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Abstract

Genetics is a fundamental discipline in biology, of interest both in scientific and professional fields.
However, concepts such as meiosis can be complicated for students to understand. This study
aims to evaluate the effect of ChatGPT on improving the cognitive performance of secondary
school students in genetics. To this end, a quasi-experimental design was conducted with second-
year baccalaureate students from a high school in Morocco, using a pre- and post-test with two
groups. The experimental group (EG) utilized ChatGPT as an innovative pedagogical tool, while
the control group (CG) studied using traditional teaching methods. The study showed a significant
improvement in the post-test scores of students in the EG, confirming that ChatGPT, when used
as a pedagogical technology, enhances the effectiveness of artificial intelligence (Al) in education.
It was found that students in the EG demonstrated better cognitive abilities in understanding and
solving problems related to genetics compared to those in the CG. This suggests that Al
technologies such as ChatGPT can facilitate deeper learning, promote critical thinking, and
support complex concept mastery more effectively than traditional approaches. The results of this
study can guide future research and educational practices by illustrating how Al technologies can
be optimized to enhance student learning outcomes, increase engagement, and address learning
challenges in science education. Despite the potential benefits of ChatGPT in the field of
education, concerns remain about the risks associated with this technology, raising important
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ethical questions that require collective reflection to mitigate its dangers.
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INTRODUCTION

Science teaching is important to the country’s human,
social, and cultural development, as it provides learners
- future citizens - with a sense of creativity and scientific
ability. For this reason, Morocco is particularly
interested in the sciences, especially the biological
sciences. One of the most important and recent
disciplines in terms of scientific and technical progress is
genetics, a discipline currently considered transversal. It
finds applications in diverse fields such as agriculture,
the pharmaceutical industry, and medicine, and arouses

great social interest (Nussbaum et al., 2015). Given the
growing importance of genetics in various fields, it is
essential to enable secondary school pupils and
university students to acquire sufficient knowledge
about scientific information. This will help them to
understand current issues related to this discipline, such
as GMOs, cloning, gene therapy human genome
sequencing, etc.) to train highly qualified executives
(Silar, 2020).

Several studies in science didactics have shown that
Moroccan students face considerable difficulties in
learning scientific disciplines, responsible in part for
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Contribution to the literature

e It focuses on the role of ChatGPT in helping students” understanding of challenging concepts such as

meiosis.

e It examines how ChatGPT improves learning outcomes and academic performance among biology

students.

e Theintegration of ChatGPT into teaching practices significantly contributes to better academic results and
increased student engagement, thereby promoting notable progress in learning and academic success.

mediocre academic results and unfavorable attitudes.
These difficulties can also quickly put them in a situation
of failure or push them to abandon their studies (Alagui
et al., 2020). Studies have shown that these difficulties
are not only linked to knowledge itself and the
representations students and teachers have of science
but also to teacher’s pedagogical practices (Mathé et al.,
2008; Robert & Rogalski, 2002; Séré et al., 1997; Welzel &
Haller, 1998). Furthermore, it is necessary to improve the
teaching and learning of biological sciences and genetics
particularly, in Moroccan schools to produce future
citizens who think as scientists and to create an intrinsic
meaning to learning.

Previous research have shown that genetics is a
difficult discipline for professors to teach and complex
for learners to understand and master (Chapel & Marzin,
2009). Many students struggle with genetics due to the
intricate concepts and mathematical formulas involved,
often requiring additional support to grasp the
discipline and succeed in the classroom (Baroud et al.,
2022). According to Astolfi (1993), one of the main
objectives of teaching biology sciences is to help students
acquire the knowledge necessary to understand
fundamental concepts, apply these concepts to solve
problems, and develop a scientific understanding of
their environment and the universe. However, some
research indicates that students find it challenging to
grasp the fundamental concepts of genetics, including
mitosis, meiosis, chromosomes, alleles, the mechanisms
of heredity, and Mendelian inheritance (Freidenreich et
al., 2011). Based on this research, it seems pertinent to
explore effective solutions to minimize learning
difficulties across all disciplines, including genetics, and
to make Moroccan schools more qualified, efficient, and
innovative educational institutions.

One of the reasons most students struggle to
understand genetics is its reliance on complex concepts,
as mentioned earlier. However, the mechanisms of
heredity cannot be fully understood without grasping
the meiosis concept. According to Alberts et al. (2007),
the meiosis process is fundamental for transmitting
genes from parents to offspring, thereby influencing
genetic variation and the expression of inherited traits.
In other words, a profound comprehension of meiosis is
essential for learning and mastering the principles and
rules of hereditary transmission. Furthermore, many
biology students have misconceptions about meiosis,
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which is crucial for understanding the basic rules of
heredity.

