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ABSTRACT

Advancements in computation and machine learning have revolutionized science, enabling
researchers to address once insurmountable challenges. Bioinformatics, a field that heavily
relies on computer-driven analysis of biological data, has greatly benefited from these devel-
opments. However, traditional bioinformatics instruction frequently lacks the necessary cod-
ing skills. This article explores the transformation of a bioinformatics course in which
feedback from students revealed limitations in traditional web application interfaces and the
absence of coding automated pipelines for real-world applications. To address these short-
comings, the authors redesigned the project to incorporate computer programming using
Google Colaboratory, where students access databases and websites by coding. The curricu-
lum outlined the integration of modern programming skills with essential bioinformatics
concepts. This article evaluates the effectiveness of this redesign by analyzing a self-
response survey completed by course participants. Results show a positive impact on stu-
dents’ perception of science and scientific research. Bayesian statistical analysis reveals that
the programming component significantly predicts students’ career clarity in science and
their pursuit of graduate education. Integrating coding exercises in bioinformatics education
enhances students’ preparedness for real-world applications. The freely available GitHub
repository will facilitate adoption. By embracing computational tools, students can become
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adept researchers capable of tackling complex biological questions.

Introduction

Recent advances in computation and machine learn-
ing have revolutionized many scientific disciplines.
From simulating complex physical phenomena to
identifying patterns in large data, computers have
enabled scientists to tackle scientific challenges that
were previously out of reach. With their speed, accur-
acy, and ability to handle massive amounts of data,
computers have become indispensable tools for scien-
tists in virtually every field of study. This is particu-
larly true in bioinformatics, which uses computers to
collect and analyze biological data such as genomic
and proteomic sequences. Traditional bioinformatics
instruction focuses on learning to navigate the data-
bases directly on the website and interacting with
developed visualizations. While these web applications
are useful, this instruction is no longer sufficient for
academic or industrial careers. To contribute and be a
productive member of this field requires researchers

to develop new applications, to combine new datasets,
to create new analytical techniques, all using com-
puters. In short, anyone seeking to survive and adapt
in this new environment must get started in coding
(Craig et al., 2022; Nash et al., 2022).

This need was exposed in the summer of 2021,
when we implemented the following project for an
online (BIOL3XX level) genetics course at Lasell
University: ‘Studying the Genetic Basis of Disease
Using Web-Based Bioinformatics Tools’ (Bednarski
et al,, n.d.,; Bednarski et al., 2005). This project (which
we will refer to as Project 1.0) led students through
their own research projects, investigating the role of
specific proteins in genetic diseases. While accessing
databases using their web application interface was
informative and useful, student feedback indicated
that software compatibility was an issue. Furthermore,
many of the analyses required manual manipulation
of the data rather than coding automated pipelines
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required in real-world applications. These issues were
similarly encountered in the Summer offering of the
course, prompting us to rectify the shortcomings in
the subsequent offering of Genetics.

With permission from the authors above, we have
redesigned the project to have students access the
databases and websites using computer programming
in Google Colaboratory through a series of Notebooks
with coding exercises. Google Colaboratory is a cod-
ing environment that allows users to combine Python
code, text and images in a single document (Bisong,
2019). This coding environment is notebook-based,
allowing for the program to be implemented and run
with the results and text descriptions functioning as
an organized report. This resulting project (which we
refer to as Project 2.0) yielded a sequence of lectures
and associated notebooks that emphasize teaching
modern programming skills as applied to important
concepts and problems. Table 1
presents the curriculum outline utilized during the
Spring 2022 implementation of the course.

In this work, we analyze the efficacy of the rede-
signed course using a self-response survey completed

bioinformatics

by the participants of the full-course offering. We also
used Bayesian statistical methods to compare student
attitudes about science careers in this setting versus a
traditional instruction approach. The remainder of
this article describes the specific aspects of the course,
along with a detailed statistical analysis of the survey.
The notebooks prepared for this project redesign, are

freely available online as a GitHub repository: (https://
github.com/gencode-png/Genetics_Project_Collaborative)
and can be offered over the course of a semester or
incorporated individually as part of an existing course.

