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1 | INTRODUCTION

In the past decade, we have witnessed an explosive
advancement in genomic sequencing technology, leading to
an extensive reservoir of largely untapped sequencing data.
However, that valuable information has remained, in large
part, inaccessible due to biologists’ general lack of program-
ming expertise. While sequence analysis tools like The
Sequence Manipulation Suite' and BLAST” exist and have
proven to be extremely useful, the unmitigated size of data-
sets from whole genome sequencing has made using these
applications largely impossible for non-programmers. Until
recently, biologists have been limited by either their pro-
gramming capabilities or the availability of a computer sci-
entist to assist them, which results in an unnecessary
disconnect between biology and data. Therefore, the ability
of a biologist to learn and teach programming languages
persists as a critical roadblock with respect to unlocking
unique insights embedded in large sets of sequencing data.

The importance of traditional biologists being trained in a
number of computational biology skills has been highlighted
in several articles published by ourselves® and others.*® That
said, instructors teaching computational biology usually focus
their efforts on training students to utilize specialized existing
programs and entirely avoid instruction aimed at teaching
students how to code for themselves (and ultimately prevent-
ing them from developing new tools themselves).”® The
emergence of artificial intelligence (AI) resources such as
ChatGPT,” however, is beginning to circumvent the discon-
nect between biologists and the analysis of large genomic
datasets by enabling trained biologists to employ skill sets that
have been, until recently, almost exclusively constrained to
the field of computer science.

ChatGPT is a model created by OpenAl that provides a
detailed response to a written prompt of instructions given by
the user.'” Users are able to converse back and forth with a
human-like dialogue to understand difficult topics, compose
written works such as poems and essays, or various other
tasks."! Importantly, in addition to this, ChatGPT can also
apply text interpreters to write Python codes aimed at carrying
out tasks entered as dialogue by the user. This capability ren-
ders ChatGPT a strong tool for Python programming, particu-
larly in tasks related to data handling.'? In short, ChatGPT

beneficial in other disciplines. Additionally, ChatGPT can provide biological
researchers with powerful new tools capable of mediating NGS dataset analysis to

help accelerate major new advances in the field.

active learning, computational biology, computers in research and teaching, curriculum
design development and implementation, genomics proteomics bioinformatics, integration
of research into undergraduate teaching, original models for teaching and learning

can allow a user to successfully generate a unique, customized
executable code (or program) by simply describing to
ChatGPT what tasks they want a Python code to execute.
ChatGPT's ability to write a script for someone with no prior
experience with programming is quickly being recognized as a
potentially invaluable educational tool, particularly in STEM."

In this paper, we highlight the utility of ChatGPT in
equipping undergraduate and graduate-level students,
possessing little to no prior programming experience,
with the ability to write and execute fairly complex
Python programs. More specifically, our group of stu-
dents employed ChatGPT to generate Python scripts
designed to enable rapid analysis of large RNA sequenc-
ing datasets (>10GBs). The methodology described in this
work demonstrates the practicality and value of integrat-
ing ChatGPT into CURE coursework.

2 | COURSE DESCRIPTION

Computational Genetics (IDL 590/BLY 445) is a course
offered at the University of South Alabama for both graduate
and undergraduate students. Similar to the course described
in Smith and Harris et al. 2014, the course described herein
aims to equip students in Biology and related fields with a
bioinformatic foundation suitable to mine and analyze
untapped information hidden in genetic sequencing data.
The course consisted of 14 students: 6 graduate students,
7 undergraduate students, and 1 medical student who chose
to audit the course. The undergraduates enrolled in the
course had no prior experience in bioinformatics and/or cod-
ing for sequence analysis. Four of the graduate students had
some previous knowledge and background in using sequence
analysis tools; however, none of them had experience with
writing Python programs. The semester-long course is
divided into five different sections, each offering a unique
learning experience (Table 1).

2.1 | Section 1: Genomic essentials

The first 3 weeks of the course consisted of a series of
basic genetic lectures designed to ensure that all students
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TABLE 1 Summary of course activities and grading.

Section Weeks Activities description

1 1-3 Students attended lectures on genomics
and related terminologies, followed by a

written examination (100 points).

Instructor demonstrated basic online and
Microsoft office-based tools and strategies
for genomic analysis. Students replicated
the analyses performed by the instructor
each day and submitted these as graded
daily assignments (100 points).

3 6-11 Instructor assigned two papers relevant to
the term research project. Students wrote
a 1-2 page literature critique summarizing
each paper submitting: a draft of the first
critique at the end of week 6, a second
draft of the 1st critique at the end of week
7, and a final critique of the 1st paper at
the end of week 8 then critiqued the

second paper weeks 9-11 (150 points).

4 9-12 Instructor demonstrated using ChatGPT to
generate Python scripts for genomic
analysis and interpretation of sequencing
data. Initially daily assignments involved
setting up Python and ChatGPT after
which student daily assignments primarily
involved generating a series of python
codes aimed at carrying out specific tasks
selected by the instructor (100 points).

Instructor coordinated a collaborative
research analysis (data conceived by the
instructor in advance) performed by
students enrolled in the course. Students
were required to maintain research
notebooks documenting their work (50
points). Students were put into groups and
assigned tasks to generate results and
figures summarizing their findings (50
points). Instructor revised the manuscript
figures with the students. Students
prepared PowerPoint slides to present
their final product(s) (50 points). The
primary distinction between graduate and
undergraduate course expectation
involved graduate students being
additionally responsible for compiling all
the results and drafting the summary
manuscript(s) for publication.

5 13-16

Note: Additional grades included student attendance (50 points) and a
composite peer evaluation with students evaluating each classmate's
performance at the end of the course (50 points).

had reviewed the concepts and terminologies necessary
to understand the upcoming class research project.
Topics of the lectures included DNA and RNA structure,
genome composition, transcription, the functional

relevance of non-coding RNA in post-transcriptional
gene regulation, and advancements in sequencing tech-
nologies, including NGS-based sequencing tech-
niques."*> At the end of this four-week period, students
were given an exam (100 total points) to assess their
understanding of these topics, enabling the instructor to
identify concepts requiring additional explanation.

