications that implement GENIE3 without validating the resulting networks/interactions,
they should cite them. The Aibar paper also provides detailed methods for input to and
output from GENIE3, including evaluation of thresholds and cutoffs for ranking predic-
tions, which the authors should consider in improving the description of their methods
so that others can reproduce their results.

We have changed the whole protocol of predicting genetic interactions; which we now refer to them
as Gene co-expression networks in the application as this is the name the work Aibar et al. refers to
the GENIE3 predictions.

We now used the program GRNBoost described in the SCENIC pipeline (Aibar et al. 2017 ) to infer
these networks, which have allowed us to perform a prediction over all cells in a reasonable amount
of time. We have implemented the filters detailed in Aibar et al., to improve the accuracy of our
predictions, while making our apporach comparable to those detailed in the SCENIC pipeline.

While we believe a full validation of the results is not feasable at the moment (there is no gold-
standard to compare the predictions to), we have tried to annotate the predictions further, to improve
the filtering necessary for researchers to select candidates for experimental validation.

Firstly, we have annotated the gene co-expression interactions with the REACTOME pathway identifiers
that both the regulator and the target belong to. A summary table of how many genetic links belong
to the same REACTOME pathway is available in Supplementary Table 4, which we also present below.

Secondly, we have compared the predictions of GRNBoost over the two scRNA-seq experiments
(2018 Rajewksy Cell Atlas and 2018 Reddien Cell Atlas). We can see a moderate correlation of
the confidence scores of both predictions, and those gene co-expression interactions that have been
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simultaneously predicted in both experiments have been annotated as such: they also appear first in
the web application, to allow researchers to filter-out other predictions if they want to only consider
them. See Supplementary Figure 3 for more information.

Thirdly, we have manually compared our inferred genetic interactions with a recently published
RNA-seq experiment (1). Our comparison shows that from the 86 targets predicted for soxB1-2, 23
were shown to be differentially expressed in Ross et al.. From these 23 targets, three were shown to pro-
duce movement and sensory defects after RNAi inhibition. We believe this comparison shows how our
predictions can be useful for researchers interested in exploring genetic interactions. This comparison
is detailed in Supplementary Table 6 and discussed in the Discussion section of the manuscript.

Finally, we have extracted gene co-expression interactions from our predictions of genes related to
the Wnt signalling pathway. While these genes may not be directly regulating each other’s expression,
we believe the ability of the protocol to retrieve many genes involved in this pathway highlights how
these results may be useful not only in predicting genetic interactions, but also in relating genes that
may participate in the same signalling pathways (see Supplementary Table 5 and Discussion section
of the manuscript).

Below we have included the corresponding Supplementary tables and figures relevant for this answer:

Suppl. Table 4. Summary of the gene co-expression networks predicted for the single cell RNA-seqs
experiments available on PlanExp.

2018 Rajewsky Cell Atlas 2018 Reddien Cell Atlas

Total Edges 37 246 36 014
Total Genes 15 196 11 408

Edges with Reactome 3635 3490
Genes in edges with Reactome 1855 1601

Total Reactome pathways 18 671 17 215
Unique Reactome pathways 792 777

Suppl. Table 5. Retrieved gene co-expression interactions for the experiment ”2018 Rajewsky Cell At-
las” related to the Wnt signaling pathway (KEGG hsa04310). Contigs were annotated using the names
listed in the PlanMine database, their related genes in PlanNET and PlanMine, and an NCBI-BLASTX

search against the non-redundant human protein sequenc es database (e-value < 0.01). The
whole table containing all GRNBoost predictions is available at https://github.com/scastlara/PlanExp-
protocols.

Regulator Contig Target Contig Regulator Gene Target Gene Regulator Homolog Target Homolog
dd Smed v6 16209 0
(wnt11-2)

dd Smed v6 4900 0
(axinA)

SMESG000074928.1
(ISCW-ISCW004707)

SMESG000039725.1 WNT2 AXIN1

dd Smed v6 16209 0
(wnt11-2)

dd Smed v6 7326 0
(wntP-2)

SMESG000074928.1
(ISCW-ISCW004707)

SMESG000066476.1
(MS3 03642)

WNT2 WNT2 precursor

dd Smed v6 16209 0
(wnt11-2)

dd Smed v6 4154 0
(glypican-1)

SMESG000074928.1
(ISCW-ISCW004707)

SMESG000052359.1
(MS3 08283)

WNT2 GPC4

dd Smed v6 4639 0
(dvl-1)

dd Smed v6 2413 0 SMESG000049876.1
(DVL2)

SMESG000048614.1 DVL2 PRKACA

dd Smed v6 63520 0 dd Smed v6 9669 0 SMESG000052392.1
(LEF1)

SMESG000016284.1
(PTMB.308)

LEF1 PRKACB

dd Smed v6 8502 0 dd Smed v6 3221 0 SMESG000073604.1 SMESG000049234.1
(PLCB4)

DICER1 PLCB4

dd Smed v6 3757 0 dd Smed v6 891 0 SMESG000052999.1
(BTRC)

SMESG000001466.1
(MYCBP)

BTRC MYCBP

dd Smed v6 2045 0 dd Smed v6 9037 0 SMESG000064848.1
(PPP3CA)

SMESG000077398.1
(PPP3CA)

PPP3CA PPP3CA

dd Smed v6 13487 0
(wnt2-1)

dd Smed v6 13985 0
(sfrp1)

SMESG000002069.1
(WNT2B)

SMESG000029446.1
(MS3 08312)

WNT2 SFRP5

dd Smed v6 7173 0 dd Smed v6 5378 0 NA SMESG000012014.1
(PPP3CA)

PPP3CB PPP3CA

dd Smed v6 5531 0
(axinB)

dd Smed v6 5818 0 SMESG000025925.1 SMESG000025925.1 AXIN2 AXIN1

dd Smed v6 10098 0 dd Smed v6 3221 0 SMESG000013958.1 SMESG000049234.1
(PLCB4)

PLCB1 PLCB4

dd Smed v6 10098 0 dd Smed v6 7210 0
(fz-4-4)

SMESG000013958.1 SMESG000014322.1
(FZD4)

PLCB1 FZD4

dd Smed v6 10098 0 dd Smed v6 4244 0 SMESG000013958.1 SMESG000039854.1
(PRKCA)

PLCB1 PRKCA
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Suppl. Figure 3. Comparison of gene co-expression network prediction for ”2018 Rajewsky Cell At-
las” and ”2018 Reddien Cell Atlas” single-cell RNA-seq experiments. a) Distribution of relationships
weights between the two predictions, showing a moderate correlation between the confidence values
reported by GRNBoost in both experiments for the same regulator-target gene relationships. b) and
c) Venn diagram of the filtered gene co-expression networks for both experiments using 500 as the
maximum number of targets and regulators (Weak Filters) or 50 (Strong Filters). Most gene relation-
ships are unique to each prediction, while the number of shared genes in the networks is higher, but
both predictions become more sim ilar when relaxing the filters.
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Suppl. Table 6. Predicted target genes for soxB1-2 (dd Smed v6 8104 0 ) in the computed gene co-
expression network shown to be differentially expressed in Ross et al. (1). When a target gene was
predicted in both experiments (”2018 Rajewsky Cell Atlas” and ”2018 Reddien Cell Atlas”), the score
column corresponds to the mean score of both predictions as reported by GRNBoost.