Materials and Methods

Project 2.0 was designed to correspond to a dry-lab
format; instructions and notebooks were prepared
ahead of time and provided to the student at the
beginning of class. Learning was intended to be a
hands-on experience, while the instructor was avail-
able to answer questions, students were expected to
learn by trial and error as they followed the previ-
ously-mentioned notebooks which they downloaded
from Google Drive. All notebooks were prepared with
code and text to incorporate both coding exercises
and instructions. For coding exercises, students were
required to fill in missing information in the code
and/or generate their own code. This structure is
similar to other programming-based classes, such as a
recently-developed applied mathematics course series
(Humpherys & McQuarrie, n.d.), where the authors
used text to describe instructions and steps to com-
plete the exercises. Additionally, students could collect
information they obtained on each step by answering
questions within each Notebook and later submit the
notebooks as their work for each laboratory session.
Canvas was used for course management and the
Google Colab assignments could be directly submitted
through Canvas.

Table 1. Curriculum outline utilized during the Spring 2022 implementation of the Genetics Lab course.

Week Topic/Exercise Due
1 No lab sessions scheduled the first week of class
2 Choosing a Project Topic
Notebook #1: Colab Programming Tutorial
Take home: Notebook #2: Introduction to your Project & Reading Questions #1
3 NCBI Website Exploration and Practice (or Demonstration) Notebook #1
ExPASy Website Exploration and Practice (or Demonstration) Notebook #2
Notebook #3: NCBI (National Center for Biotechnology Information) Gene and ExPASy Colab
Take Home: Prepare a Poster Template
4 NCBI BLAST and MSA Websites Exploration and Practice (or Demonstration) Notebook #3
Notebook #4: NCBI BLAST and MSA (Multiple Sequence Analysis) Colab Poster Template
5 Review on amino acids and protein structure Notebook #4
Notebook #5: Reading Questions #2
PyMOL/Py3Dmol Demonstration and Practice Exercise
6 Catch up and Revise past work (can schedule Zoom call with instructor) Notebook #5
7 Notebook #6: 3D visualization and mutagenesis of protein Colab
8 No Lab Sessions - Spring Break Recess
9 OMIM Website Exploration and Practice Notebook #6
Notebook #7: OMIM (Online Mendelian Inheritance in Man) Colab
Take home: Poster Draft #1 with Introduction & Methods
10 KEGG Website Exploration and Practice Notebook #7
Notebook #8: KEGG (Kyoto Encyclopedia of Genes and Genomes) Colab Poster Draft #1
1 Work on Poster: Results, Figures & Discussion (Poster Draft #2) Notebook #8
12 Clarifying questions Poster Draft #2
Work on Poster: References & Acknowledgements
Practice Poster Presentations
13-14 Poster Presentations Final Poster

Final Assessment
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The first lesson (see Table 1) included a notebook
tutorial (Blondel, n.d.) for students to get familiar
with the Google Colaboratory environment. Time was
also taken during the first lab session for students to
save all notebooks and required files to their Google
Drive. Significant time was dedicated during the first
lab session to making sure all students had access to
the materials.

Google Colab for Reading Questions and
Assignment Submission

The original project included assigned readings and
worksheets to contextualize each topic. In Project 2.0
these were converted to Google Colaboratory and stu-
dents submitted these at specified times. At the end of
each lab session, students were asked to submit their
Notebooks via link sharing. This allowed for easy
access for grading and troubleshooting purposes.