2.2 | Section 2: The basics of analyzing
genomic data and daily assignments

Following the 3-week lecture-based review, students were
assigned graded (100 total points) daily activities (to be
completed and submitted before the next class) that pri-
marily consisted of simply recreating what the instructor
had demonstrated in class. Class session topics included:
(1) instructions for formatting and manipulating genomic
sequences using standard applications like Notepad,
Microsoft Word, and Microsoft Excel, (2) demonstrating
how to access and navigate various publicly available
databases routinely used in analyses of genomic datasets
such as Ensembl,'® NCBL'” PubMed,'® and miRbase,
and (3) how to perform and interpret basic sequence
alignments using online and local*® BLAST tools.

2.3 | Section 3: Literature critiques

In addition, students were tasked with formally critiquing
two research articles directly related to the course term
project that used analysis methods taught in the class.
Students were given 3 weeks for each article, with the lit-
erature critique section overlapping the end of Section 2
Daily Assignments and the beginning of Section 4
ChatGPT analysis. After an initial read of the article, stu-
dents would draft a summary of the paper. Following two
instructor-guided revisions, students would submit their
final literature critique, with both revisions and the final
submission being awarded 25 points each. Through
reviewing these articles, students become better familiar-
ized with the term project subject material, discipline-
specific writing styles and standards, and what is
expected of students for the upcoming term project write-
ups and summary class manuscript.

2.4 | Section 4: Usage of ChatGPT
generated python code for genomic
analysis

Following the completion of Section 2 Daily Assign-
ments, the instructor curated and presented daily tasks
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TABLE 2

Task
DAO08

DA09

DA10a

DA10b

T1

DA11
DA12
DA13

DA14

DA15
DAl6
DA17

DELCHER ET AL.
Genomic sequencing data analysis tools created using ChatGPT.
Goal ChatGPT prompt Python script identifier
Generate a Python script that prints “hello” Write me a Python code that will say “hello” P1, Sla, S1b, S1c, S1d

when run.

Generate a Python script that can reverse
complement a sequence.

Generate a Python script that can remove all
non-nucleotides.

Generate a Python script that can shuffle a
given nucleotide sequence.

Generate a Python script that can split a
sequence into 100 base pair fragments and
compile a FASTA file containing these
fragments.

Generate a Python script that can look for
sequence similarity of a specified nucleotide
length between two sequences.

Generate a Python script that can count the
number of reads in a FASTA file.

Generate a Python script that can extract the
names of reads from a BLAST output file.
Generate another Python script that will
extract those reads from a FASTA file then
make a new FASTA file containing these
reads.

when run

Make me a Python code that will first remove
all characters except the nucleotides (A, T,C,
G, U) from a file specified by the user and
then reverse complement the sequence. Name
the output file “reversecomplemented.txt.”
Place the new file into an existing folder
named C:\python\CHatGPTclass

Write me a Python program that will get a
linear string of characters from a file specified
by the user and randomly shuffle the
characters. Place the new linear string into a
file named “scrambled.txt” into an existing
folder named C:\ChatGPTclass

Make me Python code that will get a
nucleotide sequence from a file named “input.
txt” in a folder called C:\ChatGPTclass and
can split that sequence into 100 base pair
fragments. Then, compile these fragments
into one FASTA file, ensuring the fragments
are in FASTA format. Name the new file
“pieces.txt” into an existing folder called C:
\ChatGPTclass

Make me a Python code that takes a file
specified by the user and counts the
occurrences of every unique 20 nucleotide
sequence in the first file in a second file
specified by the user and output each unique
sequence found in the first file followed by a
tab followed by the number of times it occurs
in the second file then a hard return. Place
the results into a file name “saltrfcounts.txt”
into an existing folder called C:\python
\ChatGPTclass

Make me a Python code that will count the
number of reads in a FASTA file specified by
the user. Create a new .txt file that reports the
number of reads and name the new file
“filename_x_reads.txt” where “filename” is
the name of the file that was input, and “x” is
the number of reads reported. Save the output
file to a folder named C:\python

\ChatGPTclass

Make me a Python program that can take a
BLAST output file specified by the user and
extract the unique values in column A. Place
these names into a new .txt file called
“extractedreads_#.txt” into an existing folder
C:\python\ChatGPTclass where # equals the
number of reads were extracted.

Make me a Python code that will find each
read listed in a .txt file specified by the user in
a FASTA file specified by the user. Copy the

P2, S2a, S2b, S2c¢, S2d, S2e,
S2f, S2g, S2h, S2i, S2aa, S2aa,
S2bb, S2cc, S2dd, S2ee, S2ff,

S2gg

P3, S3a, S3b, S3c, S3d, S3e,
S3f, S3g, S3h

P4, S4a, S4b, S4c, S4d, S4e,
S4f, S4g, S4h

P5, S5a, S5b, S5c¢, S5d, S5e,
S5f, S5g, S5h, S5i

P6, S6a, S6b, S6c, S6d, S6e,
S6f, S6g, S6h

P7, S7a, S7b, S7c, S7d, S7e,
S7f, S7g

P8, S8a, S8b, S8c, S8d, S8e,
S8f, S8g, S8h
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TABLE 2 (Continued)

Task Goal

DA18a Generate a Python script that can identify
hits to the same read in two different BLAST
output files then make a new output file
showing reads found in both files and their
associated values.

T2 Make a Python code that removes reads from
a FASTA file.

ChatGPT prompt Python script identifier

sequence that follows each read and paste it
into a new FASTA file. Make sure that the
generated FASTA file is in FASTA format.
Name the new file “readsequences.fasta” and
place it into an existing folder C:\python
\ChatGPTclass

Make me a Python code that reads two files
specified by the user, searches for matching
values between the first column of the first
file and the first column of the second file.
When a match is found, it creates a new line
in the output file with the matching name,
followed by the values from both files
between the third and fourth tab. Save the
output file as “samehits.txt” into an existing
folder C:\python\ChatGPTclass

P9, S9a, S9b, S9c, S9d, S9e,
Sof, S9g

Make me a Python code that will find each P10, S10a, S10b, S10c, S10d
read listed in a .txt file specified by the user in

a FASTA file specified by the user. Omit this

read along with the sequence that follows and

only copy the sequences the follows each read

_WILEY_L_ 3

that is not a match and paste it into a new
FASTA file. Make sure that the generated
FASTA file is in FASTA format. Name the
new file “uniquereadsegs.fasta” and place it
into an existing folder C:\python
\ChatGPTclass

Note: Task: Name of daily assignment (DA) or task (T) that was assigned in class by the instructor. Goal: Describes what the Python script should achieve.
ChatGPT Prompt: Exact verbiage used in the prompt given to ChatGPT allowing it to generate the desired code. Python Script Identifier: Arbitrary ID (as found
in GitHub) given to each code generated that achieved the desired goal but was generated by inputting different student verbiage. P denotes the exact script
generated using the prompt written in the table. S denotes other scripts that also achieved the desired goal but were generated by different students inputting
their own unique verbiage. Scripts can be obtained from GitHub according to the Python Script Identifier. https://github.com/glen-borchert/

ChatGPTgeneratedPythonCodes-ForBioinformaticAnalysis.