Target Contig Target name Predicted in Score

dd Smed v6 9977 0 pkd2l-2 Both 316.381
dd Smed v6 716 0 – Both 292.228
dd Smed v6 10282 0 syne1 Both 206.841
dd Smed v6 3175 0 tetraspanin homolog Both 203.112
dd Smed v6 7815 0 ftcd Both 194.429
dd Smed v6 13327 0 pkd2-4 Both 176.652
dd Smed v6 12955 0 pkd2-1 2018 Rajewsky Cell Atlas 99.540
dd Smed v6 3331 0 – 2018 Rajewsky Cell Atlas 89.740
dd Smed v6 10911 0 zfp940 2018 Rajewsky Cell Atlas 83.010
dd Smed v6 9135 0 tlcd1 2018 Rajewsky Cell Atlas 75.098
dd Smed v6 7064 0 – 2018 Rajewsky Cell Atlas 68.534
dd Smed v6 21965 0 semal 2018 Reddien Cell Atlas 464.168
dd Smed v6 12811 0 stum 2018 Reddien Cell Atlas 350.143
dd Smed v6 3220 0 – 2018 Reddien Cell Atlas 330.581
dd Smed v6 3843 0 – 2018 Reddien Cell Atlas 329.732
dd Smed v6 3680 0 ttpal homolog 2018 Reddien Cell Atlas 319.375
dd Smed v6 3895 0 – 2018 Reddien Cell Atlas 313.629
dd Smed v6 7903 0 centrin-1 2018 Reddien Cell Atlas 309.129
dd Smed v6 5307 0 cyp1a1 homolog 2018 Reddien Cell Atlas 300.328
dd Smed v6 116 0 dynll2 2018 Reddien Cell Atlas 292.844
dd Smed v6 14226 0 eml-1 2018 Reddien Cell Atlas 291.754
dd Smed v6 5346 0 rsph4A 2018 Reddien Cell Atlas 287.853
dd Smed v6 10460 0 loxhd1 2018 Reddien Cell Atlas 287.246
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M-(2) Input: What was used as the input for GENIE3? UMI counts? TPM?
FPKM/RPKM? Were these values normalized (which can affect results)? If so, how?
What steps were conducted for each data set, in detail? How many times was random
sampling of ”up to” 30 cells/cluster repeated? How reproducible were the resulting inter-
actions over multiple replicate runs of GENIE3? And, since the authors state ”up to” 30
cells, shouldn’t the precise number of cells per cluster per run be reported? The authors
should also consider including a graphical schematic of steps they used to implement
GENIE3, as found in the three papers referenced above.

We have used raw counts for GRNBoost (before: GENIE3). From the SCENIC user guide:

“Expression units: The preferred expression values are gene-summarized counts. There is
currently not a strong recommendation towards using the raw counts, or counts normalized
through single-cell specific methods (e.g. Seurat). ”

We have now included a thorough description of the methods employed for inferring the networks
in Supplementary Material Gene co-expression network section, and we have released a github site
with all the protocols of PlanExp, including the GRN inference step. All scripts, input files and steps
are detailed in a markdown file, accessible here: https://github.com/scastlara/PlanExp-protocols/co-
expression network.

As explained before in answer 1, where we discuss the change from GENIE3 to GRNBoost, we now
perform the predictions over all cells in each experiment, thanks to the faster implementation of
GRNBoost, and thus detailing the precise number of cells per cluster in each random subset is no
longer necessary. Running replicate runs of the protocol over different random subsets is also no
longer necessary, as the new predictions use all the available data.

M-(3) Output: In the Suppl. Figure 3 legend (and in the methods), the authors state
”Only [the] top 1,000 genetic interactions were considered, as opposed to an arbitrary
weight cut-off, due to the fact that the weight reported by GENIE3 does not have any
statistical meaning and to reduce the potential load on the application.” If weights are
ignored, and no attempt to validate these predictions has been made, how do we know
how robust each of the top 1000 predictions are? Why not choose the top 200, or the
top 500? Have other publications limited using this approach (if so, please cite them)?

As detailed before, and explained in the new Supplementary Material section “Gene co-expression
network”, we have now applied the filters described in Aibar et al. 2017. However, instead of generating
three possible networks, as the SCENIC pipeline does, we have merged the filters to produce a single,
more stringent network.

Also, the authors do not report the number of networks with 1-, 5-, 10- genes,
etc. Because the gene regulatory interactions section is limited to displaying only 100
interactions at a time, and does not seem to be sortable for the entire 1000, it is not
possible to export only high weight interactions to the network viewer, or networks with
only 5+ genes, or only interactions for a specific regulator(s).

First, due to the changes in the protocol, the connectivity of the network has changed drastically.
Where before we had many small connected sub-networks (connected components from now on), we
now have one big connected component (with 37,234 and 35,934 interactions for 2018 Rajewsky Cell
Atlas and 2018 Reddien Cell Atlas, respectively) and many small connected components (11 and 41
for 2018 Rajewsky Cell Atlas and 2018 Reddien Cell Atlas, respectively). While these numbers are
not listed in the manuscript, the protocol for inferring the gene co-expression network includes a step
to compute them and they are listed in the markdown file with the protocol.

We agree that the navigation and discoverability of the network could be improved. To that effect,
we have now changed the way in which PlanExp displays predicted interactions. Now, the network
is fully searchable through two search forms: one where users can input multiple genes, and another
where users can input multiple REACTOME pathway names and identifiers. Users are able to search for
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many genes simultaneously, create a dynamic DataTable with all the interactions, and then filter them
by using the DataTable features. Finally, once they are pleased with the displayed interactions, they
can send them to the network viewer, where expression data can be mapped over the network. We
have also implemented an auto-complete feature for REACTOME pathway names, where, for instance,
writing ”apopto” will return all REACTOME pathway names that start with the search term prefix. As
like with genes, multiple REACTOME pathways can be searched at the same time to generate a dynamic
table for further filtering.

New interface for exploring the predicted gene co-expression networks. Users can search
multiple genes or REACTOME pathway names at the same time with no limits, and then they can
further filter the table by using the Search bar on the top-right of the table. Interactions are sorted by
”Multiple Evidences” (those interactions predicted in the 2018 Rajewsky Cell Atlas and 2018 Reddien
Cell Atlas appear first), and then by confidence score. The Search bar allows users to display only
those interactions with ”Multiple Evidences”, those where specific genes participate, or even where
both Regulator and Target belong to a particular REACTOME pathway.
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Finally, what percent of the interactions do the authors estimate are false positives?
Some recent approaches (e.g. in the Aibar paper cited above) suggest that including cis-
regulatory region analysis significantly improves GRN prediction from single cell data.
While further approaches might be beyond the scope of the current paper, it seems ex-
pected, based on other publications, for the authors to provide some analysis of the
quality of their predictions.

