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Abstract

Innovative approaches to teaching genetics are essential for improving student
engagement and comprehension in this challenging field. Laboratory-based
instruction enhances engagement with the subject while fostering the develop-
ment of practical competencies and deepening comprehension of theoretical con-
cepts. However, constraints on time and financial resources limit the feasibility
of conducting extended laboratory sessions that incorporate cutting-edge genetic
techniques. This study evaluated a hybrid teaching method that combined face-
to-face (F-2-F) laboratory sessions with an online simulation to instruct under-
graduates on gene editing and DNA sequencing. A Unity-based simulation was
developed to complement traditional F-2-F laboratory sessions, allowing students
to practice DNA sequencing techniques in a low-stakes environment. The simu-
lation was integrated into a course-based undergraduate research experience
(CURE) focused on CRISPR/Cas9 gene editing in yeast. Student performance,
engagement, and perceptions were assessed through laboratory assignments,
access logs, and surveys. Students who engaged with the simulation prior to
F-2-F sessions and those who engaged with the simulation over multiple days
performed significantly better in assessments. Survey results indicated that most
students found the simulation realistic and relevant and reported enhanced
learning of DNA sequencing principles. Student confidence in DNA sequencing
knowledge increased significantly after using the simulation. Student feedback
highlighted benefits such as improved procedural understanding, stress reduc-
tion, and increased preparedness for F-2-F sessions. This approach addresses
logistical challenges of traditional laboratory education while providing students
with authentic, repeatable experiences in complex techniques. Our findings dem-
onstrate the potential of integrating simulations with F-2-F instruction to

enhance undergraduate education in genetics and molecular biology.
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1 | INTRODUCTION

Genetics is the study of genes, the inheritance of traits, and
how variation in DNA sequence impacts the expression of
these traits. Genetics is generally considered to be a difficult
subject for undergraduates,' while laboratory-based classes
have been found to stimulate student interest in the subject
and improve both scientific skills and understanding of the-
oretical content.>> However, many genetics laboratory
techniques are complex, time intensive, and expensive,
making them difficult to include in the limited time avail-
able for undergraduate teaching.* To introduce novel
experimental techniques in a time- and cost-efficient man-
ner in the genetics laboratory classes for 2nd-year students
at the University of South Australia (UniSA) we implemen-
ted a hybrid face-to-face (F-2-F) and online simulation as
part of a semester-long genetics laboratory course.

Simulations have been increasingly utilized to
enhance learning outcomes in STEM disciplines™® as well
as subjects focused on patient care.” Simulations engage
students through interactive, multisensory experiences
and provide valuable learning opportunities that may be
impractical in real-world environments due to con-
straints related to cost, space, and time.® The hybrid
online and F-2-F teaching method for laboratory classes
has been previously used to teach the laboratory basics of
enzyme kinetics,” monoclonal antibody production,® and
the fundamentals of antibiotic testing'® to undergraduate
students with great success.

With the emergence of gene editing technologies such
as the CRISPR/Cas9 technology'' in the scientific and
popular literature, we chose this topic to test the efficacy
of a hybrid F-2-F and authentic simulation-based
approach on student learning of DNA sequencing. We
took advantage of the course-based undergraduate
research experience (CURE), which involves students in
a course addressing a research question of interest to the
scientific community,>'* to develop a set of related
experiments to assist in understanding gene editing.
CURE:s have been found to effectively engage students in
research early in their academic journey and allow for
equitable participation by all students. Participation in
CUREs has been shown to lead to improved research
skills, self-efficacy, and interest in careers in science.'>'°

Our short-CURE used CRISPR/Cas9 to generate muta-
tions in yeast based on a previously published protocol."”
Students used CRISPR/Cas9 to create double-strand breaks
in the CANI gene of Saccharomyces cerevisiae, which were
then repaired by non-homologous end joining, resulting in
insertions or deletions that generated frameshift mutations.
CANI codes for an arginine transporter, which typically
allows the transport of arginine from the environment into
yeast cells. Selection for mutations in CANI is performed

by growing yeast on media containing canavanine. Canava-
nine is a non-proteinogenic amino acid, structurally related
to L-arginine, and is toxic to yeast cells. In strains with a
functional CANI, canavanine is imported through the
CAN1 transporter and causes cell death. Cells in which
CAN1 has been edited will not import canavanine and
hence will grow and form colonies. Yeast genomic DNA is
then isolated, and CANI is amplified by PCR. The PCR
products are then sequenced using Sanger sequencing to
determine the nature of the mutation generated.