(100 total points) involving the generation and execution
of Python codes (Table 2). After an introduction on how
to install Python and use ChatGPT (Figure 1), students
began replicating tasks much like previous daily assign-
ments. Students started with simple tasks (Figure 2) then
moved into assignments involving genomic data analysis
(Figures 3-5) utilizing downloaded data from NCBI, miR-
base, Ensembl, and large publicly available sequencing
datasets for practice.'*'® Importantly, the instructor
emphasized that it is critical for students to understand
the task they are trying to perform and that successfully
completing a task has nothing to do with the coding
capabilities of the student but instead rests on the back-
ground knowledge of the student in order to understand
the output and confirm its accuracy. The instructor
clearly conveyed to students that the most important step
in utilizing ChatGPT-generated Python codes to perform
genomic analyses is to directly validate program outputs.
As an example, in one ChatGPT daily task, students

wrote a program to reverse complement a large set of
DNA sequences and were required to randomly select
three of the initial sequences and include direct confir-
mations that they had been properly reverse complemen-
ted in the final output in the completed assignment they
submitted.

2.5 | Section 5: Research analysis

After demonstrating proficiency with generating and exe-
cuting Python codes using ChatGPT, the class focus
switched to a collaborative research project coordinated
by the instructor involving the analysis and interpreta-
tion of real RNA sequencing of Salmonella infected with
P22 bacteriophage. In an attempt to identify new RNA
genes, groups of four students were assigned specific
tasks to mine RNA sequencing data by employing
ChatGPT-generated Python codes (Table 2). The three
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e python | . 4
Install Python 3.12.1 (64-bit) Optional Features
Select Instal Now to instal Python with default setings. or choose R
N T e e Custorize to enable o isable features
Spip
Download the latest version for Windows E> ﬁ ':> ﬁ 8 0/t and IDLE
wnload Python 3.12.1 @ #ython ;e“;mm
@ py launcher @ for all users (requires admin privileges)
Want to help test development versions of Python 3.13? Prereleases,
e python python
windows e Canc windows Back Canen
v [ This PC e
v & Windows () ) Advanced Options
Autodesk st 312 fora
blastplus - res the ‘- launcher
ChatGPTclass b i i N
inetpub |:> o
Intel ugging symbols "‘
PerfLogs Download debug binaries (requires VS 2017 or later) .
Program Files o
Customize install location Customize install location
! Cpython I Browse I Program Files (x86) { C\python Browse
python l python l python
windows Back St [ cnol runfiles windows Back Conce
FIGURE 1 Installing Python in Windows. The steps required to install Python in Windows. Begin by downloading the latest version of

Python (3.11.5). Once downloaded, install Python in the desired folder keeping the default options selected. For the purposes of this class, we
created a Python folder on our C drive (C:\python), and the contents of this folder are shown in the bottom right panel. Links to proceed to

each subsequent step of the installation are indicated by a red outline. Of note, python programs generated like those in this manuscript are

compatible with all other operating systems. The Python website provides detailed instructions on how to download it for the user's platform

of choice (e.g., MacOS).

graduate students who scored the highest on the exam
were chosen to be group leaders. One group was led by a
post-doctoral fellow from the Borchert Lab. The remain-
ing students were randomly assigned to a group leader by
the instructor. Each group assembled tables and/or fig-
ures (revised with guidance from the instructor) summa-
rizing their findings (50 points). Students then presented
their finalized figures and tables in a PowerPoint presen-
tation to the class (50 points). Additional points were
awarded as a part of the research analysis section for
(1) keeping a research notebook (50 points), (2) student
peer evaluations (50 points) (responses were submitted to
the instructor of the course, kept confidential, and not
used for research purposes), and (3) attendance
(50 points). Of note, the primary distinction between
graduate and undergraduate student expectations was
that graduate students were responsible for managing the
drafting and preparing of the final manuscript(s) for pub-
lication. Graduate students were offered the opportunity
to be the first author on one of the two manuscripts
resulting from our work. Of the seven graduate students,
three volunteered to be the first author for this particular
manuscript and worked equally together to warrant co-
first authorship. The rest of the students in the class were
paired into teams individually tasked with providing a
complete draft, accompanying legend, and text descrip-
tion of at least one of the tables or figures included in
each manuscript to warrant their co-authorships.

3 | METHODS

3.1 | Installing python and setting up a
ChatGPT account

With assistance from the instructor, Python (version 3.11.5)
was installed by each student onto either their personal com-
puter or those provided in the classroom computer lab
according to the download instructions on the Python down-
load website*! (Figure 1). Each student also created their own
personal ChatGPT account’ (version 3.5). To acclimate stu-
dents with using ChatGPT and running Python, the instruc-
tor demonstrated how to generate a simple code that would
print “hello” in the command prompt when the Python code
was executed (Figure 2). In the ChatGPT chat box students
typed, “make me a Python code that will print ‘hello’ when
run”. ChatGPT then responded with a Python code that was
copied and pasted into Notepad. Then, the code was saved as
“hello.py” into the same folder that the Python application
was installed. The functionality of the code was validated by
running the Python script in the command prompt. Note, a
Python script can only be run if the script is in the same
folder as the Python software. To run the Python script the
command prompt was opened then students navigated to the
directory where the Python program scripts were installed
and typed the following command: “Python hello.py” and
pressed enter to execute the script. Step-by-step instructions
for both installing Python and using ChatGPT to write and
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(a)
&)

How can | help you today?