It is difficult to give an accurate estimation of how many false positives the prediction contains, as
coming up with a way to validate them can be challenging (see Answer 1). However, we have added
the comparison against soxB1-2 targets studied in Ross et al. 2018 specifically for that effect. In that
case, 23/86 (∼26.74%) of the targets were detected in the RNA-seq experiment performed by Ross
et al.. Again, we are hesitant to present this number as the “positive predictive value” (or Precision)
due to the fact that the experimental conditions between the single-cell experiments and the RNA-seq
are clearly different, and many relationships retrieved by GRNBoost that do not appear in the RNA-
seq used for validation may not actually be false positives. However, we present this comparison to
contextualize our results with a recently published paper, and to show the usefulness of our approach.

The SCENIC pipeline does in fact use cis-regulatory regions to filter the results of GENIE3/GRNBoost.
However, performing a prediction of transcription factor binding sites for the new Schmidtea mediter-
ranea genome assembly, annotating transcription factors in S. mediterranea with their predicted bind-
ing sites, and then filtering the results of the GRNBoost prediction is out of the scope of out current
manuscript, as it would require extensive work for both performing the predictions but also validating
these annotations. We now state the limitations of our approach and follow-up suggestions in the
Discussion section of the mansucript:

“ Although GENIE3/GRNBoost were conceived as programs to retrieve genetic interactions
from expression matrices, GRNBoost constitutes only the first step of the SCENIC pipeline
to retrieve genetic interactions. The following steps include the filtering of the gene co-
expression network by including information of cis-regulatory elements. Unfortunately,
due to the novelty of the most current S. mediterranea genome assembly, such data is
not available yet. Therefore, the predicted co-expression networks contain other types of
relationships between genes apart from genetic regulatory interactions, such as protein-
protein interactions, genes that belong to the same signalling pathways, or genes expressed
in the same cell types (see Supplementary Material, Gene co-expression network section).
Nevertheless, these co-expression networks are available for download so that researchers
may use them for further filtering (either by following the whole SCENIC pipeline or by
implementing their own filtering protocol). Given that the co-expression network prediction
is the most computationally expensive step of the SCENIC pipeline, releasing this prediction
so that researchers may be able to implement other filtering protocols or validate the genetic
links individually can help the planarian community to understand and annotate many
important genetic interactions. ”

Finally, by annotating those interactions that were retrieved simultaneously in 2018 Rajewsky Cell
Atlas and 2018 Reddien Cell Atlas we are giving researchers the ability to reduce all the predictions
to only those which we expect to be more reliable. The comparison between both predictions in
Supplementary Material also aids in assessing the quality of our results.
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M-(4) Validation/evaluation of utility: This is possibly the most serious deficiency
of the authors’ effort to infer regulatory interactions. There does not seem to be any
attempt to evaluate whether the GENIE3 predictions are useful or biologically relevant.
Based on the number of 5-, 10-, or 20-gene networks, how do the authors’ results com-
pare to other efforts to infer GRNs from single cell data? Did the authors uncover
known interactions? There are now numerous publications that report RNA-Seq data
for knockdown of transcription factors known to be enriched in specific planarian cell
types. Did the authors’ approach detect any of these interactions? Were there any
novel/unappreciated networks discovered, for example in neoblasts, muscle, or epithelial
cells (currently some of the most studied planarian cell types)? While this last possibility
might be a good topic for a follow-up paper, an example would also be a demonstration
of the robustness of the authors’ methods.

We have already discussed some of the improvements we have made to the inference of genetic
interactions in the previous answers. With the changes we have implemented to both the protocol
and the manuscript, we believe we have shown that our predictions are relevant and can be useful.

To summarize them here:

• We have uncovered known genetic interactions in S. mediterranea, as our protocol was able to
retrieve 23 interactions out of 86 which were also detected in a recently published RNA-seq data
for a knockdown transcription factor (soxB1-2 ) (1). Three of these 23 interactions were shown
in Table 1 of the original article to produce sensory defects after RNAi inhibition.

• We have also included a table with elements relevant in the Wnt signalling pathway, showing how
our predictions can aid in retrieving new candidates that may participate in relevant signalling
pathways.

Although we have not included it in this manuscript, we have also looked at two other works
where some genetic interactions or regulatory systems were proposed. In Scimone et al. (2), the
gene cubilin, egfr-5 and tetraspanin (among others) are shown to be significantly under-expressed
in six1/2 and pou2/3 knockdowns. The interaction between six1/2 (dd Smed v6 9774 0), cubilin
(dd Smed v6 4575 0) and egfr-5 (dd Smed v6 11310 0) have been inferred in both experiments (2018
Rajewsky Cell Atlas and 2018 Reddien Cell Atlas). In the case of the prediction performed over 2018
Reddien Cell Atlas, the gene tetraspanin (dd Smed v6 9647 0) has also been predicted to interact
with pou 2/3. A connection between pou2/3 (dd Smed v6 8234 0) and cubilin was not predicted by
GRNBoost, but six1/2 and pou2/3 are listed as interacting by the prediction over both scRNA-seq
experiments that we performed. In Rink et al. (3), the gene egfr-5 was shown to be crucial in the
regulation of the regeneration of the planarian excretory system. Note that the connection between
six1/2 and egfr-5 is the first one listed in the results when searching for dd Smed v6 9774 0 1 in
2018 Rajewsky Cell Atlas, while the pou2/3→six1/2 is the fourth, the six1/2→cubilin connection is
the fifth, and pou2/3→tetraspanin is the ninth when searching for dd Smed v6 8234 0 1 in the 2018
Reddien Cell Atlas prediction. Given that interactions are sorted by confidence (first by those which
have been predicted in both scRNA-seq experiments, and then by score), we think that our ranked
predictions can be useful to select new candidates for experimental validation.
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Genetic interactions predicted for six1/2 in 2018 Rajewsky Cell Atlas. egfr-5
(dd Smed v6 11310 0), pou2/3 (dd Smed v6 8234 0), and cubilin (dd Smed v6 4575 0) were shown
to be significantly under-expressed in Scimone et al. six1/2 knockdown planarians. egfr-5 was later
described to be crucial in the regeneration of the excretory system in Rink et al..
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m-(1) A more explicit, itemized list of what is new (including GENIE3-based inference
of regulatory interactions) in PlanEXP should be provided in the abstract, introduction,
and discussion. This will benefit the paper since PlanEXP is being added to PlanNET,
and it is important to clearly distinguish the current manuscript’s contribution.

We want to remind Reviewer 1 that the whole PlanExp module is new to PlanNET, and thus all the
available features in the PlanExp webpage are new. However, we have now listed the new features
added by PlanExp to PlanNET in the Supplementary Material.

m-(2) Is it possible to limit the drop down menu options for ”Differentially expressed
genes” to only the comparisons that are available? For example, for Reddien-Dresden,
it is only possible to select conditions when ”Cluster” is selected in the top drop-down.
If ”Section” is selected, the user can choose ”Head,” ”Pharynx,” etc. in the first drop-
down, but nothing in the second drop-down. The Aboobaker data set has similar limi-
tations – only the ”Hour-Section” Condition enables pairwise choices in the next two
drop-downs. Then, even if ”0h - head” is selected in dropdown #1, only ”0h-head” or
”6h-head” are available in dropdown #2. The authors should consider testing all of the
dropdown conditions for usability.