Coding Exercises Included in the Notebooks

Translation of cDNA and Introduction to Python
Students, individually or in pairs, are assigned a
‘patient’” cDNA sequence coding for a mutated protein
that will be studied over the course of the semester. In
the first step the mutated amino acid sequence is trans-
lated and saved for future use. In the original project
the translation took place using bioinformatics.org’s
‘Translate’ suite (Stothard, 2000). However, in our
course the students used a modified version of a func-
tion by A. Ranjan (Amartya Ranjan Saikia, 2017) from
within Google Colab. The students were provided a par-
tially-completed function to convert sequences into
amino acids in class. They were then required to com-
plete the function to translate and save the sequence.
This also served as an introduction to Python syntax
along with standard programming concepts such as var-
iables, functional programming, flow control structures,
debugging, and coding environments.

Using NCBI Gene and ExPAsy/Uniprot to Obtain
Background Information on Gene of Interest and
Protein

In the original project students used the NCBI gene
(Brown et al, 2015) and ExPAsy/Uniprot databases
(Duvaud et al., 2021) to obtain information about the
gene of interest and the protein it encodes. In Project 2.0,
students performed the same searches within the Google
Colab environment by running code derived from code
by Rob Harbert (Rob Harbert, 2018) (Figure 1).
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For ExPAsy/Uniprot searches, code was modified
from various sources (Cock et al, 2009; Guex &
Peitsch, 1997; The UniProt Consortium, 2015). The
code in Project 2.0 provided students with opportuni-
ties to obtain accession numbers for their proteins,
descriptions, sequences (unmutated), comments and
features. Aside from obtaining the desired informa-
tion, the purpose of these exercises was for students
to practice basic skills in bioinformatics and machine
learning, such as web scraping (using computer pro-
gramming to extract data from a website), data
frames, IO, and data visualization. It also enabled
them to learn more about the contents of each
database.

NCBI BLAST and MSA Exercise

In the original project, students performed a BLAST
search to compare their mutated protein sequence
against the unmutated/original sequence of the pro-
tein (obtained from NCBI) and against homologous
proteins from other organisms. Performing BLAST
and later Multiple Sequence Alignment (MSA)
allowed students to find the mutated amino acid
within the protein sequence of their ‘patient’. In
Project 2.0 we sourced code from biopython.org to
perform the BLAST search within the Google Colab
environment and implemented the MSA viewer by
D. Farrell (Farrell, n.d.). In this notebook exercise,
students had the opportunity to practice retrieving
FASTA files from NCBI using computer program-
ming and to examine MSA results using an MSA
viewer.

3D Visualization of Protein and Mutagenesis

The coding version of this exercise was still under
development during this project and thus was offered
in two different ways during two lab periods. In the
first section of 3D visualization lab periods, students
were instructed and guided through the installation of
the PyMOL software (Schrodinger, LLC, 2015) and
performed various instructor-led exercises that
allowed students to explore the 3D structure of their
mutated protein and extract various images for their
final project. In the second session, students had the
opportunity to practice examining the 3D structure of
their protein within the Google environment. While a
limited exercise, the purpose of the Google Colab
notebook exercise was for students to explore how a
visualization exercise could be run using computer
programming. It provides a comparison of execution
of software commands using the guided user interface
to the coding environment. For the coding exercises,
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A [Biopython and Entrez search tools

Biopython is a big project from which we will use the submodule Entrez which provides tools for searching NCBI databases and the submodule
SeqlO for switching between sequence file types.

Take a look at the databases we can access

from Bic import Entrez

from Bio import SeqIO
Entrez.emails'younpesmail.com'
handle = Entrez.einfo()
record = Entrez.read(handle)
print(record["ObList"])

#9 [‘pubmed’, ‘protein’, ‘nuccore’, 'ipg', ‘nucleotide’, ‘nucgss’, 'nucest’, 'structure’, ‘sparcle’, 'genome’, ‘annotinfo’,
‘assembly’, ‘bioproject’, ‘biosample’, ‘blastdbinfo’, ‘books‘, ‘cdd’, ‘¢ var', ‘clone’, ‘gap‘, ‘gapplus’, ‘grasp’, ‘dbva

r', 'gene’, ‘gds', ‘geoprofiles’, 'homologe! , 'medgen’, ‘mesh’', ‘ncbisearch', ‘nlmcatalog’, * , ‘orgtrack’, ‘pmc‘, ‘po
pset', ‘probe’, 'proteinclusters’, ‘pcassay’, 'biosystems’, ‘pccompound’, ‘pcsubstance’, 'pubmedhealth', ‘seqannot’, ‘smp’,
*sra’, ‘taxoncmy', ‘biocollections’, ‘unigene’, ‘gencoll’, ‘gtr')

For the search string check on the NCBI website search first.

ew.nedi.nim.nih.gov/inucieotide.