Make a content strategy Suggest some codenames

Write a thank-you note Show me a code snippet

=  hello X
Edit View

print("hello")

write me a python code that will print "hello: when run

ChatGPT can make mistakes. Consider checking important information

(©) [@ s

write me a python code that will print "hello" when run

© chatpPT
Certainly! Here's a simple Python code that prints "hello" when run:

) Copy code

Save this code in afile with a *.py " extension, for example, “hello.py". Then, you can
run it using a Python interpreter. Open a terminal or command prompt, navigate to the

directory where the file is located, and run:

7| Command Prompt

Microsoft Windows [Version 10.0.22621.3007]
(c) Microsoft Corporation. All rights reserved.

C:\Users\haley>cd\python

C:\python>Python hello.py
hello

C:\python>

FIGURE 2

Running a ChatGPT-generated Python script in the command prompt in Windows. (a) The ChatGPT chat window (chat.

openai.com). After creating an account, the prompt for ChatGPT can be typed in the chat box shown to generate a Python code to carry out
a desired function. (b) ChatGPT output response. ChatGPT will respond with a code that can be copied along with additional instructions on
how to run that specific code. Selecting the “Copy code” link highlighted in red will place the code in your clipboard. (c) Python script. Open
“Notepad” and paste the Python script into a new file. (d) Save the Notepad file as type “All files” and include “.py” as the extension to the
end of the name of the code. The Python script shown in this example is saved as “hello.py.” Ensure that you are saving your Python script
into the same folder that the Python application was installed. (¢) Running the code in the command prompt. First open the Windows start
button typically found at the bottom left of a Windows screen then search for “command” and open “command prompt.” Next, navigate to
the folder where the Python application is installed, and the desired code has been saved (in this example this was achieved by typing “cd
\python” followed by enter). After successfully navigating to the desired prompt (e.g., C:\python>) the user runs a Python script by initiating
Python by typing “Python” then telling it what program to run by typing a space followed by the program name (in this example this was
achieved by typing “Python hello.py” followed by enter). (See Table 2 for code details and download).

execute the code are detailed in Figures 1 and 2. Note, (1) it is
important to provide complete and accurate instructions to
ensure that generated codes accurately reflect intended func-
tionality and (2) desired outcomes must be directly confirmed
in output files.

4 | RESULTS

41 | Completing bioinformatic tasks
using ChatGPT to generate Python scripts

Students used ChatGPT to craft Python codes to achieve
tasks typically requiring established bioinformatic tools.

For an initial, simple DNA sequence manipulation, stu-
dents prompted ChatGPT to write a Python code to
remove all non-nucleotides and reverse complement a
given DNA sequence (Figure 3). This sequence manipula-
tion tool is necessary to decrease the clean-up time for
sequencing files and makes it possible to clean and
reverse complement files that are too large to be accessed
using programs such as Microsoft Word and The Reverse
Complement Tool.! All students successfully generated
code achieving the desired result. While most students
generated individual Python codes to (1) clean up the
sequences and then (2) reverse complement the cleaned
sequence, one student successfully generated a code that
could perform both tasks simultaneously.
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ChatGPT Prompt

"reversecomplemented.txt". Place the new file into an existing folder named C:\python\ChatGPTclass

Make me a python program that will first remove all characters except the nucleotides (A, T,C,G,U) from a file specified by the user and then reverse complement the sequence and name the output file

EAg-x

ro

# Filter characters and reverse the string
filtered_sequence = '*.join([char for char in sequence.upper() if char in 'ATCGU'])
reversed_sequence = filtered_sequence[::-1

# Perform reverse complement operations
complemented_sequence = '*.join([complement_dict.get(char, char) for char in reversed_sequence])
return complemented_sequence

# Get the input file path from the user B e
input_file_path = input(“Enter the path of the input file: *)

Code Command Prompt
import os 7| Command Prompt
def filter_and_reverse_complement(sequence): q : § .
# Define a dictionary for reverse conplenent mapping Microsoft Windows [Version 10.0.22621.2861]
complement_dict = { (c) Microsoft Corporation. All rights reserved.
"AT: U,

C:\Users\haley>cd\python

} : C:\python>Python CleanandReverseComplement.py
Enter the path of the input file: C:\python\input.txt
Reverse complemented sequence has been saved to 'C:\python\ChatGPTclass\reversecomplemented.txt'.

with open(output_file_path, 'w') as output_file:
output_file.write(conplemented_sequence)
print(f"Reverse complemented sequence has been saved to '{output_file path}'.")
except IOError:
print(f"Error writing to ‘{output_file path}'. Please make sure the folder exists and is writable.")

e File  Edit  View

# Check if the specified file exists
1f not os.path.isfile(input_file_path):

print(“Error: The specified File does not exist.”) >sequence123

CHIEY 1 AAATGCTTAC CAAATCGGGT CACCTAGGTA TTTAGTATTT TGGAGAACCC 50
# Define the output file path 51 ACCTTACAAA ATAGAATAAA AAATGTGGGC GCTTTGCACA CGGAG 65
output_folder = r'C:\python\ChatGPTclass"
output_file path = os.path. _folde xt’)
# Read the input file
with open(input_file path, 'r’) as input_file:

input_sequence = input_file.read()
# Filter and reverse complement the sequence
complemented_sequence = filter_and_reverse_complement(input_sequence) Output
# Write the result to the output file
try: ~

# Create the output folder if it doesn't exist 8 input reversecomplemented x |+

os.makedirs(output_folder, exist_oksTrue)

File  Edit  View

CUCCGUGUGCAAAGCGCCCACAUUUUUUAUUCUAUUUUGUAAGGUGGGUUCUCCAAAAUACUAAAUACCUAGGUGACCCGAUUUGGUAAGCAUUUUUUGA

FIGURE 3

ChatGPT-generated Python script to clean and convert a DNA sequence into its reverse complement. The prompt describes

the goal of the script that was entered into ChatGPT. The code was then copied from ChatGPT, pasted into Notepad, and saved as
“CleanandReverseComplement.py” in the same folder as the Python program scripts. The code was run in the command prompt, and after
prompting the user to enter the input file, Python generated the output file and saved it as a text file named “reversecomplemented” in the

indicated folder. (See Table 2 for code details and download).

Being able to split a large sequence into smaller frag-
ments allows for a more manageable analysis of sequenc-
ing data. Using the same process illustrated in Figure 3,
students generated a Python code that divides a long
string of nucleotides (nt) into 100 nt segments and com-
piles these segments into one FASTA file with the nucle-
otide positions as the header for each segment (Figure 4).
FASTA format is the standard format for DNA sequences
(to be utilized by bioinformatic programs) in which a
greater than sign signals the start of a new sequence and
is followed by a title called a header which ends with a
hard return immediately followed by a linear string of
nts** (see Figure 4 output). The majority of students were
able to successfully achieve the desired result by execut-
ing their generated code. Students unable to generate a
functional code were still expected to turn in an image of
their prompt, the code generated, and their result for full
credit and also to obtain and run a functional code pro-
vided by another classmate.