We have now changed the dropdown menu of the DGE section of PlanExp so that only those
“Condition Types” with differential gene expression computed for them are shown. Once a “Condition
Type” is selected, all the levels in that factor will appear on the two dropdowns below. Upon selection
of the first dropdown, only the levels for which there are differentially expressed genes will be shown
on the second.

In the case of 2013 Aboobaker Time-course, the first dropdown (Conditions) only shows the condition
type Hour – Region, as it is the factor that was used in the design matrix of the experiment (see
Supplementary Table 2). The second pair of dropdowns will show first all the levels of the Hour –
Region factor (0h – Head, 6h – Head, and so on). Upon selection of the Condition 1 dropdown, the
second dropdown’s options will now be limited to the levels for which there are differentially expressed
genes. So, for instance, 36h – Head as Condition 1 will allow users to select 24h – Head, 24h – Head,
and 36h – Tail. In the case of this experiment, we followed the author’s design, where they compared
each timepoint to the previous one in the same region (head or tail), and then they also compared each
timepoint in a region to the same timepoint in the other region. That is, not all pariwise combinations
are available, as these were not computed by the authors in the original publication nor by us.

We have added the following image to the PlanExp tutorial :
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m-(3) Also, for Aboobaker (and perhaps others), why is it possible to select only
”hour” or ”section” when the data were actually collected as time-section combinations?
Have the authors somehow averaged head/tail data for individual times, or section data
across all times? If so, detailed methods should be reported.

We have added an explanation for this in the Results section of the paper, as it is not something
that we have to pre-compute, but rather, a function that PlanExp performs in real time when selecting
a given Factor.

“ Gene expression can be grouped by factor (or by a combination of factors if available for
the experiment), via a dropdown menu. Users can select any factor in a given experiment
to group the samples before plotting, and PlanExp will retrieve all samples matching the
specified levels and compute the average expression (in the case of heatmaps, line plots, and
bar plots) or plot the points individually (in the case of violin plots and scatter plots). For
instance, in the case of samples collected as time-region combinations (as is the case for
“ 2013 Aboobaker Time-course”), users can select to plot the expression of several genes
by grouping all samples in “Head” and “Tail” levels, without taking into consideration the
time at which these samples were collected. This process is done automatically at run-time
by PlanExp, and allows users to group the samples by their factors of interest.”

m-(4) In many plots, axes and legends are displayed without any units of measure-
ment. Can log2FC, TPM, FPKM, etc. be displayed on the plots?

Heatmaps, line plots, barplots and scatterplots now display the correct units of measurement. All
plots in the manuscript and supplementary material have been updated to include the new displayed
units.

m-(5) The t-SNE plot for the Fincher/Reddien data set has a very different ap-
pearance from that available at Digiworm. For example, clusters are found in different
plot locations, subclusters are often separated for related cell types, and specific cell type
markers map to fewer or more regions, unlike in the original publication. The obvious
recommendation is to reproduce the t-SNE plot from Fincher, but if this is not pos-
sible, the authors need to detail in methods how this t-SNE plot was generated, and
why the original plot is not used. Because the t-SNE plot function duplicates to some
extent online resources already made available by others, the current plot will confuse
non-specialists, and users will just use the Digiworm web page.

We have added a whole section in Supplementary Material (section Integration of RNA-seq experi-
ments) detailing the important parameters for reproducing our analyses (including the computation of
t-SNE plots). The whole protocol is available now at our github site. Unfortunately, the computation
of t-SNE dimensions is difficult to reproduce, as it has an associated randomness that, even by using
the same parameters, reproducing it is impossible without knowing the initial random seed. To avoid
any confusion to our users, we have added the following statement in the corresponding section of the
website:

“ While cells with similar expression patterns will appear closer in the plot, the random-
ness associated with the dimentionality reduction method might display cells in a different
position from the original publication’s plot. ”

m-(6) PFAM domain IDs in gene cards should be the same as those that allow
searching/display in the Gene Expression module (e.g., a search for ”DEAD” does not
work, but ”PF00270” does). Also, there seem to be many planarian transcripts for
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which human orthologs exist, but for which no PFAM domains have been predicted. The
authors should check their cutoffs to be sure they are not overly stringent. Otherwise,
this limits the utility. For one example, see SMESG000037282.1/dd Smed v6 6729 0 1,
a SCRO/NKX2-4 homolog that clearly should have a homeodomain predicted (PFAM
search with the longest ORF predicts a homeodomain with E-value of 1.3e-19).

We have now added the functionality to search for PFAM domain names across all PlanExp (and
PlanNET), as it was only possible to search by PFAM domain accession before. Now, ”DEAD” returns
the same results as ”PF00270”.

We used an e-value cut-off of 10−20 for annotating PFAM domains using HMMER (detailed in the
original PlanNET publication). Changing these cut-offs would be a difficult task that would need a
database update for all PlanNET annotations. However, we will consider lowering the cut-offs (perhaps
to 10−10) in a future PlanNET update, which will then affect PlanExp automatically.

m-(7) The GO annotation tool does not always display data when complete (e.g. in
my hands the X1 vs Xins for the Abril data). The authors should rigorously test their
web site on multiple browsers, or specify a browser for best performance.

We have fixed a bug where plotting some G.O. visualizations would make the application crash
under certain conditions (which were reproducible by using the Abril DGE experiment). We would
like to thank Reviewer 3 for spotting and reporting the bug here, which allowed us to fix it.

The website should work on any modern browser with JavaScript enabled (we have tested it in
Chrome, Firefox and Vivaldi).

m-(8) The authors should make sure detailed EdgeR methods are available in the
supplemental table, to which I did not have access. Not only FDR/p-values are important
for re-analyzed data, but also cutoffs for low expressers, normalization methods and
order, etc. so that others could reproduce the authors’ results if desired.

As we stated in a previous question, we have added a new section to Supplementary Material
detailing the important parameters for re-analyzing the data, but we have also uploaded the complete
protocol for re-analyzing the RNA-seq datasets to our github site, which is linked in the corresponding
Supplementary Material section.

When creating the protocols that would allow other researchers to reproduce the results, we spotted
an issue with our input tables for 2013 Aboobaker Time-course and 2012 Pearson Stem Cells. We did
not have access to raw counts for these two experiments, which prevented us from using the program
EdgeR. As such, we have changed the protocol to use the limma-trend pipeline in the case of 2013
Aboobaker Time-course, allowing normalized values as input. The 2012 Pearson Stem Cells differential
gene expression has been removed from the website due to the lack of replicates (although all the other
plots and features of PlanExp can still be used with this experiment). The protocol is accessible here:
https://github.com/scastlara/PlanExp-protocols/blob/master/markdowns/2013 Aboobaker.md .

m-(9) More detailed legends need to be supplied for each panel/figure in the supple-
ment. For example for gene co-expression, what does each color mean, what is being
plotted (cells or genes?), and so forth.