Several studies have stated that technologies have
become an essential solution that not only helps students
grasp complex concepts but also enables them to apply
their knowledge to real-world problems, thereby
promoting deeper understanding and retention (Holmes
et al., 2019; Kirkwood & Price, 2013; Zawacki-Richter et
al., 2019). That makes ChatGPT a potential tool to correct
these misconceptions and help to improve the quality of
biological education for students in general. It could be
utilized for creating interactive learning experiences that
engage students and help them better understand
biological concepts (Nguyen et al., 2023). Various sectors
in Morocco, such as agriculture, health, financial
services, and education, have integrated artificial
intelligence (AlI) (Chouraik, 2024).

Numerous countries have adopted this technology to
stimulate innovation and economic development
(Adnani & Haounani, 2024). Among the most developed
tools, and representing a true revolution, ChatGPT
stands out as an Al software used to simplify complex
topics, generate ideas, create texts, etc. (Adiguzel, 2023;
Dergaa et al., 2024). ChatGPT (generative pre-trained
transformer) is a generative Al language model designed
to respond to prompts or queries by generating new data
(CNPEN, 2023). Recent research shows that the
integration of Al into education is still in its early stages.
This means that, while these technologies have started to
be introduced in educational environments, their use
remains relatively new, and their potential has not yet
been fully explored or optimized. Studies indicate that
Al is still in the early phases of implementation,
suggesting that adjustments and improvements will be
needed to maximize their effectiveness and impact on
learning and teaching (Hwang & Chang, 2021; Smutny
& Schreiberova, 2020). Nevertheless, life and earth
sciences (LES) education are in an excellent position to
study the functionalities of ChatGPT and other Al
systems. (AlAbidi et al., 2023; Alneyadi & Wardat, 2023;
Bitzenbauer, 2023).

This study examines the use of ChatGPT in secondary
schools in Morocco, to improve student learning and
achievement in LES. Morocco stands out as a leader in
Al, actively seeking to position itself as a recognized
global authority. The Moroccan government has
officially adopted a strategic initiative to optimize
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operational efficiency through Al integration (Adnani &
Haounani, 2024). This strategy includes a set of
guidelines designed to increase productivity and
efficiency in various sectors, improve the quality of
public services, and offer new training opportunities for
employees (Alnaqgbi, 2024; Khan, 2019).

Problem Statement

The characterization of students’ difficulties in
learning scientific disciplines such as biology,
mathematics, physics-chemistry, organic chemistry, etc.,
has received significant attention to understand the
origins and causes and to suggest solutions and
remediation strategies (Alibi & Boilevin, 2021; Bouhafs
& Karam, 2020; Djarmouni, 2017; Harabi & Kilani, 2019).
Studies conducted with students after years of studying
biology have shown that genetics is one of the most
difficult scientific fields for students at university
(Baroud et al., 2022). Nevertheless, students struggle to
consolidate their knowledge to master various biological
events related to the discipline itself, such as crossover
during meiosis, the relationship between phenotypes
and genotypes when applying Mendelian rules,
chromosomal interpretation, the origin of genetic
diversity, etc. (Wynne et al., 2005). These fundamental
concepts of genetics are difficult to understand, and they
may feel frustrated and demotivated. As a result, they
often face difficulties in passing national exams,
competitive examinations, and following their
university studies (Knippel et al., 2005). This confirms
that the teaching of genetics is influenced by
transmissive and traditional approaches, such as lectures
and textbooks, based on memorization of terms and
processes rather than on understanding the fundamental
concepts and mechanisms of genetics (Duncan & Reiser,
2007). The challenge, however, lies in developing an
innovative and effective method for teaching LES to high
school students to improve their academic performance.
Morocco’s 2015-2030 strategic reform vision aims to
create a new, attractive, and useful school that values
education for national progress and youth development
and seeks to adapt the Moroccan education system to
facilitate the direct integration of graduates into working
life, particularly in the global professions chosen by
Morocco (CSEFRS, 2024). In this sense, integrating
advanced technologies such as ChatGPT into education
could represent a significant opportunity, and the
success of its integration into education depends on
several factors (Adnani & Haounani, 2024).

Numerous studies indeed show that applying these
technologies in schools faces many obstacles. The
application of these technologies to the educational field
remains one of the major challenges faced by educational
systems, not only in African countries but also in some
American and European countries. These obstacles are
not solely financial, which hinder the acquisition of
technological resources, but also involve other political,

economic, technological, and cultural factors that play a
role in the integration of ICT in education (Karsenti, 2009).

THEORETICAL FRAMEWORK

Importance of the Study

This study is particularly relevant both in the field of
science education and for society as a whole. In academic
terms, it contributes to current research into pedagogical
innovation, particularly through the integration of Al
into teaching practices. In this context, genetics occupies
a central place, its teaching at secondary and university
level is considered a strategic priority, as it provides
students with the fundamental knowledge needed to
pursue careers in critical sectors such as medicine,
agriculture, biotechnology and environmental sciences.
These fields play a decisive role in economic
development, public health and global sustainability
(Hogan & O’Flaherty, 2021).