To attempt a more complex task, students were asked
to screen a large FASTA file containing millions of
unique Salmonella RNA sequencing reads for any 20 nt
perfect matches to any part of an ~70 nt Salmonella
tRNA and to count the number of times each 20 nt piece
occurred (Figure 5). Identifying short matches between
sequences is biologically relevant and a common theme

in many bioinformatic analyses. Only 4 students success-
fully attained the desired output. Again, students unable
to generate a functional code were still expected to turn
in an image of their prompt, the code generated, and
their result for full credit and also to obtain and run a
functional code provided by another classmate.

4.2 | Analyzing large RNA sequencing
files using ChatGPT-generated python code

Excitingly, students were able to utilize ChatGPT to analyze
real RNA sequencing datasets. Large sets of FASTA files
containing reads from RNA samples isolated from Salmo-
nella were analyzed. Students began by prompting
ChatGPT to make a code that would count the number of
FASTA reads in a specified FASTA file (Figure 6). Using
the generated code, the number of reads in a 10-20 gigabyte
(GB) FASTA file can be reported in a matter of seconds,
making it easier to calculate reads per million (RPM)
(a common metric used to report the levels of RNA expres-
sion). All students were able to successfully generate code
to execute this function, although three of the 12 codes
proved to be markedly more efficient than the others.

The codes most directly applicable to the class
research project involved analysis of Basic Local
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ChatGPT Prompt

Make me a Python code that will get a linear string of characters from a file named “input.txt” in a folder named C:\ChatGPTclass and can split that
sequence into 100 basepair fragments. Then compile these fragments into one FASTA file, ensuring that the fragments are in FASTA format.
Name the new file “pieces.txt” and save it into an existing folder called C:\ChatGPTclass

J

Command Prompt Output

Microsoft Windows [Version 10.0.22621.3007] - i

(c) Microsoft Corporation. All rights reserved. o input PIECes = +
C:\Users\haley>cd\python File Edit View 8
C:\python>Python splitter.py >1-100

CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGT
TCGGGCTGGGAGCGTGCTTTCCACGACGGTGACACG

>101-200
CTTCCCTGGATTGGCAGCCAGACTGCCTTCCGGGTCACTGCCATGGAGGAGCCGCAGTCAGATC
CTAGCGTCGAGCCCCCTCTGAGTCAGGAAACATTTT

Formatted sequence saved to 'C:\ChatGPTclass\pieces.txt' in FASTA format.

=  input X + >201-300
. . . CAGACCTATGGAAACTACTTCCTGAAAACAACGTTCTGTCCCCCTTGCCGTCCCAAGCAATGGA
File Edit View 3 TGATTTGATGCTGTCCCCGGACGATATTGAACAATG

>301-400
cTC GTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTC :> GTTCACTGAAGACCCAGGTCCAGATGAAGCTCCCAGAATGCCAGAGGCTGCTCCCCCCGTGGCC

GGGCTGGGAGCGTGCTTTCCACGACGGTGACACGCTTCCCTGGATTGGCAGCCAGACTGCCTTCCG
GGTCACTGCCATGGAGGAGCCGCAGTCAGATCCTAGCGTCGAGCCCCCTCTGAGTCAGGAAACATT
TTCAGACCTATGGAAACTACTTCCTGAAAACAACGTTCTGTCCCCCTTGCCGTCCCAAGCAATGGA
TGATTTGATGCTGTCCCCGGACGATATTGAACAATGGTTCACTGAAGACCCAGGTCCAGATGAAGC
TCCCAGAATGCCAGAGGCTGCTCCCCCCGTGGCCCCTGCACCAGCAGCTCCTACACCGGLGGLCCC
TGCACCAGCCCCCTCCTGGCCCCTGTCATCTTCTGTCCCTTCCCAGAAAACCTACCAGGGCAGCTA
CGGTTTCCGTCTGGGCTTCTTGCATTCTGGGACAGCCAAGTCTGTGACTTGCACGTACTCCCCTGC
CCTCAACAAGATGTTTTGCCAACTGGCCAAGACCTGCCCTGTGCAGCTGTGGGTTGATTCCACACC
CCCGCCCGGCACCCGCGTCCGCGCCATGGCCATCTACAAGCAGTCACAGCACATGACGGAGGTTGT
GAGGCGCTGCCCCCACCATGAGCGCTGCTCAGATAGCGATGGTCTGGCCCCTCCTCAGCATCTTAT
CCGAGTGGAAGGAAATTTGCGTGTGGAGTATTTGGATGACAGAAACACAGGACTTCCATTTGCTTT
GTCCCGGGGCTCCACTGAACAAGTTGGCCTGCACTGGTGTTTTGTTGTGGGGAGGAGGATGGGGAG
TAGGACATACC

CCTGCACCAGCAGCTCCTACACCGGCGGCCCCTGCA

>401-500
CCAGCCCCCTCCTGGCCCCTGTCATCTTCTGTCCCTTCCCAGAAAACCTACCAGGGCAGCTACG
GTTTCCGTCTGGGCTTCTTGCATTCTGGGACAGCCA

>501-600
AGTCTGTGACTTGCACGTACTCCCCTGCCCTCAACAAGATGTTTTGCCAACTGGCCAAGACCTG
CCCTGTGCAGCTGTGGGTTGATTCCACACCCCCGCC

>601-700
CGGCACCCGCGTCCGCGCCATGGCCATCTACAAGCAGTCACAGCACATGACGGAGGTTGTGAGG
CGCTGCCCCCACCATGAGCGCTGCTCAGATAGCGAT

>701-800
GGTCTGGCCCCTCCTCAGCATCTTATCCGAGTGGAAGGAAATTTGCGTGTGGAGTATTTGGATG
ACAGAAACACAGGACTTCCATTTGCTTTGTCCCGGG

>801-873
GCTCCACTGAACAAGTTGGCCTGCACTGGTGTTTTGTTGTGGGGAGGAGGATGGGGAGTAGGAC
ATACC

FIGURE 4 Splitting a long DNA sequence into 100 bp fragments. The prompt describes the goal of the script that was entered into
ChatGPT. The Command Prompt shows the process of executing the Python code once it is saved into the correct folder. The input file was
saved into the folder and named “input.txt” so that the code could identify the correct file. The output file was named “pieces.txt” and
contains 100 base pair fragments in FASTA format with headers listing the positions of each fragment within the original sequence from the
input file. (See Table 2 for code details and download).

