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Abstract

We present Genomics to Notebook (g2nb), an environment that
combines the JupyterLab notebook system with widely-used bioinformatics
platforms. The analyses and visualizations within those platforms are
presented as cells in a notebook, making thousands of genomics methods
available within the notebook metaphor and allowing notebooks to contain
workflows utilizing multiple software packages on remote servers, all
without the need for programming.
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Background

The computational notebook has become the de facto medium for
much of data science and bioinformatics due to its accessibility and ease in
incorporating scientific exposition with executable code to form a reproducible
“research narrative.” Jupyter Notebook[1] and its successor JupyterLab[2] are
the preeminent platforms. However, there are well-established bioinformatics
analysis platforms, such as Galaxy[3] and GenePattern[4], that collectively
host thousands of tools on their own compute resources. A system that could
incorporate these platforms into the notebook metaphor would bring the
benefits of their tools to notebook users and would allow non-programming
scientists to author notebooks. We have released Genomics to Notebook
(g2nb), which builds on JupyterLab and our previous GenePattern Notebook
environment[5] to add access to multiple bioinformatics platforms and other
functionality through the components described below. While we focus on
functionality for the non-programmer, we note that all programmatic features
of JupyterLab are retained, making g2nb appealing to a wide range of users.

Results and Discussion

The g2nb environment incorporates multiple bioinformatics software
platforms within the notebook interface. A standard Jupyter notebook consists
of a sequence of cells, each of which can contain text or executable code. We
have added a new cell type that provides an interface within the notebook to
tools that are hosted on a remote Galaxy or GenePattern server. These new
analysis cells present a form-like interface that is similar to the web interfaces
of the original platforms, requiring only that an investigator provide the input
parameters and data (Figure. 1). When an analysis is launched, it is executed
on the specified remote server, with the job execution status displayed within
the cell. When the job completes, links to the result files are presented in the
notebook cell and can be used easily as input to further analyses (Figure. S1).
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Thus, to the user, the entire analysis workflow appears to run
seamlessly within the notebook.

The g2nb environment provides capabilities for
interactively visualizing various genomics datatypes by
including the JavaScript versions of Cytoscape[6] and
IGV[7], as well as standard heatmap, dendrogram, and other
plots provided in GenePattern and Galaxy. Visualizations
appear within notebook cells and also can be launched in
independent windows if more space is required.

To facilitate the seamless flow of data into a notebook
and through notebook cells, the g2nb environment provides
several new JupyterLab enhancements. These include: panels
providing Galaxy histories and GenePattern result files,
allowing users to easily reuse files from previous analyses; the
ability to display a list of all analyses in a notebook that can
receive a particular result file as input; and running a sequence
of cells as an end-to-end workflow, including cells that launch
jobs outside the notebook on Galaxy or GenePattern servers.
Because links to results within analysis cells reference files
on remote Galaxy or GenePattern servers, any necessary
data transfers are handled automatically. A number of these
features are illustrated in Fig 2. We have also incorporated
the Globus[8] file transfer protocol into the g2nb interface,
allowing users to robustly transfer files of any size between
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the g2nb workspace and any Globus endpoint, including the
user’s local storage. For programmers, we have implemented
features to facilitate transfer between Python objects and
Galaxy and GenePattern jobs. In a g2nb notebook, a Python
variable can be provided as an input parameter to Galaxy and
GenePattern analyses. The g2nb environment will evaluate
the variable and pass its value to the analysis. Additionally,
rather than having to download result files and read them into
Python objects, users can automatically load the contents of
a result file directly into a Python variable or, for array-type
data, into a Pandas dataframe.

The g2nb environment provides a User Interface Builder
(Figure. S3) that allows notebook developers to present
Python code cells in a more user-friendly format. Notebooks
frequently include cells with large blocks of code that require
no interaction other than being run by the user, or for the
user to provide a small number of inputs. The User Interface
Builder allows authors to create a web form interface to a
cell, exposing only those parameters they wish users to enter.
Notebook authors can specify data inputs, text or numeric
entry or dropdown lists, and can tailor the interface in many
ways to the specifics of their code. The underlying code is
always available via a toggle button.