Despite its importance, genetics remains a difficult
subject for many learners. Research into science
education has shown that students encounter significant
difficulties, particularly in understanding the process of
meiosis, which is essential for understanding the
mechanisms of heredity (Knippel et al, 2005). In
response to these challenges, the use of innovative
educational technologies appears to be a promising
approach to improving conceptual understanding. In
this context, AI tools such as ChatGPT offer new
pedagogical opportunities. Thanks to its ability to
interact dynamically with learners, ChatGPT facilitates
more personalized learning, stimulates critical thinking
and enhances digital skills. It therefore represents a
relevant lever to help students master complex concepts
such as those related to genetics.

From a societal point of view, this research addresses
major issues linked to equity, inclusion and the
preparation of younger generations for a world in
constant technological evolution. By facilitating access to
quality educational resources, including in contexts
where educational infrastructures are limited, AI can
help reduce educational inequalities and promote more
equitable and inclusive education (Holmes et al., 2019).
Furthermore, by enabling learners to better understand
contemporary scientific and technological challenges,
this study contributes to the formation of citizens
capable of thoughtfully engaging in public debates on
critical issues such as genetics, public health and
environmental sustainability (Choden & Kijkuakul,
2020). As a result, it aligns closely with current priorities
related to human development, social justice and the
transition to a knowledge-based society.
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Fundamental Concepts

Meiosis: A key process in genetics

Meiosis is a fundamental process of cell division that
leads to the formation of genetically unique gametes, it
ensures the halving of the chromosome number, which
is essential for sexual reproduction and the stability of
the karyotype across generations. Meiosis involves
complex mechanisms such as the pairing of homologous
chromosomes, genetic recombination (crossing-over),
and the independent assortment of chromosomes
(Alberts et al., 2002). These three mechanisms are
interdependent and essential for ensuring the genetic
variability of the sex cells produced through meiosis.
They guarantee that each gamete carries a unique
combination of alleles, which is fundamental to
evolution, individual diversity, and the stability of the
genetic heritage from one generation to the next (Jones et
al., 2024). Although these concepts are crucial, they
remain abstract and difficult for secondary school
students to grasp, particularly due to the lack of
integration between the molecular, chromosomal, and
informational levels of biological understanding.
(Brown, 1990). These challenges often give rise to
misconceptions, thereby  hindering  students’
comprehension of genetic inheritance and biological
diversity.

Educational challenges linked to conceptual
abstraction

In Moroccan secondary education, meiosis is
introduced as a core topic in the LES curriculum due to
its biological importance. Despite the use of standard
textbooks and established educational resources,
students still face difficulties with the conceptual
complexity of meiosis. Many students struggle to
visualize the underlying mechanisms and to connect the
different organizational levels of biological processes
(Bahar etal., 1999). It is therefore essential to explore new
teaching approaches that can facilitate students’
understanding of this concept. Meiosis must be taught
innovatively, integrating pedagogical methods that
make abstract processes more concrete and accessible.
Technology plays a key role in this approach: the use of
digital tools and Al promote a better understanding of
complex phenomena and increase student engagement
(Danielsson & Linder, 2009; Lin, 2024). Moreover, Al
tools offer new perspectives for teaching biology
(Kumar, 2023). Al-powered personalized learning
platforms can adapt content according to the pace and
specific needs of each student, allowing for progressive
and targeted understanding (Akhtar et al, 2024).
Additionally, educational chatbots can answer students’
questions in real time, clarify difficult concepts, and
provide supplementary explanations tailored to their
level of comprehension (Tong & Zhang, 2023). Al can
also analyze students’ recurrent mistakes and help
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teachers design targeted activities to correct
misconceptions (Nguyen et al., 2023). By fostering a
better integration of the different levels of biological
understanding, these methods help strengthen students’
analytical skills and critical thinking about genetic
diversity and heredity.

ChatGPT as an educational innovation for deeper
understanding

In this context, generative Al, particularly ChatGPT,
emerges as an innovative pedagogical tool. This
language model developed by OpenAl can generate
contextualized explanations, simplify complex topics,
and interact with learners in a personalized manner. In
the framework of this study, a web interface allowed
students to engage with ChatGPT by submitting written
questions. The responses generated were expressed in
accessible language, making the learning experience
more engaging and stimulating student curiosity
(Adiguzel et al., 2023; Dergaa et al., 2023). ChatGPT can
play an important role as a solution to the difficulties
students face with meiosis, a biological concept that is
often abstract and hard to grasp. By providing clear
explanations tailored to each student’s level, it helps
clarify complex mechanisms such as crossing-over,
chromosomal reduction, and gamete formation. Thus,
while it does not replace the teacher, ChatGPT
effectively complements traditional instruction by
offering personalized and interactive support
(Bitzenbauer, 2023). It opens new possibilities for deeper
and more accessible learning of genetics and cell biology.

Foundations of the Study

Our study is based on the situated cognition theory
(SCT), which serves as the central theoretical framework
for our research. This theory was proposed by Brown et
al. (1989), is based on fundamental principles that
emphasize a constructivist approach to learning, where
students do not simply consume information but
actively construct their knowledge. ChatGPT can play a
key role in this process by offering a tool that enables
students to create, synthesize, and generate new
knowledge, rather than simply receiving information
(Abramson, 2023).