ChatGPT Prompt Output

Make me a Python code that takes a file specified by the user and

counts the occurrences of every unique 20 nucleotide sequence in the TTCGTAATGCGAAGGTCGTA 316 TTCGACTCCTATTATCGGCA 736 GCCGATATAGCTCAGTTGGT 688
first file in a second file specified by the user and output each unique TCAGTTGGTAGAGCAGCGCA 514 GCGCATTCGTAATGCGAAGG 220 TAGAGCAGCGCATTCGTAAT 295
sequence found ir.1 the first file fo.IIowed by a tab followed by the number AGGTCGTAGGTTCGACTCCT 779 CGTAATGCGAAGGTCGTAGG 315 CATTCGTAATGCGAAGGTCG 300
of times it occurs in the second file then a hard return. Place the results CAGCGCATTCGTAATGCGAA 274 CCGATATAGCTCAGTTGGTA 688 ATATAGCTCAGTTGGTAGAG 3156

into a file named “saltrfcounts.txt” into an existing folder called

C:\python\ChatGPTclass. AGCTCAGTTGGTAGAGCAGC 682 AGAGCAGCGCATTCGTAATG 289 CTCAGTTGGTAGAGCAGCGC 512

GAGCAGCGCATTCGTAATGC 273 GTAGGTTCGACTCCTATTAT 751 AGCGCATTCGTAATGCGAAG 217
{l TTGGTAGAGCAGCGCATTCG 353 CGTAGGTTCGACTCCTATTA 772 GAAGGTCGTAGGTTCGACTC 739
ATGCGAAGGTCGTAGGTTCG 322 GGTTCGACTCCTATTATCGG 737 CAGTTGGTAGAGCAGCGCAT 438
AGTTGGTAGAGCAGCGCATT 428 GCTCAGTTGGTAGAGCAGCG 603 GCATTCGTAATGCGAAGGTC 244

Command Prompt

Microsoft Windows [Version 10..22621.3007]

D) Rtrts Gt (A R pir GATATAGCTCAGTTGGTAGA 3237 TATAGCTCAGTTGGTAGAGC 6323 TAATGCGAAGGTCGTAGGTT 320
W GTTGGTAGAGCAGCGCATTC 358 TAGGTTCGACTCCTATTATC 753 GACTCCTATTATCGGCACCA 735
P AAGGTCGTAGGTTCGACTCC 740 TGGTAGAGCAGCGCATTCGT 307 GTAATGCGAAGGTCGTAGGT 320
e e\ T TR e\ e AGCAGCGCATTCGTAATGCG 270 GCAGCGCATTCGTAATGCGA 271 TCGTAGGTTCGACTCCTATT 774
Enter the path to the second £i python\0_PLUS_52_R1_0011. fasta = | TAGCTCAGTTGGTAGAGCAG 3061 GTCGTAGGTTCGACTCCTAT 772 TCGTAATGCGAAGGTCGTAG 319
Results saved to C:\python\ChatGPTcl. altrfcounts.txt

GGTAGAGCAGCGCATTCGTA 308 CGAAGGTCGTAGGTTCGACT 498 ATTCGTAATGCGAAGGTCGT 312
Sitpython TGCGAAGGTCGTAGGTTCGA 383 TCGACTCCTATTATCGGCAC 729 ATAGCTCAGTTGGTAGAGCA 45576
AGGTTCGACTCCTATTATCG 747 CGCATTCGTAATGCGAAGGT 225 CGATATAGCTCAGTTGGTAG 686
GGTCGTAGGTTCGACTCCTA 779 GTTCGACTCCTATTATCGGC 739 CGACTCCTATTATCGGCACC 733]
AATGCGAAGGTCGTAGGTTC 322 GTAGAGCAGCGCATTCGTAA 309 GCGAAGGTCGTAGGTTCGAC 411

E  saimonellatrf x W

File Edit  View

GCCGATATAGCTCAGTTGGTAGAGCAGCGCATTCGTAATGCGAAGGTCGTAGGTTCGACTCCTATTATCGGCACCA

FIGURE 5 Counting the occurrence of each unique 20 nt sequence in a tRNA in a large (>1 million reads) sequencing dataset. The
prompt describes the goal of the script that was entered into ChatGPT. The Command Prompt shows the code being executed along with the
input tRNA sequence (from which each unique 20 nt sequence was obtained). The output lists each unique 20 nt sequence present in the
Salmonella tRNA followed by the number of times that sequence occurred in the large (>1 million reads) sequencing dataset FASTA file
provided (named O_PLUS_S2_R1_0011.fasta in this example). (See Table 2 for code details and download).

Alignment Sequence Tool (BLAST) output data. Standa-
lone BLAST is commonly used for finding regions of sim-
ilarity between two sequences.” For the class project, a

standalone BLAST was performed comparing FASTA
files containing millions of RNA sequencing reads to the
entire Salmonella or Salmonella-infecting bacteriophage
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ChatGPT Prompt

C:\python\ChatGPTclass.

Make me a python code that will count the number of reads in a FASTA file specified by the user. Create a new .txt file that reports the number of reads and name the new file
“filename_x_reads.txt” where “filename” is the name of the file that was input, and “x” is the number of reads reported. Save the output file to a folder named

Command Prompt

Microsoft Windows [Version 10.0.22621.2861]
(c) Microsoft Corporation. All rights reserved.