1.1 | Learning objectives
1.1.1 | The learning objectives for this set of
experiments are as follows

Aligning with Bloom's taxonomy,'® after completing the

laboratory class, students will:

1. Understand the mechanism of action of
CRISPR/Cas9.

2. Understand the fundamentals of DNA sequencing.

3. Analyze and interpret DNA sequence alignments to
evaluate CRISPR-induced mutations.

4. Understand how changes in amino acid sequence
alter protein structure and function based on the
induced mutation.

5. Identify errors in the experimental process and predict
how errors can impact experimental results.

Sanger or chain termination sequencing is a well-
established technique and is still commonly used for the
generation of short, targeted sequences. We have previ-
ously used Sanger sequencing in laboratory classes; how-
ever, several issues made us hesitant to introduce it into
the gene editing short-CURE. Sanger sequencing is rela-
tively expensive for undergraduate laboratory classes
with limited budgets.'” Depending on how the sample is
prepared and the steps undertaken in the laboratory, the
cost per reaction can exceed $10 USD. Successful comple-
tion of sequencing reactions requires precision in han-
dling small volumes of reagents, and we found the failure
rate of student reactions was up to 70%. Furthermore, the
time involved in generating sequence results is often pro-
hibitive for undergraduate laboratory classes. In many
cases, the reactions are prepared in class and then need
to be sent offsite for capillary electrophoresis.

Determining the nature of the mutation induced in
the experiments is essential for an understanding of the
mechanism of CRISPR/Cas9 gene editing. To overcome
the drawbacks of Sanger sequencing in the undergradu-
ate laboratory, an authentic Unity-based simulation was
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developed that addressed the sequencing stage of this
series of experiments. Some of the benefits of
this approach include the reduced cost of the experi-
ments, unnecessary repetition of similar experimental
techniques, and the ability to generate authentic end-user
data based on the actions undertaken by the student, that
is, generation of errors associated with procedural errors.
The simulation was designed to provide a realistic view
of sequencing data that is typically generated by students
in F-2-F laboratory classes and to allow students to gener-
ate quality DNA sequences through careful execution of
experimental steps. When mistakes are made by the stu-
dent, the experimental results reflect these errors, allow-
ing students to experience the consequences of poor
experimental technique in a ‘safe’ setting, while also
facilitating unlimited opportunities to repeat the data
generation and analysis.

The impact of the hybrid approach on student learn-
ing was assessed through the analysis of student percep-
tions and student performance in the laboratory
assignment. Student performance improved with engage-
ment with the simulation before the F-2-F class and with
multiple uses of the simulation. We suggest this approach
can be used with all genetics or molecular biology stu-
dents and is freely available for any educator.

2 | MATERIALS AND METHODS

2.1 | Student cohort

In 2023, a total of 67 students were enrolled in Genetics
(BIOL 2016) at UniSA. Genetics is a 2nd-year core course
taken primarily by Bachelor of Laboratory Medicine and
Bachelor of Biomedical Sciences students. Key demo-
graphic information of this combined student cohort is
presented in Table 1.