Within the SCT framework, collaborative learning
and peer interactions are at the core of the educational
process (Lave & Wenger, 1991). By facilitating
discussions about scientific concepts, especially in
biology, ChatGPT fosters a learning environment where
students can collaborate, share ideas, and engage in
collective reflection on complex topics. For example,
ChatGPT can support discussions on topics such as cell
division, cell signaling, or gene expression regulation,
while encouraging students to apply these concepts to
real-world problems (Usak, 2024) and help design
meaningful learning activities based on students’ real-
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Figure 1. The key element of SCT (Green et al., 2018)

world  experiences, thereby maximizing their
engagement and motivation to learn (Danielsson &
Linder, 2009; Lin, 2024).

In the context of the socio-cultural theory of learning
(SCTL), ChatGPT can be considered an effective
mediator that facilitates interaction between students
and learning content. It provides instant access to a vast
range of information and creates opportunities for more
personalized and collaborative learning. By allowing
students to explore concepts independently while
fostering discussions around these concepts, ChatGPT
becomes a catalyst for collective thinking and reflection
(Ayemele et al., 2024). Thus, ChatGPT is not only a tool
for individual learning; it also contributes to the
expansion of social and collaborative interactions
between students and teachers. By offering a space to ask
questions, clarify doubts, and discuss complex concepts,
it aligns perfectly with the principles of SCTL. This type
of social and intellectual engagement enriches the
learning process and allows students to develop beyond
their individual capabilities with the support of external
resources like ChatGPT. According to the SCTL, the use
of innovative tools in education can be seen as a
facilitator of interaction between students and
knowledge, in line with the principles of social
collaboration, guided learning, and cognitive
development (Lent, 2008). According to Vygotsky’s
SCTL, learning occurs through social interaction, with
the help of tools and resources, such as language,
culture, and external aids, as shown in Figure 1.

ChatGPT can thus serve as an external resource that
supports the learning process by providing students
with instant access to a vast range of information,
facilitating the construction of knowledge through
interaction with the tool itself and with peers.

However, the study of ChatGPT’s potential in
education also highlights several limitations that align
with concerns raised by SCT. For instance, the accuracy
and reliability issues pointed out by Malinka et al. (2023)
and Kumar (2023) highlight a challenge in the

effectiveness of ChatGPT as a knowledge mediator. In
SCT, tools and resources should enhance and scaffold
learning; however, inconsistent or incorrect information
provided by ChatGPT could disrupt the learning
process, especially if students rely solely on this tool as
their primary source of knowledge. The variability in
responses and the lack of concrete examples can prevent
students from engaging in authentic, real-world learning
experiences, which is central to Vygotsky’s idea of
proximal development, where learners are encouraged
to interact with content and concepts that challenge them
within their zone of development. Moreover, ChatGPT’s
role as an impersonal mediator may fall short in
fostering meaningful social and emotional interactions
that are crucial to SCT.

As Bitzenbauer (2023) mentions, Al cannot replace
the dynamic interpersonal exchanges between students
and teachers, nor replicate the emotional support and
contextual understanding provided by human
interactions. The absence of this human element limits
ChatGPT’s ability to fully support the social and
emotional aspects of learning, which are integral to the
SCT framework. Thus, while ChatGPT can enrich
students’ cognitive experiences, its use must be
thoughtfully integrated into a broader educational
context that emphasizes collaborative learning and
guided interaction. The suggestion by Sijing and Lan
(2018) that ChatGPT should be considered a
complementary tool reflects SCTL’s emphasis on the
teacher’s role as a guide and facilitator of learning.
Teachers can use ChatGPT to support students’ learning
journeys while still fostering the necessary social
interactions that SCT advocates. In this sense, ChatGPT
becomes one of the many tools within a learning
environment that relies on human mediation and
interaction, ensuring a balance between cognitive
development and social learning.

THE CURRENT STATE OF LITERATURE

The Impact of ChatGPT on Student Learning

Given the importance of keeping up with
technological evolution, the study of ChatGPT has
attracted significant attention recently. In this regard,
several research studies have been conducted on the
potential abilities of ChatGPT in education, as well as
their evaluations and risks. According to Agathokleous
et al. (2023), ChatGPT can be a suitable and favorable
tool to enhance biology teaching and learning. This
technological tool can significantly improve students’
understanding by simplifying complex and abstract
concepts and facilitating knowledge in general (Jmoula,
2023). It provides pedagogical support for students,
enabling them to participate in self-paced learning and
effectively meet their educational needs (Holmes &
Tuomi, 2022; Qureshi, 2023). In this regard, Gregorcic
and Pendrill (2023), and Santos (2023), point out that
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students have the opportunity to engage in meaningful
discussions about biology using ChatGPT, which elicits
a sense of motivation and active participation in the
construction of their knowledge, this participation can
be beneficial as it encourages the development of critical
and constructive thinking of ideas presented by their
peers.