C:\Users\ enas >cd\python
C:\python>Python countfastareads_#.py

Enter the path to the FASTA file: C:\python\C_PLUS_S1_R1_6001.fasta

C:\python>Python countfastareads_#.py
Enter the path to the FASTA file: C:\python\O_PLUS_S2_R1_6011.fasta

C:\python>Python countfastareads_#.py
Enter the path to the FASTA file: C:\python\C_MINUS_S3_R1_601.fasta
Read count saved to: C:\python\ChatGPTclass\C_MINUS_S3_R1_001_78325874_reads.txt

C:\python>Python countfastareads_#.py
Enter the path to the FASTA file: C:\python\O_MINUS_S4_R1_0011.fasta

C:\python>

Read count saved to: C:\python\ChatGPTclass\C_PLUS_S1_R1_001_96780104_reads.txt

Read count saved to: C:\python\ChatGPTclass\O_PLUS_S2_R1_6011_45786535_reads.txt

Read count saved to: C:\python\ChatGPTclass\O_MINUS_S4_R1_0011_47212136_reads.txt

Output
O_MINUS_S4_R1_0011_47212136_reads

C_MINUS_S3_R1_001_78325874_reads
O_PLUS_S2_R1_0011_45786535_reads
C_PLUS_S1_R1_001_96780104_reads

E C_PLUS_S1_R1_001_96780104_reads X

File Edit View

96780104

FIGURE 6

Counting the number of FASTA reads in a FASTA file. The prompt describes the goal of the script that was entered into

ChatGPT. The Command Prompt shows the code being executed along with the input files input by the user. The output that was generated
shows the number of reads in each FASTA by renaming the file as “input file name_# of reads.fasta.” (See Table 2 for code details and

download).

(P22) genome. Resulting BLAST alignment data is output
as an excel file (.xlsx) which contains the sequence name
from the FASTA file (column A), the genome name that
matched to the read from the FASTA file (column B), the
percent match between the two sequences (column C),
the length of the sequence match (column D), the num-
ber of mismatches in the sequence match (column E),
the number of gaps between the sequences (column F),
the start position of the FASTA read (column G), the end
position of the FASTA read (column H), the genome start
position of the sequence match (column I), the genome
end position of the sequence match (column J), and the
expected probability (e-value) (column K) (example of
BLAST output shown in Figure 7). Output files from the
class analysis included millions of sequence matches
making these files and their corresponding sequences
inaccessible due to their large sizes as shown in Figure 6.
Therefore, students were tasked with creating codes that
would extract the unique names of reads from the BLAST
output file (xlsx) then identify and extract the corre-
sponding sequences of these reads from the original
FASTA file (Figure 7). Codes capable of successfully com-
pleting these tasks were only generated by three students;
however, like previously stated, students who were able
to generate working codes shared these with the rest of
the class, fostering a collaborative work environment
among students.

5 | DISCUSSION

In this paper, we present an original and innovative
approach to teaching programming skills to biology stu-
dents by utilizing ChatGPT as a bioinformatics tool for
NGS analysis. It has become critical for biology and other
related fields for students to learn the necessary program-
ming skills to complete bioinformatic tasks as data sets
grow larger in size and complexity. The primary objective
of the course was to provide students (i) with a basic
knowledge of genomics and then (ii) the fundamental
tools routinely used in conducting comprehensive whole
genomic and transcriptomic analysis. Excitingly, we have
successfully exceeded the course expectations by not only
imparting basic knowledge of genetics and its application
in sequencing data analysis but also equipping students
with the ability to utilize ChatGPT as a novel bioinfor-
matics tool to generate Python code to interpret and ana-
lyze large datasets.

As a part of the CURE curriculum, students actively
participated in a real-world research project enabling
them to apply the computational skills learned in class to
analyze and interpret large sets of RNA sequencing data
isolated from Salmonella (data to be published at a later
date). Students were split into 4 groups and tasked with
analyzing 1 of 4 RNA sequencing files. Even though stu-
dents were in groups, each student was required to
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(a) A )

1 A00572:404:HYS5FDSX5:2:1101:29749:10300 P22_AF217253.1_Sal_p22ph
2 A00572:404:HY55FDSX5:2:1101:4345:10520 P22_AF217253.1_Sal_p22ph
3 A00572:404:HYSS5FDSX5:2:1101:22724:13166 P22_AF217253.1_Sal_p22ph
4 A00572:404:HYS55FDSX5:2:1101:29622:15311 P22_AF217253.1_Sal_p22ph
5 A00572:404:HY55FDSX5:2:1101:10728:15530 P22_AF217253.1_Sal_p22ph
6 A00572:404:HY55FDSX5:2:1101:17824:22435 P22_AF217253.1_Sal_p22ph
7 A00572:404:HY55FDSX5:2:1101:5529:23782 P22_AF217253.1_Sal_p22ph
8 A00572:404:HYS5FDSX5:2:1101:4282:23970 P22_AF217253.1_Sal_p22ph
9 A00572:404:HYS55FDSX5:2:1101:30671:24956 P22_AF217253.1_Sal_p22ph
10 A00572:404:HY55FDSX5:2:1101:22001:25661 P22_AF217253.1_Sal_p22ph

100
100
100
100
100
100
100
100
100
100

D E F G H | J K L
49 0 0 1 49 19745 19793 1.51E-21 91.6
48 0 0 1 48 40367 40414 5.41E-21 89.8
17 0 0 103 119 31422 31406 0.001 325
18 0 0 22 39 18427 18444 2.57e-04 34.4
18 0 0 88 105 3845 3862 2.57E-04 344
19 0 0 98 116 22480 22498 7.15E-05 36.2
17 0 0 23 39 36664 36680 0.001 325
31 0 0 1 31 38552 38522 1.53E-11 58.4
17 0 0 116 132 3845 3861 0.001 325
35 0 0 1 35 20337 20371 9.12E-14 65.8

:1101:29749:10300 ((;)
:1101:4345:10520
11101:22724:13166
:1101:29622:15311
$1101:10728:15530
$1101:17824:22435
11101:5529:23782
:1101:4282:23970
:1101:30671:24956
$1101:22001:25661
:1101:9887:28479
$1101:27236:29121