We provide a freely available online workspace, g2nb.
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Figure 1: g2nb user interface showing a Galaxy analysis cell. A tools panel (a) provides tabs that display all available analysis tools, Galaxy
histories, files, and other data. In this example, the analysis tools tab is selected and the user (b) searches for the STAR sequence alignment
tool. Tools with STAR in their name or description are displayed for the two servers currently connected: (c) the Galaxy Main server and (d)
the GenePattern cloud server. (e) A Galaxy analysis cell shows the interface to the STARsolo tool on Galaxy Main after it has been selected by
the g2nb user. Input files are selected as they would in the original platforms. Figures. S1 — S2 show IGV and Cytoscape in their g2nb analysis

cell formats.
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Figure 2: Features for working with result files. A g2nb notebook is displayed containing three GenePattern cells. The result file from the
ssGSEA analysis (a) displays a context menu when clicked, showing (b) standard options for displaying and downloading the file, as well as
for automatically loading the file’s contents into a Pandas dataframe (this option is available for files containing data in an array format) and
a Python variable (Send to Code). The menu also presents a list of the analysis cells currently in the notebook that can accept that file as an
input (c). Here, the results of ssGSEA can be used as input to the HierarchicalClustering analysis cell or the HeatMapViewer visualization cell.
When one of these is selected, the file appears as the input of the corresponding analysis. In each case (b-c), the result data is automatically
downloaded and transferred to the appropriate destination, providing a seamless user experience. Similar functionality is available in Galaxy
analysis cells, where users can choose a file from their currently selected history and send it to another Galaxy or GenePattern cell in the

notebook.

org, where investigators can create and run notebooks,
share them with collaborators, and publish them for general
use. The workspace includes several components to help
scientists use the environment: a growing library of g2nb
notebooks that implement common analysis workflows that
investigators can copy and use as templates for their own
research. Notebooks in the collection currently support
several ‘omics modalities. Single-cell analysis, including
preprocessing, clustering, cluster harmonization, pseudotime
trajectory analysis, and RNA velocity analysis, are available
via notebooks that incorporate the Seurat[9], Conos[10],
STREAM][11], and scVelo[12] tools; a number of gene set
enrichment analysis modalities including “classic” two-
phenotype GSEA[13], single-sample GSEA[14]; workflows
for ATAC-seq and proteogenomics analyses, and general
machine learning methods for clustering, classification, and
dimension reduction.

To address the frequent problem of notebooks having
incompatible dependencies, g2nb provides project spaces.
Each project space provides a separate context that contains

its own notebooks, packages, libraries, and files. Investigators
can share projects with collaborators and publish projects on
the g2nb workspace.

Software Architecture

The g2nb functionality is implemented as extensions on
the JupyterLab code base. The server runs in a JupyterHub
instance encapsulated in a Docker container. For Galaxy
and GenePattern, we developed extensions that (1) provide
login and credential authorization to running servers; (2)
query a server to determine its available analyses and their
parameters; (3) render analyses within notebook cells, in a
user interface that closely resembles the server-based version;
(4) allows a user to launch analyses on a server and monitor
its progress; (5) provide links to download result files or pass
them to downstream notebook cells.

For the visualization tools, g2nb takes advantage of
functionality provided by those projects to run within the
JupyterLab environment. The Cytoscape project has released
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CylJupyter (https://github.com/cytoscape/cytoscape-jupyter-
widget), a visualizer that supports a growing subset of the
capabilities of the standard desktop Cytoscape application.
The developers of the Integrative Genomics Viewer (IGV)
have released igv-notebook (https://github.com/igvteam/igv-
notebook), which packages the igv.js (https://github.com/
igvteam/igv.js) JavaScript IGV browser for use in notebook
environments. While these tools typically require Python
knowledge to install and run in the notebook environment,
g2nb makes them available as launchable tools within its tool
panel (Figures. S1, S2).

The g2nb workspace runs as a JupyterHub server
encapsulated in a Docker container. Anyone can run their
own workspace instance simply by starting up the container
via its associated bash startup script and passing in parameters
as needed. The public g2nb workspace runs on AWS and is
configured to launch new user containers on compute nodes
in an AWS auto scaling group, networked through Docker
Swarm and the JupyterHub SwarmSpawner plugin.