2.2 | Preparation of gene editing and
DNA sequencing simulation

A modification of a laboratory module that uses CRISPR/
Cas9 to generate mutations in yeast'’ was developed at
UniSA. The laboratory series can be considered a short
Course Undergraduate Research Experience as the stu-
dents complete a mini research project from Week
2 through to completion in Week 7. Students used
CRISPR/Cas9 to create double-strand breaks in the
CANI gene of Saccharomyces cerevisiae, which were then
repaired by non-homologous end joining, resulting in
insertions or deletions that generated frameshift muta-
tions. Briefly, the Saccharomyces cerevisiae strain BY4741

TABLE 1 Demographics of Genetics students in 2023.
Student number 67
Gender 26 Male
41 Female
International 11 Yes
56 No
GPA (Maximum of 7, + SEM) 5.18 + 1.08

(MATa his3A1 leu2A0 metl5A0 ura3A0) was trans-
formed with two plasmids as previously described. The
Cas9 plasmid (Addgene #43804) has a galactose-
inducible promoter that controls the expression of the
Cas9 gene and a leucine selectable marker. The CANI
gRNA plasmid (Addgene #43803) contains the gRNA for
CANT1 and an uracil selectable marker, URA3.

In Week 2 of the 13-week semester, students activate
the expression of Cas9 that has been introduced on a
plasmid using a galactose-inducible promoter (Figure 1a).
In Week 3, cells are plated on canavanine to select for
cells containing an edited CANI. Students extract DNA
from edited colonies in Week 4 and use PCR to amplify a
portion of CAN1 from both edited and control strains. In
Week 6, PCR products are run on an agarose gel, and
products are gel purified in preparation for DNA
sequencing.

The DNA sequencing simulation was developed using
Unity, a cross-platform game engine. The simulation was
implemented in Week 7 of the course, focusing on DNA
sequencing concepts. Drawing from the sequence varia-
tions documented by de Waal et al."” in their gene editing
experiments, we created a database of potential DNA
sequence changes. To enhance the learning experience,
we implemented a randomization algorithm that gener-
ates unique DNA sequences for different samples, ensur-
ing students work with diverse data sets. The simulation
interface allows students to set up the sequencing reac-
tion, run the sequencing PCR, clean up the reaction, run
the sequencer, and analyze the resulting chromatograms.
The software was initially hosted on the university's
learning management system for enrolled students but
has since been made freely available at https://
labdatagen.com/DNAseq/, where interested educators
can access the simulation.

2.3 | Implementation of the simulation

Students were informed of the simulation in Week 6 in a
F-2-F lecture, e-mail communication, and online course
forum (Figure 1b). A short ‘walkthrough’ style video was
produced and provided to students, as well as step-by-step
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Experimental plan and introduction of the DNA sequencing simulation. (a) Flow chart outlining the timeline and steps

undertaken by the students in the gene editing laboratory classes. The DNA simulation is introduced in Week 7 and was predicted to take

15-20 min to complete. (b) Flow chart detailing the timeline and steps undertaken by students (online simulation, F-2-F laboratory class,

interactive oral assessment) and teaching staff (email/news forum, lecture demonstration, assessment of results, interactive oral assessment)

for the DNA sequencing simulation.

written instructions. All students were encouraged to use
the simulation in advance of attending the laboratory
class in Week 7. Since the data generated by the simula-
tion was required for the successful completion of the
mini-CURE series, the simulation was also available to
students while in the F-2-F laboratory class in Week 7. Stu-
dents who undertook the simulation in class were offered
assistance with generating the required data.

24 | Student feedback

On completion of the simulation, students were asked to
complete a Likert-style questionnaire. The questions
related to their experience using the simulation, its ease
of use, and confidence in their understanding of DNA
sequencing. Two open-response questions related to
whether simulations should be used in other courses and
the best and most challenging aspects of the simulation.
Thematic analysis of open response questions was per-
formed as previously described.”® The corresponding
author reviewed the comments, identified themes, and
then determined the number of times similar comments

were received. These were then reviewed by the third
author.

2.5 | Analysis of student performance
Student performance in the Week 7 laboratory assessment
was used to evaluate the effectiveness of the simulation.
Each week, students are assessed on their experimental
success (whether the experiment has worked as designed)
and interpretation of experimental results, understanding
of the theoretical foundation of the experiments, and tech-
nical troubleshooting. Assessment takes the form of a
short interactive oral assessment (viva) which allows for
individual assessment of students. Student performance
was also analyzed based on the number of times and days
that the student accessed the simulation.