Look at the search details box to the right after entering a search term.
Let’s put the next fow code chunks into a script that accepts a soarch string as sys.argv(0] and passes it to the Entrez.esearch function,
Tutorial:http://b hon.org/DIST/doc

piBio.Entrez-module.html

from Bio import Entrez
from Bio import Seql0
Entr

emails'younges

#search Genbank, returns o ion numbers (up to 100)
handlesEntrez.esearch(dba'nucleotide’, retmaxs3, terms"rbcl[All Fields)™, idtypes“acc™)
record = Entrez.read(handle)

print(handle)

#2 <_io.TextIOWrapper encoding='utf-8">

print(record)

B ~ Import the necessary packages from Biopython:

Entrez is a molecular biology database system that p integrated access to nucleotide and protein dats, g d and
genomic mapping information, 3D structure data, PubMed MEDLINE, and more. The system is produced by the National Center for
Biotechnology Information (NCBI) and is available via the Internet.

SeqlO provides a simple uniform interface to input and output assorted sequence file formats ( multiple i ), but

will only deal with sequences as SegRecord objects.
REF:

« https://vavwv.nebi.nlm.nih.gov/Web/Search/entrezfs html
« https://biopython.org/wiki/SeglQ

[ 1 from Bio import Entrez
from Kin dmpact Seqlo

4

Begin by obtaining the gene's identification number from the NCBI.

To make use of NCBI's E-utilities, NCBI requires you to specify your email address with each request. As an example, if your email address is
AN.Other@example.com, you can specify it as follows: from Bio import Entrez Entrez.email = 'A.N.Other@ com' In case of

usage of the E-utilities, NCBI will attempt to contact a user at the email address provided before blecking access to the E-utilities.
[ 1 ® Searching for the gene id in the database Gene

Entrez.cmail = "YOUR FMATL HERE®

# Write KRASsprotoroncogenes[homo sapiens(human)] in the space after ‘term'.

@ db - database, in this cas
query = Entrez.cscarch(db="4%%", term-'dud’)

we are using the Gene database. Write gene after db.

U Resding Lhe query
record = Entrez.read{query)

 Printing the 'IdList' from the record
record[ 'Idiist’]

# Searching the database for a given id (write the id in the space after 'id') and choose the human protein entry

4r ype - retrieval type, ‘gb’ - from GenBank, the KIH genetic sequence database
# retmode - retrieval mode, ‘text® - results will display in the form of plain text

query2 = Entrez.efetch(db ="s¥#", id="w#as', rettype='gb’', retmode=’text')

U Resding Lhe query snd prinling il
print (query2.read())

Figure 1. A. Code from Rob Harbert [10] in (A), incorporated into a Google Colab as a coding exercise. (B).

OMIM Database Search to Obtain Background on

we used Py3Dmol (Rego & Koes, 2015), The ProDy Diseases Related to the Protein

Project (Bakan et al., 2011, 2014; Zhang et al., 2021)
and PyMOL API code modified from Engelberger =~ As with many of the databases mentioned in this art-
et al. (Engelberger et al., 2021). icle, in the original project, students accessed OMIM



(omim.org) (Hamosh et al., 2005) and extracted infor-
mation about the disease related to their protein of
study. In Project 2.0, students used an R package by
D. Tang (David Tang, 2015) implemented in the
Google Colab environment. This notebook, as with
others, can be used year after year, however, yearly, a
key for API access to the OMIM database must be
requested at omim.org/api. The purpose of this exer-
cise was for students to use coding to extract informa-
tion about the disease related to their protein from
the OMIM database and apply skills learned in previ-
ous notebooks to explore abstracts of articles found in
this database. In addition, students got to practice
coding in R, another programming language.

