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Abstract—This paper addresses the gap between the practice
of biological science and biology education as it pertains to data
science and quantitative literacy, and the role that educational
gateways can play in closing that gap. We discuss general
opportunities and challenges for educational gateways, including
those specific to bringing data science to the undergraduate
classroom. We then introduce a free open-source web application
currently under active development called Serenity, which is
being designed to address these opportunities and challenges.
Serenity will be deployed on the education gateway QUBES
(Quantitative Undergraduate Biology Education and Synthesis,
https://qubeshub.org).

Index Terms—data science, education, biology, quantitative
biology, software, R

I. INTRODUCTION

Data science, and more broadly data literacy, are becom-
ing an ever more important set of concepts and skills for
participation in the technical workforce [1]. At QUBES we
provide a virtual center and education gateway that brings
together faculty with the goal of sharing resources and fos-
tering community around strengthening quantitative biology
instruction [2], [3]. There is a growing gap between the ways
that knowledge are being generated in biological disciplines
and the ways that students are being taught [4]. The infusion
of data science across biology (e.g. in bioinformatics, ecology,
epidemiology, and cell biology) makes the integration of
data science skills throughout undergraduate biology education
essential in order to prepare the next generation of researchers,
the technical workforce, and an informed citizenry.

There are many challenges to faculty bringing quantitation
and computation into the biology curriculum. Modern biology
is inherently interdisciplinary by nature, requiring knowledge
of nearly all of the other disciplines, including chemistry,
physics, mathematics, computer science, and even social sci-
ence. Many faculty have little interdisciplinary research ex-
perience and particularly lack experience with mathematics
and programming. Modern biological research and participa-
tion in the technical workforce requires experience working
with computational tools to collect, manage, access, analyze,
visualize and share data. Faculty need opportunities to develop
their own skills and confidence with data science principles
and tools in order to be effective, confident teachers of 21st
Century biology. They also need open educational resources
that they can modify and customize for their own teaching
setting and student audience. Finally, they need help using

modern data science practices such as version control, re-
producible workflows, and working effectively with metadata
to both organize their teaching materials and teach students
effective data management practices [5].

For software, the programming languages R and Python
are at the top as preferred languages for data scientists [6],
[7], with R in particular being used extensively in biological
research [8]. While teaching biology students the R program-
ming language has benefits in terms of future employabil-
ity and growth in algorithmic thinking abilities, it can be
extremely challenging to incorporate into an existing course
– learning programming becomes another possible area for
cognitive overload!

This paper contains a discussion around the general chal-
lenges and opportunities for educational gateways, with a
specific focus on how educational gateways can be used
to further data literacy in the biological sciences. We will
then highlight QUBES computational tools and how they
can be used in the undergraduate classroom, focusing on a
new program in active development called Serenity [9] that
addresses some of the pitfalls of teaching data science using
R in the classroom.

II. OPPORTUNITIES AND CHALLENGES FOR
EDUCATIONAL GATEWAYS

Scientific gateways targeted to educational audiences face
unique challenges. These challenges are driven by three broad
features of their use that are particular to the educational
context. First, there is the challenge of addressing two dis-
tinct audiences – faculty and students. The gateway must be
accessible and functional for faculty to develop and deliver
their educational modules, and must provide different access
points for students as consumers of class related content and
tools. Secondly, unlike gateways that are used by researchers
who use the gateway to advance their research, educational
gateways have extra pressure to be user-friendly as the breadth
of material and content covered in a course means faculty and
student users do not have as much time to invest in learning
a gateway tool and interface. Thirdly, while data science and
data literacy are quickly becoming an ever more important
aspect of many jobs and careers, they are underdeveloped
in many undergraduate educational programs and settings. In
particular, the goal of providing data scientists’ resources to
non-specialists means that there needs to be significant support
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(both from experts and peers) that help faculty and students
be successful with these data science concepts and tools. This
third point is the main focus of this paper, where we address
data science challenges and possible solutions for educational
gateways.

Overarching all of these challenges are several cultural shifts
in faculty practice. Teachers tend to work in isolation on their
teaching and may feel threatened by public scrutiny of their
teaching scholarship. Furthermore, the recognition of teaching
scholarship in hiring, tenure, and promotion contexts is not
well developed and varies considerably across educational
contexts. Finally, customization of materials for use in par-
ticular course contexts make it very difficult to simply adopt
existing modules, as adaptations based on the course level,
student populations and goals of the course are almost always
necessary. In order to address these challenges of developing
a useful educational gateway, the QUBES project has adopted
a series of design principles.