We have added an explanation for each of the plots shown in the complete protocol figure of the
supplement (Supplementary Figure 1).

m-(10) Can the authors add a ”working” or ”loading” indicator for all sections where
there isn’t one so the user has a way to know progress/status?

We have added some missing loading spinners to the web application.

m-(11) Longer term: Do the authors plan to map all the data to all the transcrip-
tomes, or at least to the Smesgene/Smest genome and transcriptome? These seem to be
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(or will be) widely used references, and would arguably benefit the most researchers.

Firstly, once we can freeze the features of PlanExp for some time, we want to include many more
RNA-seq datasets to PlanExp (including some that we are currently performing in collaboration with
Dr. Adell and Dr. Saló). To that end, we have created a webpage that will allow researchers to aid
us in collecting such data.

Finally, when more experiments are available in PlanExp and we have recieved some user feedback,
we will consider re-mapping all experiments (or at least some of them) to the Smesgene genome.
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Supplementary material
PlanExp: intuitive integration of complex RNA-seq datasets with

planarian omics resources
S. Castillo-Lara, E. Pascual-Carreras, J.F. Abril

1 PlanExp web-application
Comparison with PlanNET
PlanNET (Castillo-Lara and Abril, 2018) is a database that holds a predicted interactome of protein-protein
interactions for multiple planarian transcriptomes. Since its inception, PlanNET has had the ability to map
expression data onto its networks, through the Net Explorer interface. However, the complexity of the RNA-seq
datasets available for Schmidtea mediterranea –and specifically recently published single–cell RNA-seq datasets–
made PlanNET’s expression data visualization features limiting. Below, we list some of the most important
features of PlanExp:

• Users can navigate through the interactome network faster on PlanNET, select a sub-network, and then
transfer it to PlanExp to navigate faster through expression data.

• New plot types such as Heatmaps, bar plots, and line charts to visualize expression data for one or multiple
genes.

• Ability to explore differential gene expression.

• Gene Ontology enrichment analysis.

• Database scalability due to the tabular nature of expression data: by switching from Neo4j (where the
PlanNET networks are stored) to MySQL we have been able to hold many more data and query the
database much faster.

• Interactive plots through the use of the JavaScript library Plotly, speeding up user’s experience accord-
ing to the client hardware.

• t-SNE visualizations and other features specific to single–cell RNA-seq datasets.

• Many features for exploring genes that are being co-expressed by multiple samples.

• Integration with the new SMESG gene annotations.

• Ability to store and visualize genetic interactions predicted for specific experiments.

• Built-in Network editor for creating and modifying graphs (either from PlanNET or from elsewhere).

• More powerful network expression mapper, with features such as filtering by expression, and with more
coloring options.

• By focusing on the experiment instead of the network (as is the case for PlanNET) the user-interface allows
for multiple visualizations and tables that refer to a specific experiment.
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Suppl. Fig. 1: Example analysis performed on PIWIL genes expression on ”2018
Rajewsky Cell Atlas” showing the different visualizations and features of PlanExp. These
include, from top to bottom: Differential gene expression, GO enrichment analysis, gene
expression plots, gene co-expression plots, t-SNE plots, identification of marker genes for
cell clusters, gene co-expression network prediction, and network expression mapper.
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Example analysis performed on PIWIL genes expression on ”2018 Rajewsky Cell Atlas”
showing the different visualizations and features of PlanExp. These include, from top to
bottom: Differential gene expression, GO enrichment analysis, gene expression plots, gene
co-expression plots, t-SNE plots, identification of marker genes for cell clusters, gene co-
expression network prediction, and network expression mapper.

Suppl. Fig. 1A. Volcano Plot in Differentially
expressed genes section. Each point represents a
differentially expressed gene, plotted in two
dimensions, with the x-axis being the logarithm of the
fold change, and the y-axis the negative logarithm of
the adjusted p-value. Genes with a higher y-value are
more statistically significant, genes with a higher
x-value are more over-expressed in the first condition
of the selected comparison, while genes with a more
negative x-value are more under-expressed.

Suppl. Fig. 1B. Heatmap in Gene Expression
section. Each row represents a gene, and each column
a condition of the selected Condition Type (in this
case, Cluster). The color of each cell is proportional to
the average expression of each gene, in each given
condition. Hovering over the cells will show the
expression values, while clicking on the gene symbols
will reveal a gene/contig information card.

Suppl. Fig. 1C. t-SNE Plot. Each point represents
a cell plotted in a 2D space where the axis correspond
to the dimensions computed by the t-SNE method. In
this visualization, cells with similar expression profiles
will tend to appear clustered together. However, due
to the stochastic nature of the method, the coordinates
and distances between cells might change with each
subsequent computation of the dimensionality
reduction, and thus, these coordinates might not be
consistent with the same visualizations provided by the
authors of the original single-cell experiments. Cells
can be colored by Condition Type or, as is the case in
this picture, by the expression of a given gene.

Suppl. Fig. 1D. Co-expression Plot in Gene
Co-expression Plot section. Each point represents a
cell plotted in a 2D space where the x-axis corresponds
to the normalized expression of one gene
(dd Smed v6 659 0 1 ) and the y-axis to the normalized
expression of another gene (dd Smed v6 756 0 1 ).
Cells on the upper-right express both genes
simultaneously. Cells are colored according to the
selected Condition Type (in this case, Cluster).
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Suppl. Fig. 1E. Co-expression Counts in Gene
Co-expression Counts section. Upset plot with the
number of samples that express all the possible
intersections of input genes simultaneously. Rows
represent the genes, and columns the intersections.
The y-axis is the number of samples of each
intersection. For instance, there are 2,121 samples that
express the three presented genes (last intersection).

Suppl. Fig. 1F. Network Viewer. Network visualization where nodes correspond to genes and edges to
interactions. Each gene or transcript is labelled with its human homolog gene symbol in parenthesis when
available. Users are able to color the genes by the expression in a particular condition or by the fold change
resulting of the comparison of two conditions. Additionally, the network can be filtered by selecting one (or
several) conditions in the Filter Genes section. Nodes will be greyed out if they are not expressed in the selected
conditions. Hovering over the left color gradient legend will display the expression values ranges corresponding
to each color, and will highlight the genes within that expression value range. The buttons on top of the
visualization allow users to change the layout of the network; to import, export, and delete the graph; and to
edit genes and interactions by using the newly implemented Network Editor.

For further information refer to the PlanExp tutorial page:
https://compgen.bio.ub.edu/PlanNET/tutorial#planexp
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Suppl. Fig. 2: Gene card overlay available on PlanExp when clicking on transcript or gene identifiers. All
the sequence annotations, the genomic location, and protein-protein interactions for the annotated transcripts
and related proteins are accessible through these gene cards, which also allow users to navigate through other
PlanNET sections such as NetExplorer.
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Suppl. Table 1: Comparing gene expression visualization functionality of PlanExp with respect other
planarian specific transcriptomic tools. Only those features relevant to the visualization and contextualization
of RNA-seq and scRNA-seq experiments are listed in the table. Other applications may provide non-related
functionalities, such as programatic access (API), BLAST search forms, etc.