KEGG Database Search to Obtain Information
about Molecular Pathways

In the original project, the KEGG database (genome.jp/
kegg/) (Kanehisa & Goto, 2000) was used mainly to
extract information and diagrams about the molecular
pathways or processes that involve the protein of
interest. In Project 2.0 the purpose remained the same
- to become familiar with molecular pathways, to
investigate the role of their protein of interest within
that particular pathway, and to hypothesize about the
ways in which a mutation within the protein might
affect its molecular pathway. However, implementing
this exercise in Google Colab is fairly limited since
the diagrams that are obtained using code are not
interactive like they are within the KEGG website.
Although there may not be an immediate benefit to
exclusively retrieving information from the KEGG data-
base for a single pathway, students who undertake this
exercise can acquire knowledge on how to navigate the
database for exploring larger datasets. The code used to
extract information from KEGG using computer pro-
gramming was adapted from the Bio.KEGG package
from BioPython (Cock et al, 2009). The ReportLab
Toolkit was employed for viewing the diagrams in pdf
form (Robinson & Becker, n.d.).

Curriculum

Table 1 describes the implementation of Project 2.0
over a full semester. Each lab session (a 3-hour
period) required completing one, or sometimes two,
Colab Notebooks and students worked on these in-
person, with instructor supervision to further clarify
instructions and help with coding errors.

Prior to each notebook exercise students were
briefly introduced to the websites they would be
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Coding errors:

Syntax errors or
incorrect output

Troubleshoot within Check database for
coding cell correct output

| | ‘
Reunicall Check Database for Troubles_hoot within
correct output coding cell
t Adjust code and t -
Re-run coding cell

Figure 2. Typical workflow for working through coding errors
in the classroom.

parsing using coding. We demonstrated the use of the
website with a simple query. Students usually went
directly to the website when coding errors arose
(Figure 2), which also exposed them to the traditional
use of the databases.

Some laboratory sessions were dedicated for stu-
dents to collect their data and prepare a poster with
their findings. We provided a short presentation on
how to present posters modified from Scientifica
(n.d.), and provided a poster template (available under
Supplementary Resources) which helped guide stu-
dents through the preparation of their own poster
(Figure 3). Students often referred to the template
during the poster preparation process. Students pre-
pared two drafts of the poster and submitted both for
feedback before submitting a final version for grading.
Students presented to their peers informally in the lab
and a total of 6 out of 15 students chose to present
their posters at the end-of-the-year University-wide
symposium (Lasell University, n.d.). Students who did
not present at the symposium, were given the opportun-
ity to gain extra credit by visiting their peer’s poster pre-
sentations and filling out a reflection questionnaire on
their poster-visiting experience. The project was well-
received within the Lasell community with positive feed-
back from Science faculty.

Results
Statistical Analysis of Student Assessment

During the final lab session students were asked to
answer a set of questions based on Grinnell College’s
Classroom Undergraduate Research Experience (CURE)
survey as a form of assessment (Lopatto, n.d.). 15 stu-
dents out of 20 in both class sections filled the ques-
tionnaire (See Supplementary Resources for questions



6 N. ORENCH-RIVERA ET AL.

Using bioinformatics tools in Google Colaboratory to investigate the

e . . . . SCHOOL
LOGO coppt role of ATP synthase 6 in mitochondrial disease LOGO
44ppt  Name Last Name"
32 ppt " Institution, Course (code)

METHODOLOGY

Translating the patient's cDNA sequence
How did you translate the cDNA sequence?