2.6 | Statistical analysis

Week 7 laboratory results for each student were pooled,
and the statistics were calculated using GraphPad Prism
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Image of DNA sequencing screen and results. (a) Image showing the workspace generated by the simulation. (b) Data output

showing good-quality sequencing data. (c) Poor-quality sequencing data due to the addition of two primers rather than a single primer.
(d) Poor-quality sequencing data due to the addition of too little template DNA.

(Version 10.2.3). Results from student questionnaires
were analyzed similarly.

Studies have shown that for five-point Likert-style
items, either parametric t-tests or non-parametric Mann—
Whitney tests are suitable to assess differences between
groups. Mann-Whitney tests were used to compare
groups, with a p-value of <0.05 considered to be
significant.*!

2.7 | Ethics approval

Ethical clearance for this study was obtained by the
UniSA Human Research Ethics Committee (# 204123).

3 | RESULTS

3.1 | Unity-based DNA sequencing
simulation

The simulation was designed to generate genuine data
that would be produced by the CRISPR/Cas9 gene-
editing of CANI in Saccharomyces cerevisiae. Possible

mutations were based on those identified by de Waal
et al.'” and were randomly generated based on appropri-
ate experimental techniques. The user interface of the
simulation replicates a typical laboratory bench
(Figure 2a). Students are required to calculate the correct
volumes of reagents based on the provided experimental
protocol. The students must then choose the correct vir-
tual micropipette and set it appropriately to dispense the
volumes required for the reactions. Once the reaction is
prepared, the chain-termination PCR, sequencing clean-
up, electrophoresis, and gel analysis are performed with
time acceleration. A unique chromatogram based on the
DNA sequence is then generated by the simulation
(Figure 2b).

The simulation was designed to allow students to gen-
erate quality DNA sequences through careful execution
of experimental steps. When mistakes are made by the
student, the experimental results reflect these errors. For
example, Sanger sequencing reactions require the addi-
tion of a single oligonucleotide primer. If two primers are
added to the reaction, multiple sequencing products
are generated, and the resulting chromatogram will dis-
play overlapping and mixed peaks and ambiguous results
(Figure 2c). Another common mistake is the
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miscalculation of template DNA concentration. If an
insufficient amount of template DNA is added to the
sequencing reaction, weak signal strength would be
observed on the chromatogram (Figure 2d). Other com-
mon experimental errors and their consequences were
considered in the design of the simulation, including the
use of excess quantities of template DNA (resulting in
‘noisy’ chromatograms or truncated sequences), inappro-
priate primer amounts (leading to ‘noisy’ chromato-
grams), utilization of multiple template DNA samples
(producing ‘double’ sequences on the chromatogram),
and failures in sequencing clean-up (resulting in poorly
resolved sequences).

The simulation was hosted on the course teaching
homepage and made available in Week 6 of the semester,
one week before the laboratory classes based on DNA
sequencing. Results from the simulation were required to
be completed by the laboratory class in Week 7, so all stu-
dents engaged with the simulation. However, when the stu-
dents first accessed and how often the students accessed
the simulation varied. Approximately 65% of the students
accessed the simulation before their laboratory class in
Week 7, while the remainder (35%) waited for the F-2-F
laboratory class to engage with the simulation. The length
of time spent by students on the simulation could not be
accurately captured. However, based on conversations with
students and teaching staff, successful completion of the
simulation took between 15 and 30 min. The number of
occasions on which the students accessed the simulation
was recorded. Approximately 24% of the students accessed
the simulation once, 56% accessed the simulation twice,
and 20% accessed the simulation three or more times.