• Faculty Mentoring Networks as a professional develop-
ment model. QUBES Faculty Mentoring Networks are an
explicit way to engage faculty in professional develop-
ment.

• Open Education Resources as a scholarly publication
model. The QUBES publication model captures scholarly
work so that faculty get credit for their efforts.

• Metrics of scholarly impact as a recognition model.
QUBES has begun to implement tracking systems that
capture the impact of faculty products and practices.

III. OPPORTUNITIES AND CHALLENGES FOR DATA
SCIENCE EDUCATION

When dealing with data science education, certain chal-
lenges become especially noticeable. The QUBES agenda
of integrating data science and data literacy learning out-
comes across the biology curriculum requires that many non-
specialists will be teaching ideas and using tools that they have
limited experience with and which may be well outside of their
professional scientific training. This is exacerbated particularly
in large or multi-section courses that require significant coordi-
nation and smooth logistics, making faculty hesitant to try new
things. This is where QUBES Faculty Mentoring Networks
play an important role in supporting faculty in their adoption of
new skills and resources into their classrooms – incorporating
data science into faculty courses is a topic of constant attention
in our Faculty Mentoring Networks.

Education research and policy has shown there are many
pedagogical opportunities afforded by using real scientific
data and analysis tools alongside of more active learning
strategies [10], [11]. The opportunity to engage students in
realistic scientific practices implies that they are taking more
ownership of their learning which might include identifying
which questions to address and how to structure their analysis
to address those questions. This “open inquiry” approach re-
quires significant changes in teaching practices and classroom
organization which may not be easy for many faculty.

Access to computational resources, particularly in the class-
room setting, is highly variable not just between institutions
but also across students. The ability to use high-quality free
web-based applications, where the computational effort is off-
loaded onto a server, helps to address this challenge. There
are few software packages in data science, however, that fill
this need. While Jupyter Notebooks and RStudio Notebooks
are both free and web-based [12]–[14], student’s need to
know scripting/programming in order to fully utilize them
for data science, which is yet another skill to be learned
in an already cramped interdisciplinary biology curriculum.
How can we get student’s manipulating and analyzing data as
fast as possible while at the same time creating a scaffold to
scripting skills? Scripting skills, especially through the use of
software that implements literate programming [15], such as
Jupyter and RStudio Notebooks, are becoming increasingly
more important for reproducibility and communication in
science.

Some of the most impactful science education software is
able to focus students’ attention on the meaningful disciplinary
work while minimizing the technical overhead required to do
that work. For example, data science tools that make it easy
for students to explore relationships between variables and
think about the different ways that those relationships might
be displayed and characterized can help students experience,
and more deeply understand, the importance of this kind of
disciplinary reasoning. The well designed learning tool min-
imizes the procedural aspects of generating the comparisons
and exploring the data and foregrounds the opportunities to
build an intuition for, and develop insights into, how this type
of work constitutes scientific reasoning. All of this points to
the need for a streamlined and intuitive user-experience.

There are a variety of factors that can reduce the educational
effectiveness of software. Many statistical software packages
do not have undergraduates as a target audience. Many times
this leads to the use of a “full featured research tool” which
often comes with the baggage of requiring that students engage
with the tool in a scripted way. This cognitive overload asso-
ciated with learning the interface can displace attention away
from the disciplinary reasoning that was the intended learning
outcome. One consequence of this is lessons making the
mistake of removing the opportunity for disciplinary reasoning
by being overly directive and “demonstrating” the learning
outcomes with prescribed examples. While there can be value
in showing students how to step through an analysis, this is
generally more closely tied to tool learning outcomes than the
development of disciplinary reasoning skills.

IV. CASE STUDY – SERENITY: A BRIDGE TO DATA
SCIENCE

To address some of the cognitive overload issues associated
with the introduction of data science skills and programming
into a biology curriculum, many people have turned to inter-
active journals and reports using Jupyter and R Notebooks.
While this addresses some issues by embedding code, results
and plots within the exposition and biological context, it still



fails to address the challenge of teaching data science prin-
ciples and R programming syntax simultaneously to biology
students. Ideally, students would be able to work with data
as quickly as possible while also using interactive notebooks
to capture their workflow for reproducibility, learning R pro-
gramming as they go.

In an attempt at attain this ideal, we are developing
Serenity, a free open-source web application using the R
Shiny framework [16]. Serenity will act as a bridge be-
tween point-and-click graphical user interfaces (GUI) and
R scripting/programming and is being designed specifically
for undergraduate educational use. While there are a few
existing “R GUIs” (e.g. [17]–[19]), they do not address all of
the issues mentioned previously, with many no longer under
active development. What follows is a nonexhaustive list of
functionalities and goals for Serenity.