Several recent studies have suggested the role of
ChatGPT in Vietnamese education, highlighting its
strengths, and its potential contribution to educational
actors: administrators, teachers, and students (Cao et al.,
2023; Truong, 2023; Truong et al., 2023). In this context, a
series of studies by Dao et al. (2023) assessed the
performance of ChatGPT on the Vietnamese national
secondary school graduation exam, which covers
subjects such as mathematics, literature, English,
physics, chemistry, biology, history, geography, and
civic education. The results of these studies indicate that
ChatGPT demonstrated general competence in the
exam, with an average score of 6-7 for the natural and
social science combinations. More specifically, scores
were medium in mathematics, physics, chemistry, and
biology, while higher scores were achieved in literature,
history, geography, and civic education.

In this context, Dao and Le (2023) conducted an in-
depth analysis of the effectiveness of LLMs (“ChatGPT,
BingChat, and Bard”) in the field of education,
specifically in biology, to reveal their strengths and
limitations. These LLMs analyze massive linguistic
datasets and then generate human-form text, thus
providing valuable information for their successful
integration into educational platforms. The significance
of this study lies in its assessment of the LLMs’
proficiency at different levels of questioning, namely
knowledge, comprehension, application, and higher-
level application.

The results of this study reveal that ChatGPT’s role is
crucial, as it shows potential at multiple levels; the
results reveal that the role of ChatGPT is crucial, as it has
multi-level potential, but low consistency and reliability
in responding to complex application requests, but low
consistency and reliability in responses to complex
application queries. Bing Chat and Bard perform well,
but only in tasks related to memorization and
comprehension, which indicates their effectiveness in
facilitating basic learning but, on the other hand, they
cannot support higher-level cognitive abilities,
particularly analysis, synthesis, and application.
However, these higher-level cognitive abilities, as
established by Bloom, require contextualized activities
and active, innovative learning situations that place the
student at the center of the teaching-learning process,
which appears to positively influence student
engagement, as emphasized by Gérard and Rubio (2020).
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The Impact of ChatGPT on Students” Academic
Performance and Creativity

Currently, concerns have been raised about the
impact of ChatGPT on students’ academic results and
creativity. According to researchers, ChatGPT offers
exciting aspects for education by giving quick answers
to any questions posed by users, but at the same time
challenges to overcome before it can be put into practice
in schools. Among these challenges, the tool can
generate inaccurate or misleading information,
potentially hindering learning (Bitzenbauer, 2023).
These assertions corroborate a study by Kumar (2023) on
the potential of ChatGPT in the biomedical field, which
reveals that the errors observed in students could
worsen with the answers provided by ChatGPT. Indeed,
significant errors, such as referencing problems, lack of
in-depth knowledge, and inappropriate
contextualization of the subject, will continue to affect
the answers generated by tools such as ChatGPT.

ChatGPT provides explanations on a wide range of
topics related to different disciplines and answers
students’” questions, facilitating access to diverse
knowledge compared to the traditional classroom, this
availability of enriched resources can stimulate curiosity
and actively test their understanding of concepts
(Rudolph & Tan, 2023). However, an analysis using
ChatGPT to examine future trends in synthetic biology
revealed that this model can anticipate these
developments, and influence future scientific advances.
As a result, ChatGPT could play a key role in guiding
research and innovation in this field for years to come
(Tong & Zhang, 2023). In summary, when used wisely
and ethically, ChatGPT can potentially serve as a
valuable cognitive tool in education, enriching
knowledge and improving quality of life (Jmoula, 2023).

The Limits of ChatGPT

ChatGPT indeed has strengths in the field of
education, but also significant limitations. Some
researchers note that excessive use of these tools could
undermine the social comprehension of knowledge and
learning, and compromise students’ critical thinking and
creativity, as well as, that continuous use of ChatGPT for
studies can develop laziness in students and weaken
their cognitive competencies (Yilmaz & Yilmaz, 2023).
With this in mind, Chan et al. (2023) reported that this
innovative tool can reduce students’ cognitive efforts to
complete academic tasks, leading to memory loss and
reduce levels of procrastination (Abbas et al., 2024).
Another concern raised by researchers is that not all
schools have the necessary resources for ChatGPT;
limited access to the Internet, computers, and servers
could create a digital divide and demotivate students, so
for successful integration, schools need the necessary
infrastructure and equitable access to technology.
According to a study by Kumar (2023), instead of being
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concerned about its inappropriate use, it would be better
to consider how this new technology can help in training
and learning and to focus on how these technologies are
integrated into teaching. As Russell (1999) notes, it is not
the technology itself that is problematic, but its use. If
teachers adopt pedagogical methods that encourage
interaction, reflection, and creativity, ChatGPT can
enrich learning rather than hinder it.