Feature PlanExp PlanMine1 Reddien2

2018
Rajewsky3

2018
Multiple experiments

Genomic context
Sequence annotations

Heatmaps
Violin plots

Multi-gene plots
Dynamic line/bar plots

Cell embedding plots
Dynamic cell embedding plots

Cell lineages
Mapping expression to networks

Differential gene-expression tables
Cell gene co-expression

Selection of experimental conditions to plot
Gene Ontology enrichment analysis

Body expression pattern visualization

1Rozanski, A. et al. 2018: http://planmine.mpi-cbg.de
2Fincher, C.T et al. 2018: https://digiworm.wi.mit.edu/
3Plass, M. et al. 2018: https://shiny.mdc-berlin.de/psca/
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2 Integration of RNA-seq experiments
2.1 RNA-seq experiments
Differential gene expression (DGE) data for the experiments ”2011 Bartscherer Time-course” (Sandmann et al.,
2011) and ”2015 Abril D.G.E” (Rodŕıguez-Esteban et al., 2015) were directly downloaded from the supplemen-
tary material of their respective publications. However, the complete DGE data for ”2012 Pearson Stem Cells”
and ”2013 Aboobaker Time-course” (Kao et al., 2013) were not available for download. As such, these had to
be re-computed.

Unfortunately, due to the lack of replicates of ”2012 Pearson Stem Cells”, we were unable to compute the
DGE tables, and while the experiment is available on PlanExp for exploration, no DGE data will be shown.

For ”2013 Aboobaker Time-course”, no raw counts data were available, and only counts-per-million (CPM)
could be obtained. As such, we had to use the limma-trend pipeline (Law et al., 2014) for computing DGE
from normalized values, instead of relying on other negative binomial methods that require raw counts such as
edgeR (McCarthy et al., 2009) or DESeq2 (Love et al., 2014). Lowly expressed genes were already filtered by
the authors of the original publication, removing all transcripts with less than fifty reads. For further details,
refer to the original publication.

2.2 Single-Cell RNA-seq experiments
Expression data for the two single-cell experiments available on PlanNET, namely ”2018 Rakewsky Cell Atlas”
(Plass et al., 2018) and ”2018 Reddien Cell Atlas” (Fincher et al., 2018), were downloaded directly from the
websites provided by the authors.

In the case of ”2018 Rajewsky Cell Atlas”, the 50 principal components resulting from the dimensionality
reduction applied in their work were downloaded directly, and used for the t-SNE computation we performed.
Differences between our t-SNE plot and the one available at https://shiny.mdc-berlin.de/psca/ can be attributed
to the stochastic nature of the procedure. The expression counts were normalized using Seurat’s (Butler
et al., 2018) function "NormalizeData", and scaled using the "ScaleData" function with "nUMI" as variable to
regress. Markers were found with the "FindAllMarkers" function by employing the "roc" test, and differential
expression between clusters was computed using the "FindMarkers" function, with a p-value threshold of 10−5,
a log fold change threshold of 0.2, and the "min.pct" parameter set to 0.2.

On the other hand, for the experiment ”2018 Reddien Cell Atlas”, only the raw counts matrix and cell-cluster
assignments were available for download. Data were normalized using Seurat’s "NormalizeData" function, and
variable genes were found with the "FindVariableGenes" function, with parameters "mean.function" set to
"ExpMean", "dispersion.function" set to "LogVMR", "x.low.cutoff" set to 0.2, "x.high.cutoff" set to 15,
and y.cutoff set to -0.5. All parameters were set according to the ones used by the original work. Scaling
was performed using the "ScaleData" function, regressing by the "nUMI"s. The dimentionality reduction was
performed by PCA, using the computed variable genes, and keeping the first 150 principal components for
computing the t-SNE representation.

2.3 Protocols availability
All the steps necessary to reproduce our analyses are available at https://github.com/scastlara/PlanExp-
protocols, and a summary table of all experiments is shown in Supplementary Table 2. All input files are
also provided on the github site, either directly or through a script that downloads them from elsewhere.
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Suppl. Table 2: Summary of experiments available in PlanExp.

Experiment Name GEO accession Design Samples DGE P-value Description

2011 Bartscherer Time-course
Sandmann et al. 2011

GSE30996 ∼ Time 18 Downloaded 0.001 One-factor time course analysis of the anterior
section of planarians after head amputation.

2012 Pearson Stem Cells
Labbé et al. 2012

GSE37910 ∼ CellType 3 N.A. N.A. Differential gene expression of Stem Cells,
Progeny and differentiated cells.

2013 Aboobaker Time-course
Kao et al. 2013

– ∼ Section+ Time 28 Computed 0.01 Time course of anterior and posterior regions
of planarians after head or tail amputation.

2015 Abril D.G.E.
Rodŕıguez-Esteban et al. 2015

GSE51681 ∼ CellType 3 Downloaded 0.001 Digital gene expression analysis mapped over
several planarian transcriptomes to identify
Neoblast specific genes.

2018 Rajewsky Cell Atlas
Plass et al. 2018

GSE103633 ∼ Cluster + Cluster : Day 21,612 Computed 10−5 Single-Cell RNA-seq analysis that includes a
non-supervised identification of cell types and
a time-course differential expression analysis
performed over each identified cell-type.

2018 Reddien Cell Atlas
Fincher et al. 2018

GSE111764 ∼ Cluster 50,562 Computed 10−5 Single-Cell RNA-seq that includes a non-
supervised identification of cell types.
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3 Gene co-expression network
A genetics interactions co-expression network was computed for ”2018 Rajewsky Cell Atlas” (Plass et al., 2018)
and ”2018 Reddien Cell Atlas” (Fincher et al., 2018) single cell experiments. The networks were predicted
using the GRNBoost program of the SCENIC pipeline (Aibar et al., 2017), which is a variant of the GENIE3
program (Huynh-Thu et al., 2010). These interactions provide both the most computationally expensive step
of the SCENIC pipeline (which its results can be fed to the pipeline to predict genetic interactions from single-
cell experiments), and gene co-expression relationships between genes in both experiments. The latter might
reveal genes that belong to the same signaling pathways, genes co-expressed in the same cell types or that are
regulated by the same transcription factors, putative protein-protein interactions, and direct or indirect genetic
interactions.

The input for GRNBoost was a matrix of genes x cells with raw counts, and a list of putative transcription
factors retrieved from PlanNET by looking for the contigs with an annotated Gene Ontology present in Supple-
mentary Table 3. The list of regulators was splitted in chunks of 20 regulators to reduce the memory footprint
of the GRNBoost program. Both analyses were run on a machine with 64 CPU cores and 512 GB of RAM.