Student success in the F-2-F laboratory class was asso-
ciated with both when and how often the students
engaged with the simulation. The students were grouped
into those who had or had not accessed the simulation
before the laboratory class. Students within both groups
were also compared based on GPA to ensure they were at
a similar academic level. Students who engaged with the
simulation before the F-2-F laboratory class performed
significantly better than students who waited until the
F-2-F laboratory class to access the simulation
(p < 0.0001, Mann-Whitney test) (Figure 3a). There were
no significant differences in marks for the laboratory
class based on the total number of times students
accessed the simulation (data not shown). However,
there was an improvement in student performance based
on the number of days that the simulation was accessed.
Students who accessed the simulation on a total of three
or more days performed better in the assessment than
students who accessed the simulation on two days
(p = 0.001, Kruskal-Wallis test) or one day (p = 0.0002,
Kruskal-Wallis test) (Figure 3b).

After completing the simulation, all students were
invited to complete a short, anonymous questionnaire.
As this was deployed in class, 58 (85%) of the students
completed the questionnaire. Most students strongly
agreed or agreed (SA/A) that the simulation was realistic
and made learning more relevant (81% SA/A, mean
3.982/5 + 0.097), easy to use (83% SA/A, mean 4.035/5
+ 0.110), and enhanced their learning of principles (76%
SA/A, mean 3.912/5 + 0.124) (Figure 4). When students
were asked to self-evaluate their knowledge of DNA
sequencing, 67% of students said they were confident or
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FIGURE 3 Student performance in Week 7 laboratory class
based on the use of the simulation. (a) Students who engaged with
the simulation before the F-2-F laboratory class (before class)
performed significantly better than students who waited until the
F-2-F laboratory class to access the simulation (in class)

(p < 0.0001, Mann-Whitney test). (b) Students who accessed the
simulation on a total of three or more days performed better in the
assessment than students who accessed the simulation on two days
(p = 0.001, Kruskal-Wallis test) or one day (p = 0.0002, Kruskal-
Wallis test).

5 - Strongly Agree

Q1 Q2 Q3

FIGURE 4 Students were asked to complete an anonymous
survey after completion of the simulation. A numerical score was
assigned to each response: 1-strongly disagree; 2-disagree;
3-neutral; 4-agree; and 5-strongly agree. The survey statements
included Q1: I found the DNA sequencing simulation easy to use;
Q2 - The graphics appeared realistic and made the learning more
relevant; Q3: The simulation enhanced my learning of principles of
DNA sequencing and made the concepts clear to me.
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FIGURE 5 Students were asked to complete an anonymous
survey after completion of the simulation including the following
two statements: 1 - BEFORE the simulation, how confident were
you in your understanding of DNA sequencing?; 2 - AFTER the
simulation, how confident were you in your understanding of DNA
sequencing? Mann-Whitney U test, ***p < 0.0001.

very confident prior to the use of the simulation. After
using the simulation, there was a significant increase in
student confidence (p < 0.0001, Mann-Whitney U test),
with 85% of students reporting being confident or very
confident (Figure 5).

Based on the student feedback on the free text ques-
tions, a thematic analysis was performed the major
themes identified are shown below.

1. Assists understanding and procedural knowledge.

The students indicated that the simulation greatly
enhanced their understanding of processes as well as the
procedural steps involved. For example, the steps
required to process a sample both before and after DNA
sequencing. In this case, the same steps used in a true
F-2-F setting were replicated in the simulation. As a
result, the skills learned in the simulation could be
immediately applied to the laboratory session.

2. Allows for prior preparation.

A key benefit of simulations is that they allow stu-
dents to preview and prepare for the exact steps to be
undertaken in the F-2-F laboratory session. This allows
students to develop an understanding of the experimental
protocol without the pressure and time constraints of the
F-2-F session.
stress and increases

3. Prior preparation reduces

confidence.

The opportunity to prepare before attending has the
added benefit of reducing the stress felt by students when
in a F-2-F session. This stress can arise due to student
comfort levels of operating within a real laboratory set-
ting, being required to complete a task, typically for the
first time, being required to generate accurate data that
directly impacts an assessment, and the time pressure of

a timetabled class. Furthermore, the ability to prepare in
advance and preview the steps to be undertaken has
enhanced individual student confidence in performing
the future steps in class.