We extended JupyterHub to support the concept of
notebook projects, which each get their own environment and
directory on the file system. This is handled by our projects
plugin, which integrates into the JupyterHub services API.
It consists of a lightweight web service using tornado and
making calls to the database via sqlalchemy.

Workspace authentication integrates with GenePattern,
Google and Globus, and supports guest accounts as well.
This multi-modal authentication is managed by our custom
multiauthenticator plugin for JupyterHub, which then
delegates to pre-existing JupyterHub authenticator plugins,
such as those for Google and Globus. The GenePattern and
Guest authenticator plugins we've custom implemented as
well.

Conclusion

While several projects have attempted to combine
notebook systems with bioinformatics platforms, g2nb
is novel in that it incorporates multiple platforms within
the JupyterLab interface, with functionality to seamlessly
transfer data between tools and to interweave data between
analysis platforms and notebook code cells. The Galaxy
project previously integrated Jupyter as a tool within its
web interface [15]. In this approach Jupyter notebooks are
launched within the Galaxy interface. The g2nb environment
is a complementary approach in which Galaxy tools are
launched within the notebook interface. Many other tools
and resources provide packages that allow them to be used
in a Jupyter-based environment, but these are generally code
libraries that do not make use of the notebook’s features
beyond their use in code cells.
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Code Availability

The g2nb platform is available for use at g2nb.org. For
those who wish to run or host the g2nb environment on a local
system, it is available as the g2nb/lab and g2nb/workspace
Docker containers at hub.docker.com. The source code for
the g2nb architecture is available at github.com/g2nb under a
BSD-style open source license.
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Figure S1: IGV in g2nb. To insert an IGV cell into a g2nb notebook, a user (a) selects the Integrative Genomics Viewer tool in the toolbar.
After the user specifies the input data, (b) the IGV viewer is displayed as a notebook cell, with all of IGV’s interactive capabilities, including
zooming, panning, multi-locus view, searching by gene name or genomic locus, etc. Here IGV is displaying aligned reads from whole genome

sequencing, with the view zoomed in to gene GSTT1. The green color represents mismatches between the data and the reference genome,
clearly indicating a SNP in the sequenced sample.
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Figure S2: Cytoscape interface in g2nb. The g2nb environment uses the JavaScript-based Cy-JupyterLab package to implement a subset
of available Cytoscape functionality. The user (a) selects the Cytoscape tool in the toolbar. After the user specifies the input data, the Cy-
JupyterLab interface (b) is displayed as a notebook cell, with capabilities including zooming, panning, manipulation of nodes, and other
functionality as described in the GitHub repository at https://github.com/cytoscape/cy-jupyterlab. Here the Cytoscape tool is displaying the

MTOR signaling pathway as retrieved from the NDEx[18] resource (https://www.ndexbio.org/viewer/networks/34540ca5-1e5f-11e8-b939-
Oac135e8bacf)
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Figure S34: User Interface Builder. The User Interface Builder (UI Builder) provides a highly customizable interface to Python functions,
allowing notebook authors to present a clean form-like interface that exposes only the parameters that the user needs to input. Below, an
example shows a code cell containing (a) a Python decorator that allows the notebook author to specify the appearance of the UI Builder cell,
including which input parameters of the function are displayed, the type of parameter (text, file, drop-down list, etc.), parameter descriptions,
and many other details. The use of a Python decorator allows the actual Python function (b) to be used without modification. When the code
cell is executed, it is replaced by the user interface specified in the Python decorator as an input form (c). Here, the code cell requests a file of
eigenvalues that will be displayed as a graph of variance explained as part of a notebook that computes and visualizes principal components of a
dataset. The code can be shown or hidden by clicking the gear icon in (¢) and choosing Toggle Code View. Updates to the code are automatically
incorporated into the UI Builder display when the code cell is executed. Complete documentation is available at https://docs.g2nb.org/en/latest/
programmatic/#ui-builder, and a UI Builder tutorial notebook is available at https://workspace.g2nb.org/hub/preview?id=37.
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