In order to filter the results of GRNBoost, we chose the same set of filters applied by the SCENIC pipeline,
but instead of generating three co-expression network sets for each analysis, we joined all the filters to produce
a unique and more stringent network. These filters are:

1. Keep only edges with a weight > 0.005.

2. Keep only the best 50 targets for each regulator.

3. Keep only the best 50 regulators for each target.

All the steps to reproduce the analyses, as well as all the input files and the predicted networks can be found
on the following github site: https://github.com/scastlara/PlanExp-protocols.

Suppl. Table 3: Gene Ontologies used for the selection of regulators
in the gene co-expression network prediction with GRNBoost.

Accession Name Description
GO:0003677 DNA binding Any molecular function by which a gene product interacts selectively

and non-covalently with DNA (deoxyribonucleic acid).
GO:0043565 sequence-specific DNA binding Interacting selectively and non-covalently with DNA of a specific nu-

cleotide composition, e.g. GC-rich DNA binding, or with a specific
sequence motif or type of DNA e.g. promotor binding or rDNA bind-
ing.

GO:0006355 regulation of transcription Any process that modulates the frequency, rate or extent of cellular
DNA-templated transcription.

GO:0045893 positive regulation of transcription Any process that activates or increases the frequency, rate or extent
of cellular DNA-templated transcription.

GO:0045892 negative regulation of transcription Any process that stops, prevents, or reduces the frequency, rate or
extent of cellular DNA-templated transcription.

GO:0001217 DNA-binding transcription repressor
activity

Interacting selectively and non-covalently with a specific DNA se-
quence in order to stop, prevent, or reduce the frequency, rate or
extent of transcription by a RNA polymerase.

GO:0140110 transcription regulator activity A molecular function that controls the rate, timing and/or magnitude
of transcription of genetic information. The function of transcriptional
regulators is to modulate gene expression at the transcription step so
that they are expressed in the right cell at the right time and in the
right amount throughout the life of the cell and the organism.

GO:0001216 DNA-binding transcription activator
activity

Interacting selectively and non-covalently with a specific DNA se-
quence in order to activate or increase the frequency, rate or extent
of transcription by a RNA polymerase.

GO:0000981 DNA-binding transcription factor ac-
tivity, RNA polymerase II-specific

A protein or a member of a complex that interacts selectively and
non-covalently with a specific DNA sequence (sometimes referred to
as a motif) within the regulatory region of a RNA polymerase II-
transcribed gene to modulate transcription. Regulatory regions in-
clude promoters (proximal and distal) and enhancers. Genes are tran-
scriptional units.

GO:0001217 DNA-binding transcription repressor
activity

Interacting selectively and non-covalently with a specific DNA se-
quence in order to stop, prevent, or reduce the frequency, rate or
extent of transcription by a RNA polymerase.

GO:0098531 ligand-activated transcription factor
activity

A DNA-binding transcription factor activity that is directly regulated
by binding of a ligand to the protein with this activity. Examples
include the lac and trp repressors in E.coli and many steroid hormone
receptors.

GO:0005667 transcription factor complex A protein complex that is capable of associating with DNA by di-
rect binding, or via other DNA-binding proteins or complexes, and
regulating transcription.

Continued on next page
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Continued from previous page
Accession Name Description
GO:0051090 regulation of DNA-binding transcrip-

tion factor activity
Any process that modulates the frequency, rate or extent of the ac-
tivity of a transcription factor, any factor involved in the initiation or
regulation of transcription.

GO:0051091 positive regulation of DNA-binding
transcription factor activity

Any process that activates or increases the frequency, rate or extent of
activity of a transcription factor, any factor involved in the initiation
or regulation of transcription.

GO:0043433 negative regulation of DNA-binding
transcription factor activity

Any process that stops, prevents, or reduces the frequency, rate or
extent of the activity of a transcription factor, any factor involved in
the initiation or regulation of transcription.

GO:0034246 mitochondrial sequence-specific DNA-
binding transcription factor activity

Interacting selectively and non-covalently with a specific DNA se-
quence in order to modulate transcription by mitochondrial RNA
polymerase.

3.1 Results of the prediction
The analyses produced two sets of gene co-expression relationships between a putative regulator, and a target
gene which its expression is affected by the expression of the regulator. These edges were annotated with the
human-planarian homologs in PlanNET, and their respective planarian genes. Finally, all interactions in which
both the regulator and the target gene appear in the same human REACTOME pathway were annotated with
said REACTOME pathway identifier. The resulting table with all the results of both analyses is available on the
protocol github site 4, and a summary of the results can be found in Supplementary Table 4. A comparison
of both predictions can be found in Figure S3. Gene co-expression relationships that have been retrieved by
both methods appear marked on the web-application to show the two independent evidence sources, and to
help researchers assess the reliability of the gene co-expression relationships. While the weights reported by
GRNBoost are similar in both predictions (Pearson’s r = 0.6833), when applying filters to restrict the networks
to a smaller and more stringent set of gene relationships, these relationships vary greatly between both sets of
predictions. Thus, the best 50 targets for each regulator, and best 50 regulators for each target are different
in each experiment, while the overall weights of GRNBoost’s predictions are similar. The effects of filters 2 and
3 on the shared relationships between both predictions can be seen in the increase of the number of shared
relationships when relaxing the filters (∼6.2% when using 50 as the maximum number of targets/regulators,
∼12.8% when using 500). These differences could be explained by the different experimental designs of ”2018
Rajewsky Cell Atlas” and ”2018 Reddien Cell Atlas”, that result in a different cell type composition and different
expression profiles.

Suppl. Table 4: Summary of the gene co-expression networks predicted for the single cell RNA-seqs experi-
ments available on PlanExp.

2018 Rajewsky Cell Atlas 2018 Reddien Cell Atlas
Total Edges 37 246 36 014
Total Genes 15 196 11 408

Edges with Reactome 3635 3490
Genes in edges with Reactome 1855 1601

Total Reactome pathways 18 671 17 215
Unique Reactome pathways 792 777

Although GENIE3/GRNBoost was conceived as a program to retrieve genetic interactions from expression
matrices, GRNBoost constitutes only the first step of the SCENIC pipeline to retrieve genetic interactions. As
such, the predicted co-expression networks contain many types of relationships between genes. In Supplementary
Table 5 we can find the genetic interactions between elements that belong to the Wnt signalling pathway as
annotated in the KEGG database (hsa04310). Many key elements of the Wnt signalling pathway have been
retrieved by GRNBoost, including: wnt11-2 (Adell et al., 2009; Gurley et al., 2010; Sureda-Gómez et al., 2015),
which could act through the wnt/βcat pathway and affect axinA (Iglesias et al., 2011); the relationship between
wnt11-5 (wntP-2 ) and wnt11-2, which are co-expressed in the same muscle cells (Witchley et al., 2013); wnt11-2
and glyphican-1, which were shown to be co-expressed in Cote et al. (Cote et al., 2019); and a relationship
between wnt2 and a wnt inhibitor sfrp1, both of which are expressed in planarian head (Gurley et al., 2010).