4. Results are generated quickly.

In a traditional F-2-F session, procedures typically
take an extended period of time. As a result, any proce-
dural errors made by the student will limit the ability to
repeat any time-consuming tasks, such as PCR amplifica-
tion. Hence, any errors made will impact the data gener-
ated, which can affect the grade associated with the task.
This is then linked to the stress felt by the students. The
ability to generate data also allows students to repeat test-
ing as required, but also to trial varying parameters
within a setting to then learn the potential effects on the
results, further aiding their understanding and stimulat-
ing their curiosity.

5. Unlimited resources and no time limit.

Typically, defined amounts of reagents are provided
to students, in many cases due to their cost, but also to
teach students the skill to limit wastage of materials. In
the online setting, this limitation is removed, but it can
also be enforced with limited volumes being made avail-
able in the settings to teach students the ability to operate
within these defined limits.

6. Good link between online and F-2-F of hands-on
skills.

As noted above, the online simulation allows for prior
preparation and assessment of the required processes.
But the simulation was also seen as a useful aid for the
F-2-F session where the hands-on skills are developed.
These kinesthetic skills can only be effectively delivered
in this context, such as the ability to deliver very small
volumes when preparing a PCR master mix. Indeed, this
was a key underlying principle of this approach, using an
online simulation to deliver the laboratory content and
data generation linked to an F-2-F setting where these
hands-on skills could be further developed. In this case,
the online simulation was not designed to replace the
learning of hands-on skills but to complement their
development and reduce the cognitive load in learning a
new technique.

7. Allows exploration of the impact of mistakes.
As noted above regarding limited reagents, students

must also operate within a limited time frame. At UniSA,
most laboratory classes are 4 h in length. However, given



VEDOVA ET AL.

@ _WILEY_L_2*

that reactions can take hours to complete, any errors pro-
duced impact the remaining time, and the requirement
to complete multiple aspects within the same experimen-
tal laboratory all reduce the time availability. As a result,
the simulation was designed with the ability to artificially
accelerate time, removing this real-world limitation. In
addition, students can complete the simulation at any
time that fits with their schedule and other teaching and
learning constraints. Students took advantage of this flex-
ibility, with 74% of students accessing the simulation
twice or more and choosing to access the simulation into
the late night and early morning.

Some challenges and areas for improvement were
also identified.

1. Technical Issues and Performance: Some users
reported lag, freezes, and crashes, indicating a need
for performance optimization. There were multiple
mentions of the simulation being tedious and fiddly,
with a specific need for easier clicking mechanics and
improved graphics/visibility. Tablet compatibility was
also highlighted; however, students were advised that
the current version of the simulation was not designed
for use on a tablet.

2. Learning, Understanding and Guidance: Challenges
with understanding results and identifying mistakes
were noted, along with a learning curve when first
using the simulation. Despite most students agreeing
that the instructions provided made the simulation
easy to use, some students mentioned the need for
better, clearer instructions and step-by-step guidance,
including built-in tutorials. A short video and basic
written instructions were provided to students; how-
ever, for future use, a more detailed instruction man-
ual will be provided.

3. Functionality and Features: Improvements in the rep-
resentation of pipetting amounts, the ability to save
progress, and options for refreshing the simulation
were suggested. However, the simulation was
designed with these considerations in mind to
increase authenticity. For example, when preparing a
DNA sequencing reaction in the laboratory, there are
no opportunities to ‘save’ the experiment and come
back to it later. These comments demonstrate a dis-
connect between an online and a real-world setting.