‘z*g PPYNTRODUCTION
ppt

Describe the protein and its link to disease
ATP synthase 6 is the protein that forms the
proton channel of ATP synthase. This protein is also
referred to as subunit c or subunit 6. This protein is

present as a homododecamer to form the channel,
also called the F, subunit. This protein is coded for
by a mitochondrial gene named MTATP6. Mutations
in this gene have been linked to a variety of
mitochondrial diseases.
Describe the type of disease the protein is
associated with

Mitochondrial genes are inherited by the
mother (by the mitochondria in her egg cell).
Mutations in mitochondrial DNA can be propagated

NCBI Gene
What is NCBI?

How did you obtain information about the gene?
What information did you obtain?

The gene

UniProt
What is UniProt?
How did you obtain information about the Protein?
What information did you obtain? 18 ppt

NCBI BLAST

Results area usually contains mostly figures
Analyzing patient cDNA

Provide the protein sequence as a figure with a

caption. Describe how you obtained it.

encodes for protein
Provide description of the gene. Specifically
information obtained from the NCBI Gene database.
Put the information on a table.

“Table 1: Tables (if you use them) are labeled at the

RESULTS DISCUSSION

Summarize your results in paragraph format.
You can use the same order that your result
sections have. If your result section has mostly
figures, in the discussion you explain those
Jigures in more detail.

18 ppt

Figure 1: Multiple Sequence Alignment of proteins
homologous to . Mutation in patient
shown in red rectangle.

Mutation is located in and
potentially affects
Include your structure images (PyMol or notebook).
Include descriptive captions for each image. What are

throughout the body and cause complex diseases
like Leigh Syndrome and Lebers Hereditary Optic
Neuropathy (LHON). These diseases are caused by
nerve and/or muscle damage that result from
decreased cellular metabolism and increased
apoptosis. The decrease in cellular metabolism and
increase in apoptosis can both be attributed to a
misfunctioning mitochondria,

Describe the objectives of the project and what
you found/results (briefly)

In this project, using various bioinformatic
tools, computer programming and visualization
software, | analyzed cDNA from a patient with a
leucine to arginine mutation at residue number 156
resulting from a T to G mutation at nucleotide
8993. Residue 156 is found in a hydrophobic region
of the proton channel, so the mutation to a charged
arginine residue is very unfavorable to the
quaternary structure and disrupts the subunit
interface. This mutation has been seen in patients
with Leigh Syndrome and is described in the OMIM
database.

What is NCBI BLAST?
Why did you use BLAST?
How did you run BLAST?

Multiple Sequence Analysis
What is Multiple Sequence Analysis? Why is it done?
How did you do Multiple Sequence Analysis?

3D Visualization of Protein Structure
What is PyMol and how did you use it?

What information did you obtain from PyMol?
How else did you obtain structural information?
(Colab)

How did you obtain information using Colab?

oMIM
What is OMIM? Why did you use it?

How did you access it?

What information was obtained from OMIM?

KEGG
What is KEGG? Why did you use it?

How did you access it?

What information was obtained from KEGG?

The protein isa (provide brief
description of function)

Describe the protein function.
Where is the protein found?
What reaction does it catalyze?
*Include images from PyMol of protein as a figure and
include a caption describing it (include how you
obtained it)

Patient protein contains a mutation in a
conserved area of the protein

Show image of multiple sequence alignment with
caption. Include how you obtained it (briefly) in the
caption. Modify the image so you list the organisms in
your alignment.
Make sure to identify the location of the mutation
within the multiple sequence analysis figure.

you showing?

Figure 2: Crystal structure of at
__(resolution with units). Obtained using PyMol.

Mutation is associated with
Generally describe information found at OMIM,

Protein plays a role in pathway
Describe information obtained from KEGG.
Include an image of the pathway, make sure you
show where your protein is located.

REFERENCES

Use APA or MLA citation format for your
references and include references for each of the
databases you used. Also include reference to the
PyMol software.

ACKNOWLEDGEMENTS

Here you thank anyone that you want to thank that
helped you complete this project. You might want to
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should also thank Dr April Bednarski who created
the original version of this Bioinformatics project.