Additionally, adequate training for teachers is crucial
so they can thoughtfully integrate these tools into their
teaching and rethink curricula to make them realistic
and adapted to new technologies (Stecher, 1991). This
could not only lighten the burden of content but also
allow for a more dynamic and engaging approach to
learning. In sum, a deep reflection on the integration of
technology and reform of pedagogical practices seems
essential to make the most of these tools while
preserving the quality of education. To harness the
potential of ChatGPT in education, educators and
policymakers must work together and address the
current challenges. However, researchers have raised
significant concerns regarding the accuracy and
reliability of ChatGPT. A study by Malinka et al. (2023)
highlighted that ChatGPT’s responses exhibited
considerable variability, with some being accurate and
others completely incorrect, even for similar questions.
It was observed that the tool tends to generate events,
links, and references, which could lead to errors in the
text produced. This is particularly concerning when
considering the reliability and credibility of the
information provided by ChatGPT. Another major
worrying gap in ChatGPT’s responses was the lack of
practical examples or the omission of personal
experiences related to the subject of the query, which is
a typical feature of biological intelligence (Kumar, 2023).

Although ChatGPT is a powerful and useful tool, it
can never replace the essential role of direct interaction
and exchange between teacher and students, and
between students themselves, which are valuable
elements in providing personalized feedback,
understanding of emotional and contextual gestures,
and emotional support (Chen et al., 2023). Al can never
fully replace this interactive and social dynamic in the
classroom and the teacher’s essential role in the teaching-
learning process (Bitzenbauer, 2023). According to Sijing
and Lan (2018), ChatGPT should be considered as a
complementary tool from which teachers can benefit to
enhance their activities and provide individualized
support to students. Teachers will therefore play the role
of guides, advisors, and mentors. They will have tools to
adjust their strategies according to the issues identified,
in order to offer more personalized teaching. That being
said, ChatGPT cannot completely replace humans in
many areas (Bisdas et al., 2021; Essel et al., 2022). For
example, in fields such as medicine and healthcare,
humans have a deep wunderstanding of human
physiology and psychology, as well as practical

experience that cannot be replaced by a machine.
Similarly, in areas such as creativity, decision-making,
and solving complex problems, human expertise
remains invaluable (Gutierrez, 2024; Popa et al., 2024).
Moreover, ChatGPT is not credible. Although it can
generate convincing responses, it can also produce
inaccurate or inappropriate information. This becomes
problematic in situations where accuracy and reliability
are critical, such as in the field of healthcare or justice.
Additionally, the use of ChatGPT raises concerns about
privacy and data security. Since it processes large
amounts of textual data, it could potentially be used to
collect personal information, putting user confidentiality
at risk. Finally, there are ethical concerns regarding the
use of ChatGPT (Shangying et al., 2024). As a powerful
tool capable of influencing users’ opinions and
behaviors, it can easily be exploited for malicious
purposes, potentially causing harm to society as a whole.

The present study explores the potential of ChatGPT
to help improve the learning of genetics, a crucial but
often seen difficult field for students. Thus, this study
aims to determine the effectiveness of ChatGPT in
enhancing the understanding and mastery of essential
genetics concepts among secondary school students
(“meiosis”, for example). It focuses on the potential of
ChatGPT as a pedagogical tool to make learning genetics
more accessible and attractive. Our study addresses two
questions:

Q1. Does ChatGPT have a positive impact on high
school student’s performance in genetics?

Q2. Is there a statistically significant difference in
students’ performance in genetics when using
ChatGPT compared to when not using this tool?

To answer these questions, two hypotheses (HO and
H1) were formulated as follows:

HO. ChatGPT does not affect improving students’
results.

H1. Using ChatGPT to study genetics, specifically to
master the meiosis concept, can improve student
performance.

MATERIALS AND METHODS

This study attempts to evaluate the effect of this
innovative technological tool on improving the learning
of meiosis concept and consequently improving
students” academic performance. We opted for a pre-test
and post-test quasi-experimental design, commonly
employed in educational research. It involves assessing
the knowledge and abilities of participants before (pre-
test) and after (post-test) an intervention. This method
included both control group (CG) and experimental
group (EG), with students randomly assigned to these
groups, which means that no predefined criteria, such as
previous academic performance, were used for group
assignments. This method ensured the initial
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Table 1. Distribution of students between CG and EG

Options Total number of learners Groups Numbers of learners Female Male
pPC 45 CG 22 10 12
EG 23 12 11
LES 37 CG 18 8 10
EG 19 11 8
SMA 29 CG 14 7 7
EG 15 8 7

equivalence of the groups prior to the intervention, thus
guaranteeing the internal validity of the study (Cohen et
al., 2007). It is descriptive and correlational in nature and
is considered appropriate for comparing the average
scores of the participating student groups and
measuring the degree of improvement in the results of
the intervention.

Sampling

Our study is based on a sample of 45 2nd year
baccalaureate students in the physical sciences (PC)
option, 37 students in the LES option, and 29 students in
the mathematical sciences (SMA) option, studying at the
qualifying high school in the regions of Marrakech,
Morocco. This study population was divided into four
classes; a random selection was made so that two classes
were designated as the EG and two other classes were
chosen as the CG. Table 1 summarizes the distribution
of the study population.