4 | DISCUSSION

The findings of this study align with and extend the exist-
ing literature on the effectiveness of simulations in sci-
ence education. In the sciences, simulations have been
demonstrated to enhance conceptual comprehension and

elucidate interconnections between complex ideas while
simultaneously fostering the development of inquiry
skills, problem-solving capabilities, and decision-making
proficiencies in learners.”>** Extensive research has also
been conducted in the domain of medical education
wherein simulations have been employed to enhance the
diagnostic competencies and psychomotor skills of aspir-
ing physicians, nurses, and emergency response person-
nel.>**  Our results corroborate these findings,
particularly in the context of genetics and molecular biol-
ogy education. The observed improvements in student
performance and confidence are consistent with studies
that have demonstrated the benefits of simulations in
reducing cognitive load and allowing for repeated prac-
tice in a low-stakes environment.®>° Furthermore, our
hybrid approach, combining simulation with F-2-F labo-
ratory sessions, addresses a gap in the literature noted by
Diwakar et al.,* who emphasized the need for integrating
virtual labs with traditional instruction. The positive stu-
dent feedback on stress reduction and increased pre-
paredness aligns with research by Lasater,” who found
that simulations can enhance student confidence and
clinical judgment in nursing education. Our study
extends these findings to the field of genetics, demon-
strating that simulations can effectively bridge the gap
between theoretical knowledge and practical application
in complex molecular biology techniques. This research
contributes to the growing body of evidence supporting
the integration of simulations in science education, par-
ticularly in areas where hands-on experience with
advanced techniques may be limited by practical
constraints.

The results of our study demonstrate a statistically
significant improvement in performance among students
who utilized the simulation prior to F-2-F laboratory ses-
sions compared to those who did not. This enhancement
in performance suggests that the simulation serves as an
effective preparatory tool for hands-on laboratory work,
enabling students to familiarize themselves with experi-
mental procedures and underlying concepts. While no
correlation was observed between the frequency of simu-
lation access and laboratory assessment performance,
students who engaged with the simulation on multiple
occasions across different days exhibited improved per-
formance. The ability to practice repeatedly and make
errors in a risk-free environment likely contributes to this
enhanced learning, as students can refine their tech-
niques and troubleshoot problems without the temporal
and material constraints typically associated with real-
world laboratory work.

Another advantage of multiple uses of the simulation
is that it was specifically designed to leverage student
errors as a means of demonstrating consequences and
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thereby enhancing understanding of DNA sequencing
mechanisms. Common experimental errors and their
repercussions were integrated into the simulation,
including the use of improper quantities of template
DNA (resulting in poor amplification, ‘noisy’ chromato-
grams, or truncated sequences), inappropriate primer
amounts (leading to ‘noisy’ chromatograms), utilization
of multiple primers or template DNA samples (producing
‘double’ sequences on the chromatogram), and failures
in sequencing clean-up (resulting in poorly resolved
sequences). Through analysis of the sequences generated
by the simulation, students are afforded the opportunity
to troubleshoot their experimental techniques and imme-
diately reiterate the experiment, thereby reinforcing their
learning and comprehension of the subject matter.

One of the key pedagogical strengths of the simula-
tion lies in its authentic reproduction of common techni-
cal errors in Sanger sequencing and their downstream
effects on data quality. Rather than simply preventing
mistakes, the simulation was specifically designed to
allow students to make errors and observe their conse-
quences in a risk-free environment. For example, when
students add insufficient template DNA to the sequenc-
ing reaction, the resulting chromatograms show charac-
teristically weak signal strength, just as would occur in
an actual sequencing run. Similarly, the addition of
excessive template DNA leads to noisy chromatograms or
truncated sequences, while the use of improper primer
concentrations results in poor-quality sequence data with
multiple overlapping peaks. The simulation even repli-
cates more complex error scenarios, such as when multi-
ple primers or template DNA samples are accidentally
mixed, producing double sequences that mirror the con-
fusing chromatogram patterns seen in real failed
sequencing runs. These built-in error states serve multi-
ple pedagogical purposes: they help students develop
troubleshooting skills by connecting specific procedural
mistakes to their characteristic data signatures; they rein-
force proper laboratory technique by demonstrating the
concrete consequences of procedural errors; and perhaps
most importantly, they allow students to learn from their
mistakes without the material waste, time delays, or
assessment penalties that would accompany similar
errors in a physical laboratory setting. This “safe failure”
environment encourages experimentation and deeper
engagement with the technical aspects of sequencing, as
students can freely test hypotheses about how different
variables affect sequencing outcomes.*®