Figure 3. Poster template provided to students.

included in the survey and answers provided by the stu-
dents). Among the 15 students, 4 were in their second
year, 8 were in their third year, and 3 were in their
fourth year. The students’ majors included Forensic
Science (6), Forensic Science/Biology (1), Applied
Forensic Science (2), Health Science (4), Health Science
with a Psychology Minor (1), and Biology (5), with one
student on the Pre-Med track. It is important to note
that at the beginning of the semester, the instructor
asked the students if any of them had prior program-
ming experience, and only one student mentioned hav-
ing done some programming in high school. Broadly
speaking, we can infer that most students had limited
or no coding experience before engaging in this lab.
From the survey, we observed an almost universal
experience gained in working individually (p-value =
0.007) and universal agreement that they can do well in
science courses (p-value = 0.001). Most students also
agreed that experiments confirm information studied in
class (p-value = 0.007) and only one student viewed
negative results as a failure (with several abstentions in
this question). The majority of students surveyed found
the course to be a good way to learn about the subject
matter (p-value = 0.001) and all indicated they will still
be able to use the thinking skills they learn in science
even if they forget the facts. Unfortunately, this course
did not eliminate the misconception that all theories are
equally valid with only 7 out of 15 students agreeing
and 3 in disagreement.

Due to the limited number of respondents, we
were unable to test a large number of statistical ques-
tions due to concerns associated with multiple
hypothesis testing (Sedgwick, 2014). As a result, we
limited ourselves to testing a single question; what
teaching methods, if any, were predictive of influenc-
ing career plans? To test this hypothesis, we predicted
the student response to career clarification using their
evaluations of a variety of instruction methods,
namely group work, reading literature, reading the
textbook, programming experience, peer critique, and
lecture.

We used logistic regression as a statistical model
(Christensen, 2011) combined with Bayesian inference
(Gelman et al.,, 2015) to reduce the noise in coefficient
estimates by incorporating prior information on the
coefficients in the form of a prior distribution. We
placed a t-distribution prior on the intercept term and
Gaussian priors on the coefficients centered at 0 with
variance 10. This corresponds to a weakly-informative
prior belief that the instruction methods have no
effect on career clarification, but allows for these
beliefs to be altered via moderate data observations.
The model was fit using the BRMS package in R
(Buirkner, 2018), which generates posterior samples
using Hamiltonian Monte Carlo, with further details
provided in the supplement (Biirkner, 2018). In our
methods, we used N(0,10) priors for all the coeffi-
cients. We ran four chains of Markov Chain Monte



Programming

|

Lecture
Peer Critique
Textbook

Scientific Literature

m

Pair Work

Intercept f B i i
=20 -10 0 10 20
Parameter value

J=F=c

Figure 4. The posterior means and 95% credible intervals of
the different instruction methods. The posterior mass for pro-
gramming experience is almost exclusively positive, indicating
a high probability of positive correlation and by extension stat-
istical significance. On the other hand, the probability mass of
textbook readings is on both sides of 0, so we have little evi-
dence of any effect.

Carlo (MCMC) sampling, generating 30,000 samples
for each chain, with a burn-in phase of 2,000 initial
samples and 4 chains. This approach ensures reliable
convergence and thorough exploration of the param-
eter space. We used the Gelman-Rubin statistic (Rhat)
values to evaluate the quality of mixing. Heuristically,
this measures the extent to which the chain is insensi-
tive to the starting point, suggesting stationarity.
Values close to 1 indicate a good fit while values sub-
stantially larger than 1 indicate poor sampling. All
Rhat values were below 1.001, showing solid conver-
gence and consistency across chains, a crucial aspect
for reliable inference in Bayesian analysis.