Before starting the genetics course using ChatGPT,
we requested permission from the local authorities to
conduct the study in the school under the right
conditions. Students in the EGs used ChatGPT as a
learning tool during the session; those in the control class
were limited to the traditional approach, engaging in
learning activities without using ChatGPT. However,
the first step in using ChatGPT is to find a platform or
website that allows students to access the model.
ChatGPT can be used on several platforms, including the
OpenAl website, transformers library, and via
integrations on search engines such as Google (Dergaa et
al., 2023). Once accessed, the student must enter a clear
question in the field, and ChatGPT generates an answer
based on its model. After receiving the answer, it is
important to assess its relevance and decide whether to
continue the dialogue or reformulate the request
(Rahman & Watanobe, 2023).

However, ChatGPT presents limitations that should
be considered for its successful implementation, in this
context, our preparatory work before the class was
crucial, as we were responsible for preparing the
pedagogical scenario for the session, the activities and
course materials, and the appropriate teaching-learning
situations related to the study chapter. To achieve this,
we relied on official pedagogical guidelines, the study of
three national textbooks, reference frameworks, and the
results of a diagnostic assessment conducted at the
beginning of the year to present the topic
comprehensively. To ensure the smooth running of the
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experiment, the classes were well equipped, connected
to the Internet, and reserved exclusively for the students
in the EG to facilitate their Internet access and group
work. This type of work allows for the exchange of ideas
among students, developing critical thinking and
scientific communication.

Data Analysis

At the start of the experiment, all students in the CG
and EG took a pre-test to assess the equivalence of their
knowledge of meiosis. This pre-test, in line with LES
pedagogical guidelines, consisted of two sections: one to
evaluate the restitution of comprehension and the other
to solve problems, to ensure equivalence between the
groups. Subsequently, students in the EG had access to
the ChatGPT application for seven sessions to study
meiosis, whereas the CG followed a traditional genetics
course, using textbooks, lecture notes, and teacher-
guided discussions. At the end of the chapter, students
in both groups were asked to answer post-test questions
to compare their answers and analyze the results. The
validity of two tests was confirmed by experts (teachers
training centers in biology and geology and biology
professors at university) and their suggestions were
incorporated. The two tests included 10 questions
divided into 4 levels of cognitive ability: knowledge,
comprehension, analysis, and application. The tests’
reliability was verified using internal consistency
method expressed by Cronbach’s alpha coefficient with
values of 0.714 for PC, 0.78 for SMA and 0.83 for LES,
exceeding the minimum threshold of 0.70 (Nunnally,
1978). The genetics program for second-year
baccalaureate students incorporates meiosis as a
fundamental subject. This subject was chosen because of
its wide applicability and interesting nature in genetics
with its different disciplines and constitutes a major role
in understanding the principles and mechanisms of
heredity making it a topic of interest for the ChatGPT to
discuss. A web interface enabled the ChatGPT group to
access the system. Students could interact with ChatGPT
by typing text queries and receiving answers in a
familiar language. Then, the teacher taught meiosis to
the CG of students using the traditional method. The
technological tool used is an independent variable, and
the improvement of results and academic performance
was the dependent variable in the research. Data
analysis was conducted using the statistical software
SPSS version 20. Basic statistics such as mean (M) and
standard deviation (SD) and the comparison of means
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Table 2. Pre-test scores and t-test results for average pre-test scores for LES, PC, and SMA options

Options  Total numbers of learners Groups Number M SD t DDL p-value
PC 45 CG 22 8.63 221 1.01 43 0.31
EG 23 9.31 2.26
LES 37 CG 18 9.61 2.38 1.73 35 0.83
EG 19 9.40 224
SMA 29 CG 14 10.32 3.02 1.22 27 0.23
EG 15 11.56 1.86
Note. DDL: Data definition language
Table 3. t-test results for the average pre-test scores according to cognitive abilities for LES
Statistics of the groups
LES Group Number M SD t DDL p-value
Pre-test CG 18 9.61 3.11 0.21 35 0.83
EG 19 9.40 2.63
Knowledge CG 18 3.30 0.97 0.82 35 041
EG 19 3.02 1.08
Comprehension CG 18 2.80 1.03 0.11 35 091
EG 19 2.76 1.26
Analysis CG 18 2.02 0.91 0.00 35 0.99
EG 19 2.02 0.67
Application CG 18 1.44 0.74 1.40 35 0.16
EG 19 1.76 0.63

Note. DDL: Data definition language

between the CG and EG were performed using the
Student’s t-test. To verify the effect of ChatGPT
compared with the traditional method, we calculated
each student’s learning level by calculating the students’
learning gain in various cognitive abilities and the
learning gain of groups of size N (N-gain).