The protocol has also been able to identify protein-protein interactions described in humans (SMAD4,
SMAD9), proteins that form complexes (MCM2, MCM5, MCM7), and genetic interactions described in humans

4https://github.com/scastlara/PlanExp-protocols
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Suppl. Fig. 3: Comparison of gene co-expression network prediction for ”2018 Rajewsky Cell Atlas” and
”2018 Reddien Cell Atlas” single-cell RNA-seq experiments. a) Distribution of relationships weights between
the two predictions, showing a moderate correlation between the confidence values reported by GRNBoost in
both experiments for the same regulator-target gene relationships. b) and c) Venn diagram of the filtered
gene co-expression networks for both experiments using 500 as the maximum number of targets and regulators
(Weak Filters) or 50 (Strong Filters). Most gene relationships are unique to each prediction, while the number
of shared genes in the networks is higher, but both predictions become more similar when relaxing the filters.

(PIM1, MAPK3). Some edges between genes that are relevant for the development of planarians that are
expressed in the tail have also been retrieved. For instance, fz4, which has been used to characterize posterior
identity (Sureda-Gómez et al., 2015; Gurley et al., 2008; Stückemann et al., 2017); or lox5a which is expressed
in the tail (Stückemann et al., 2017), is controlled by the wnt/βcat pathway, and regulates posterior identity
(Reuter et al., 2015).

The complete list of predictions is available on PlanExp for them to be explored in the dynamic tables, as
well as the network visualization, which allows researchers to map expression values of the experiment and to
edit the interactions manually to produce relevant sub-networks.
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Suppl. Table 5: Retrieved gene co-expression interactions for the experiment ”2018 Rajewsky Cell Atlas” related to the Wnt signaling pathway (KEGG
hsa04310). Contigs were annotated using the names listed in the PlanMine database, their related genes in PlanNET and PlanMine, and an NCBI-BLASTX
search against the non-redundant human protein sequences database (e-value < 0.01). The whole table containing all GRNBoost predictions is available at
https://github.com/scastlara/PlanExp-protocols.

Regulator Contig Target Contig Regulator Gene Target Gene Regulator Homolog Target Homolog
dd Smed v6 16209 0 (wnt11-2) dd Smed v6 4900 0 (axinA) SMESG000074928.1 (ISCW-ISCW004707) SMESG000039725.1 WNT2 AXIN1
dd Smed v6 16209 0 (wnt11-2) dd Smed v6 7326 0 (wntP-2) SMESG000074928.1 (ISCW-ISCW004707) SMESG000066476.1 (MS3 03642) WNT2 WNT2 precursor
dd Smed v6 16209 0 (wnt11-2) dd Smed v6 4154 0 (glypican-1) SMESG000074928.1 (ISCW-ISCW004707) SMESG000052359.1 (MS3 08283) WNT2 GPC4
dd Smed v6 4639 0 (dvl-1) dd Smed v6 2413 0 SMESG000049876.1 (DVL2) SMESG000048614.1 DVL2 PRKACA
dd Smed v6 63520 0 dd Smed v6 9669 0 SMESG000052392.1 (LEF1) SMESG000016284.1 (PTMB.308) LEF1 PRKACB
dd Smed v6 8502 0 dd Smed v6 3221 0 SMESG000073604.1 SMESG000049234.1 (PLCB4) DICER1 PLCB4
dd Smed v6 3757 0 dd Smed v6 891 0 SMESG000052999.1 (BTRC) SMESG000001466.1 (MYCBP) BTRC MYCBP
dd Smed v6 2045 0 dd Smed v6 9037 0 SMESG000064848.1 (PPP3CA) SMESG000077398.1 (PPP3CA) PPP3CA PPP3CA
dd Smed v6 13487 0 (wnt2-1) dd Smed v6 13985 0 (sfrp1) SMESG000002069.1 (WNT2B) SMESG000029446.1 (MS3 08312) WNT2 SFRP5
dd Smed v6 7173 0 dd Smed v6 5378 0 NA SMESG000012014.1 (PPP3CA) PPP3CB PPP3CA
dd Smed v6 5531 0 (axinB) dd Smed v6 5818 0 SMESG000025925.1 SMESG000025925.1 AXIN2 AXIN1
dd Smed v6 10098 0 dd Smed v6 3221 0 SMESG000013958.1 SMESG000049234.1 (PLCB4) PLCB1 PLCB4
dd Smed v6 10098 0 dd Smed v6 7210 0 (fz-4-4) SMESG000013958.1 SMESG000014322.1 (FZD4) PLCB1 FZD4
dd Smed v6 10098 0 dd Smed v6 4244 0 SMESG000013958.1 SMESG000039854.1 (PRKCA) PLCB1 PRKCA
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Suppl. Table 6: Predicted target genes for soxB1-2 (dd Smed v6 8104 0 ) in the computed gene co-expression
network shown to be differentially expressed in Ross et al. 2018. When a target gene was predicted in both
experiments (”2018 Rajewsky Cell Atlas” and ”2018 Reddien Cell Atlas”), the score column corresponds to the
mean score of both predictions as reported by GRNBoost.

Target Contig Target name Predicted in Score
dd Smed v6 9977 0 pkd2l-2 Both 316.381
dd Smed v6 716 0 – Both 292.228
dd Smed v6 10282 0 syne1 Both 206.841
dd Smed v6 3175 0 tetraspanin homolog Both 203.112
dd Smed v6 7815 0 ftcd Both 194.429
dd Smed v6 13327 0 pkd2-4 Both 176.652
dd Smed v6 12955 0 pkd2-1 2018 Rajewsky Cell Atlas 99.540
dd Smed v6 3331 0 – 2018 Rajewsky Cell Atlas 89.740
dd Smed v6 10911 0 zfp940 2018 Rajewsky Cell Atlas 83.010
dd Smed v6 9135 0 tlcd1 2018 Rajewsky Cell Atlas 75.098
dd Smed v6 7064 0 – 2018 Rajewsky Cell Atlas 68.534
dd Smed v6 21965 0 semal 2018 Reddien Cell Atlas 464.168
dd Smed v6 12811 0 stum 2018 Reddien Cell Atlas 350.143
dd Smed v6 3220 0 – 2018 Reddien Cell Atlas 330.581
dd Smed v6 3843 0 – 2018 Reddien Cell Atlas 329.732
dd Smed v6 3680 0 ttpal homolog 2018 Reddien Cell Atlas 319.375
dd Smed v6 3895 0 – 2018 Reddien Cell Atlas 313.629
dd Smed v6 7903 0 centrin-1 2018 Reddien Cell Atlas 309.129
dd Smed v6 5307 0 cyp1a1 homolog 2018 Reddien Cell Atlas 300.328
dd Smed v6 116 0 dynll2 2018 Reddien Cell Atlas 292.844
dd Smed v6 14226 0 eml-1 2018 Reddien Cell Atlas 291.754
dd Smed v6 5346 0 rsph4A 2018 Reddien Cell Atlas 287.853
dd Smed v6 10460 0 loxhd1 2018 Reddien Cell Atlas 287.246
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