The favorable student responses to the simulation
substantiate its efficacy as an instructional instrument.
The student feedback highlighted several salient advan-
tages of the simulation. Most students perceived the sim-
ulation as realistic, easy to use, and beneficial for their
learning. These findings bear significance, as realism in

simulations has been positively correlated with student
engagement,”’ while perceived ease of use has been posi-
tively correlated with the usefulness of simulations.*

Furthermore, the simulation significantly boosted stu-
dent confidence in their knowledge of DNA sequencing,
indicating that the simulation not only provided theoreti-
cal knowledge but also built student confidence in their
practical skills. This boost in confidence is crucial, as it
can lead to greater engagement and persistence in the
subject matter, potentially fostering a deeper interest in
genetics and related fields.”

The thematic analysis of free-text responses under-
scored the simulation's role in improving procedural
understanding, allowing for better preparation, reducing
stress, and enhancing confidence. Students appreciated
the opportunity to practice and make mistakes in a low-
stakes environment, which is crucial for mastering com-
plex laboratory techniques.*® This flexibility provided by
the simulation serves as a pivotal factor in catering to the
diverse schedules and learning tempos of students,
thereby promoting a deeper understanding of the mate-
rial. One of the key benefits reported by students was the
reduction in stress associated with laboratory sessions.
The opportunity to engage with the simulation before
attending the F-2-F class allowed students to prepare and
become familiar with the experimental procedures,
reducing the anxiety often associated with performing
new and complex tasks under time constraints. This prior
preparation not only helped in reducing stress but also in
decreasing the cognitive load during the actual laboratory
sessions, enabling students to focus more on the hands-
on aspects of the experiments.

The hybrid approach also addresses the logistical
challenges associated with traditional laboratory teach-
ing. Sanger sequencing, while a fundamental technique,
is costly and time-consuming, making it impractical for
frequent use in undergraduate classes with limited bud-
gets. By incorporating an authentic simulation, we were
able to eliminate these barriers, providing students with
the opportunity to learn and practice DNA sequencing
without the associated expenses and time delays. The
simulation's ability to accelerate experimental processes
further maximizes the use of limited laboratory time,
allowing for a more efficient and comprehensive educa-
tional experience. The use of this hybrid approach
allowed us to compress the experiments proposed by de
Waal and colleagues'’ to fit the course timetable and
budget. While the use of virtual or online laboratory clas-
ses has increased since the pandemic,>** the hybrid
approach that we describe here has not been well docu-
mented in the literature.

The integration of simulations to complement F-2-F
laboratory sessions also offers significant flexibility for
teaching staff. By adjusting the simulation parameters,
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our designed simulation can be adapted for various DNA
sequencing experiments in a teaching laboratory setting.
Additionally, similar simulations can be developed to
replicate other time- and resource-intensive experimental
protocols, such as PCR, quantitative PCR (qPCR), and
other molecular techniques.

Despite the positive outcomes, there are areas for
improvement. Technical issues such as occasional lag,
freezes, and crashes were reported by some students,
indicating a need for further optimization of the simula-
tion software. It should be noted that most of these issues
were reported by students who waited until the F-2-F lab-
oratory session to engage with the simulation. The time
pressure of a classroom environment may have contrib-
uted to the perception of technical issues or frustration
with the user interface. Additionally, while the simula-
tion effectively complemented the hands-on laboratory
sessions, it is essential to ensure that it does not replace
the critical tactile and kinesthetic experiences that are
vital for developing practical laboratory skills. Future
studies could explore the long-term impact of hybrid
teaching methods on student retention and success in
advanced genetics courses and research careers.

This study demonstrates that combining F-2-F labora-
tory sessions with computer simulations can effectively
enhance the teaching and learning of complex scientific
techniques, such as gene editing and DNA sequencing.
The hybrid approach not only improves student perfor-
mance and confidence but also addresses the logistical
challenges of traditional laboratory education. By provid-
ing a scalable and efficient model for teaching, this
method holds promise for broader application in science
education, ultimately contributing to the development of
well-prepared and competent future scientists.
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