We then evaluated the significance of the instruc-
tion methods using the 95% credible interval of the
posterior (the Bayesian version of a confidence inter-
val, but with the more intuitive interpretation that
with 95% probability the parameter estimate lies
within the credible interval as opposed to a frequentist
interpretation of 95% of confidence intervals contain-
ing the true value). Significance was then evaluated by
determining whether the credible interval contained 0
(no effect). We found that the only instruction
method that had a significant impact on clarification
of career plans was programming experience (estimate
= 119,CI=[1.9,24.3] (Figure 4). While the credible
interval is large, further samples would allow for more
precise quantification of the effect. The remaining
instruction methods lacked any significance. In conclu-
sion, the project positively influenced the perception of
science and scientific research suggesting that program-
ming experience is absolutely critical in clarifying stu-
dent career paths in science and continuing with
graduate education, in comparison to traditional instruc-
tion methods such as group-work, lecture, and readings.
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Finally, we performed a rough sensitivity analysis to
evaluate the influence of our priors on the model by eval-
uating the results from using N(0,1) priors (highly
informative) and N(0,100) priors (nearly flat, no prior
information). We found that the highly informative prior
resulted in no significant coefficients, with all credible
intervals being approximately CI = (—1,2). This suggests
that the prior dominates the resulting posterior, which is
due to the limited sample size. Given that the prior is cen-
tered at 0, representing skepticism in parameter signifi-
cance, it is unsurprising that the resulting posterior
reflects this skepticism. On the other end of the spectrum,
we found that N(0,100) priors resulted in the terms for
reading CI = (—152.5,—3.3) and lecture CI = (1.1,119.1)
became significant in addition to the programming com-
ponent CI = (23.3,197.6). However, these excessively
large credible intervals indicate a lack of certainty in the
true parameter value stemming from the minimal
amount of prior information and near collinearity of the
covariates. Based on this analysis, we found that N(0,10)
priors provided a reasonable amount of skepticism and
regularization while allowing for the observations to
influence the posterior.

Conclusions

Overall, the project resulted in a valuable learning
experience for both the students and the instructor.
Students were largely satisfied with the course and
instruction; by the end students had a good grasp of
the purpose of bioinformatics, fundamental concepts
of programming and data analysis, and practical pro-
gramming experience. Furthermore, we found that the
coding aspect of the course was highly predictive of
career clarification, with half of the class expressing
interest in furthering their scientific education. Even
the students who were not interested in further learn-
ing found the course improved critical thinking and
problem-solving skills.

There are multiple straightforward extensions for
improving Project 2.0. First, we suggest ensuring that
students have access to all files and are working in
shareable Notebooks within their Google Drive at the
beginning of class. We found a substantial minority of
students did not make their working folder within
Google Drive shareable. This impeded the instructor
from accessing the files for grading. Second, students
should be instructed to download all files from
GitHub to prevent issues with file storage within
Google Drive. Third, during programming exercises
many students attempted to troubleshoot their own
code. This is inefficient and does not reflect the team-
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based aspect of modern bioinformatics. Pair program-
ming is a common programming strategy (Begel &
Nagappan, 2008), with one student observer reviewing
each line of code as the driver types. This is reminiscent
of a well-known and effective debugging strategy,
known as the rubber duck strategy (Hunt & Thomas,
2000). When a programmer encounters a difficult bug,
he or she explains the task out loud, line by line, to a
rubber duck (or another classmate). By the end of the
explanation both the error and solution are often appar-
ent. Furthermore, students should be encouraged to
search for solutions to error messages online. It is very
effective to troubleshoot many errors by submitting the
problem to comprehensive sites such as Stack Exchange
(stackexchange.com) or Stack Overflow (stackover-
flow.com), which are often suggested by Google Colab.
Self-diagnosis is a critical skill in any professional envir-
onment. Finally, poster presentations will be incorpo-
rated as mandatory final presentations of the student’s
projects, as oral and poster presentations are an integral
component of professional development.

We encourage other instructors to implement this
course and contact us with any issues encountered. The
Notebooks are all available to use freely at: https://github.
com/gencode-png/Genetics_Project_Collaborative.  The
notebooks can be used individually within existing lessons
and adapted to any Genetics or Biochemistry course.
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