(t)) A00572:404:HYS5FDSX5:2

A00572:404 :HYS5FDSX5:2
A00572:404:HYS5FDSX5:2
AGO572:404:HY55FDSX5:2

A00572:404 :HYS5FDSX5:2
A00572:404:HYS5FDSX5:2
AB0572:404:HYS5FDSX5:2
AB0572:404:HYS55FDSX5:2
ARO572:404:HY55FDSX5:2

A00572:404 :HYS5FDSX5:2
ARB572:404:HY55FDSX5:2
AR0572:404:HY55FDSX5:2
ARO572:404:HY55FDSX5:2:1101:5222:29857
AGO572:404:HY55FDSX5:2:1101:25247:30561
ABGB572:404:HY55FDSX5:2:1101:5177:33473
A00572:404:HYS55FDSX5:2:1102:32805:7513
AB0572:404:HY55FDSX5:2:1102:27769:10942
A00572:404:HYS55FDSX5:2:1102:12391:13275
A00572:404:HYS55FDSX5:2:1102:11794:17910
A00572:404 :HYS5FDSX5:2:1102:27543:25363
AB0572:404:HYS55FDSX5:2:1102:4200:26146
ABB572:404:HY55FDSX5:2:1102:25852: 26506
A00572:404:HY55FDSX5:2:1102:12988:32064
ARB572:404:HY55FDSX5:2:1103:18765:4460
ARB572:404:HY55FDSX5:2:1103:32678:12054
ARB572:404:HY55FDSX5:2:1103:7826:15984
ARGB572:404:HY55FDSX5:2:1103:2049:17503
ARO572:404:HY55FDSX5:2
AGO572:404:HY55FDSX5:2

:1103:10881:17675
:1103:5900:18192

>A00572:404 :HY55FDSX5:2:1101:29749:10300 1:N:0:GCCGATTAATCT+GGGGGGGGGGGG
GAACACATCCAGATACCCTTGCTCATTCGTGGCGACGGGGTAGGGCGTTAACTGTAGGCA
CCATCAATCGGTATCAATCCAGATCGGAAGAGCACACGTCTGAACTCCAGTCACGCCGAT
TAATCTCGTATGCCGTCTTCTGCTTGAAAAG

>AG0572:404 :HY55FDSX5:2:1101:4345:10520 1:N:0:GCCGATTAATCT+GGGGGGGGGGGG
CTGATGGGTATCAGCCAACCGTAAGCGATTACGTTAAATTCCCAGGAACTGTAGGCACCA
TCAATCATGCGCCTTCAAGATCGGAAGAGCACACGTCTGAACTCCAGTCACGCCGATTAA
TCTCGTATGCCGTCTTCTGCTTGAAAAGGGG

>AG0572:404 :HY55FDSX5:2:1101:22724:13166 1:N:0:GCCGATTAATCT+GGGGGGGGGGGG
CCGTATCGGAGCCAACTGTAGGCACCATCAATCAAGAGCTCAGTAGATCGGAAGAGCACA
CGTCTGAACTCCAGTCACGCCGATTAATCTCGTATGCCGTCTTCTGCTTTGAAAAGGGGG
GGGGGGGGGGGGGEGEGEGGGGEGGEGEGEGEEG

>AB0572:404 :HY55FDSX5:2:1101:29622:15311 1:N:0:GCCGATTAATCT+GGGGGGGGGGGG
TGGGGAAACTGTAGGCACCATCAATGCCGGCAAGGTTAGATCGGAAGAGCACACGTCTGA
ACTCCAGTCACGCCGATTAATCTCGTATGCCGTCTTGTGCTTGAAAAGGGGGGGGGGGGG
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGEG

>AB0572:404 :HY55FDSX5:2:1101:10728:15530 1:N:0:GCCGATTAATCT+GGGGGGGGGGGG
CCCTGGAACTGTAGGCACCATCAATTACCTGGGACTGAGATCGGAAGAGCACACGTCTGA
ACTCCAGTCACGCCGATTAATCTCGTATGCCGGCTTAGGCTTGAAAGGGGGGGGGGGGGG
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGEG

FIGURE 7

Extracting read names from a BLAST output file and its corresponding sequence from a FASTA file. An example of reads

that were extracted during our data analysis for the class project. (a) Standalone BLAST results between RNA sequences isolated from
Salmonella and the P22 genome. Column A: Name of read from Salmonella RNA sequencing results (Query), Column B: The sequence that
our RNA reads aligned to (all of which were the P22 genome) (Subject), Column C: Percent Identity of alignment, Column D: Length of
alignment, Column E: Mismatches in the alignment, Column F: Gaps in the alignment, Column G: Start position of Salmonella read that
aligned, Column H: End position of Salmonella read that aligned, Column I: Start position of the P22 genome region that aligned to the
Salmonella Read, Column J: End position of the P22 genome region that aligned to the Salmonella Read, Column K: E value, Column L:
Alignment score. (b) List of read names extracted from Column A of the BLAST output file using a Python code generated by ChatGPT.

(c) List of corresponding sequences extracted from the full FASTA file then saved in a new FASTA file just containing these sequences by a
second Python code generated by ChatGPT (See Table 2 for code details and download).

attempt each assignment for the data analysis indepen-
dently then corroborate their results with their team-
mates'. Interestingly, we found that despite each student
giving ChatGPT similar (and at times even the exact
same) prompts, ChatGPT always produced slightly differ-
ent programs and routinely only some of these were
capable of completing the desired task. We observed no
correlation between which student prompts typically gen-
erated functional codes and which did not, but did find
that as task complexity increased so did the number of
students unable to complete the assignment with the
code that they had generated using ChatGPT. We believe
this is primarily due to the adaptive, flexible nature of Al
and will become increasingly less of an issue as Al plat-
form performances improve over time. That said, because
students were working parallel to one another attempting
to achieve the same task, in instances where one team
member's code worked (as confirmed by direct student

validation) but the others’ did not, or when one code was
found to be significantly more efficient (e.g., decreased
run time), codes were shared among the students to com-
plete the assignment. Due to this, we suggest larger class
sizes are actually beneficial in terms of successful com-
pletion of collaborative group research projects as we
found that having multiple students attempt to generate
the same code in parallel allowed the class to continue to
push forward without setbacks and produce publishable
results in the allotted time frame.

In summary, we believe that actively integrating Al
powered programs like ChatGPT into undergraduate
education has the potential to bridge a critical gap
between biology and computer science and may prove
similarly beneficial in other disciplines. We also suggest
the ability of ChatGPT to provide current biological
researchers with new tools capable of mediating NGS
analysis will likely garner significantly more attention
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and help accelerate major new advances in this field in
the near future. In addition to this, we found that having
students work on the same task in parallel allowed the
class to continue to push forward without setbacks and
produce publishable results in the allotted time frame
when one team member's code worked but the others'
did not. In conclusion, although this pedagogical method
has not been formally assessed, this pilot course shows
that ChatGPT can be successfully utilized in an under-
graduate class setting to train nonprogrammers to inde-
pendently develop computational resources suitable for
carrying out a real-world research analysis.
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