1) Highly-accessible as a free, open-source web applica-
tion. Serenity will be programmed using R Shiny, a web
application framework for R. Creating a web application
lowers the software installation and management burden
for classroom use, including cross-platform compatibil-
ity. Students do not necessarily have computers powerful
enough for modern data science workflows - R Shiny
creates web applications which do most of the compu-
tations server-side.

2) User-interface will be designed to keep the focus on the
data and the data life cycle. Many datasets given to
students have already been cleaned and manipulated.
Serenity will be designed to allow students to learn
about messy data, how to clean it and manipulate it,
and how to choose the right form of the data for the
right visualization and analysis. This includes explicitly
making the distinction between data exploration and data
communication.

3) Communication and reporting will be streamlined. Re-
ports will be integrated into the design using RMark-
down [20]. Besides giving the student the opportunity
to communicate their data findings in the context of the
scientific problem, this also opens up the door for faculty
to scaffold tasks within a template report.

4) Reports of results will include workflows that can be
reproduced or repurposed All actions performed via
the graphical user interface will export correspond-
ing code. Having a graphical user interface that ex-
ports corresponding code is key to bridging the gap
for students between easy-to-use entry-level interfaces,
which are constricted and non-reproducible, to literate
programming through RMarkdown reports, which are
unconstricted and reproducible [15], [20].

5) Workflows will follow best practices in data science.
In many communities, including the R community, best
practices around data science are quickly taking shape
[21]. Exported code will utilize many of the packages
in the tidyverse [22], including the data pipe [23], tidyr
[24] and dplyr [25]. Exporting of R base code will also

be an option for students learning base R.
6) Serenity will allow for simultaneous exploration of mul-

tiple representations of data. There are a large col-
lection of data visualization packages, many of which
are interactive, that will be integrated into Serenity,
including ggplot utilizing the grammar of graphics [26],
Leaflet for spatial data [27], and Dygraphs for time series
data [28]. Multiple interactive plots will also be linked
where possible using the Crosstalk package, allowing
for selecting and filtering of data in one plot to change
the view to that subsetted data in another plot, thereby
allowing for integrated data exploration [29].

7) Students will have multiple formats for communication
and dissemination. Data dashboards are an effective
way to summarize and communicate results from a data
exploration. Data dashboards will be implemented using
the RMarkdown flexdashboard package, which includes
a storyboard template suited well for classroom use
[20], [30]. This is in addition to the RMarkdown reports
discussed above.

8) Multiple modes of data import will be implemented.
Data, especially messy data, come in many formats
and from many locations. Besides important data from
common formats, such as CSV and Excel, Serenity
will include direct access to common biology databases,
direct import from Google Sheets, and API connections
for citizen science websites (e.g. iNaturalist [31] and
eBird [32]). Serenity will also include the ability to
launch students directly into an analysis space with
preloaded data and exercises, which will be especially
useful to instructors looking to reduce file management
burdens.

9) Serenity will integrate with built-in learning manage-
ment systems. Directly integrating classroom modules
and exercises utilizing Serenity into a learning manage-
ment system allows for streamlined assignment manage-
ment for faculty. In particular, planned implementation
will allow faculty to push a template report, with corre-
sponding data, to all students accounts, and then to pull
the results back to the instructors account for grading.
This functionality is inspired by this same current ability
in CoCalc [33], and will be implemented in the existing
learning management system on QUBES.

10) Serenity will link computational modeling with analysis
of the resulting data. Many biology education reports
also stress the importance of teaching students skills in
mathematical modeling and computer simulation [10],
[34], [35]. The results from many of these simulations,
especially those having stochastic elements, consist of
parameter sweeps with random variables measuring
global state - for example, through the use of Behav-
iorSpace in NetLogo, an agent-based simulator [36]. In-
tegrating the data results from simulations with Serenity
allows for seamless analysis of the results.



V. CONCLUSION

The many ambitious goals listed above, and the mission we
have put forth, stem from a vision of giving students the ability
to take part in some of the modern activities occurring in data
science as early as possible in the curriculum. Serenity is part
of this vision of integrating the data management, analysis,
and modeling tasks within a scientific computing platform
where students can participate in other aspects of doing and
learning science, like presenting “virtual” posters, peer review
of findings, sharing of resources, or building a class wiki. With
Serenity hosted on QUBES, we will give students and faculty
the ability to share their resulting reports, thereby supporting
an open source assignment ecosystem that will help faculty
and students learn from each other and try new things.

To follow development of Serenity, contribute, or ask
a question, please visit the project at https://github.com/
serenity-r/serenity.
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