RESULTS

Pre-Test Results

To measure the positive impact on genetics
performance, a statistical analysis using an independent
samples t-test was conducted to assess the initial
similarity between the two groups (CG and EG) from the
three options: LES, PC, and SMA. Table 2 summarizes
the descriptive statistics of Ms and SDs obtained by
students from both groups in the pre-test for the three
options. To determine whether the difference between
the means of the two groups is statistically significant to
reject the null hypothesis (H0), we used the student’s t-
test to compare the means of the two independent
samples, assuming they follow a normal distribution
(based on the Shapiro-Wilk p-value). The results of the
comparison are presented in Table 2.

The analyses of the pre-test results showed that for
students in the LES, the variances appear homogeneous
(F =1.60), t (43) = 1.01 and the p-value is 0.31, is higher
than the chosen alpha level (p < 0.05), the same situation
is observed for students in the PC (F = 4.85), and
mathematical sciences (F = 3.11), where the variances are
also homogeneous and a p-value is higher than the
chosen alpha level. Consequently, we cannot reject the
null hypothesis HO, This suggests that students in both
groups could be considered comparable in knowledge
and comprehension of the concept of meiosis, as shown
in Table 2. In other words, students in both groups,
whatever their options, show similar levels of
comprehension, qualified as low, indicating a superficial
acquisition of concepts due to a traditional teaching
method, focused on knowledge restitution and
memorization.

Analysis of the results in Table 3, Table 4, and Table
5 showed low performance in Bloom’s cognitive skills
(knowledge, comprehension, analysis, and application),
which were treated as independent variables in the
statistical analyses.

Table 4. t-test results for the average pre-test scores according to cognitive abilities for PC

Statistics of the groups

LES Group Number M SD t DDL p-value

Pre-test CG 23 8.63 1.73 1.06 43 0.29
EG 22 9.31 2.55

Knowledge CG 23 2.69 0.77 0.95 43 0.34
EG 22 2.93 0.87

Comprehension CG 23 2.45 0.54 141 43 0.16
EG 22 2.75 0.82

Note. DDL: Data definition language
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Table 4 (Continued). t-test results for the average pre-test scores according to cognitive abilities for PC

Statistics of the groups

LES Group Number M SD t DDL p-value
Analysis CG 23 1.97 0.69 0.82 43 041
EG 22 1.81 0.58
Application CG 23 1.10 0.87 2.02 43 0.04
EG 22 1.54 0.50
Note. DDL: Data definition language
Table 5. t-test results for the average pre-test scores according to cognitive abilities for SMA
Statistics of the groups
LES Group Number M SD t DDL p-value
Pre-test CG 14 10.32 2.95 1.367 27 0.183
EG 15 11.56 1.86
Knowledge CG 14 3.53 1.00 2272 27 0.031
EG 15 4.30 0.79
Comprehension CG 14 242 0.95 2.842 27 0.008
EG 15 3.56 1.17
Analysis CG 14 2.28 0.69 -1.079 27 0.290
EG 15 1.96 0.87
Application CG 14 1.92 1.08 -0.804 27 0.429
EG 15 1.66 0.61
Note. DDL: Data definition language
Table 6. t-test results for average post-test scores for PC, LES, and SMA options
Options  Total numbers of learners Groups Number M SD t DDL p-value
PC 45 CG 22 1247 2.25 5.85 43 0.00
EG 23 16.55 2.54
LES 37 CG 18 9.97 2.01 8.30 35 0.00
EG 19 15.60 2.10
SMA 29 CG 14 11.96 2.69 7.32 27 0.00
EG 15 17.50 1.11

Note. DDL: Data definition language

Furthermore, according to the quasi-experimental
design, no significant difference was found between the
performance of the CG and EG (Cohen et al., 2007).

Post-Test Results

Table 6 presents the results of descriptive statistics of
mean scores obtained by students in the post-test for
three PC, LES, and MATH options.

The results of the student’s scores in the LES option
during the post-test show that the average score for the
EG is (M = 15.60, SD = 2.10), while the average for the
CGisonly (M =9.97,SD =2.01), with a difference of 5.63
between the two means. Regarding PC, the average score
for the EG is (M = 16.55, SD = 2.54), while the CG's
average is (M =12.47, SD = 2.25), with a difference of 4.08
between the two means. For mathematical sciences, the
average score for the EG is (M = 17.50, SD = 1.11), while
the CG’s average is (M = 11.96, SD = 2.69), with a
difference of 5.54 between the two means. These scores
are higher than those in the pre-test. The effects on
knowledge gains were calculated to examine the impact
of ChatGPT on improving students’ knowledge. To
determine if this difference was significant, and to reject
the null hypothesis (HO0) that ChatGPT, as an innovative
learning tool, had no impact on student results, we used
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Student’s t-test. This test compares the means of two
independent samples according to a normal distribution.
The results of this comparison are presented in Table 6.
According to Table 6, we can see that the p-values for
both groups are 0.000, which is below the chosen alpha
level (p < 0.05). A p-value of 0.00 (if p < 0.05, the null
hypothesis HO, which suggests equality of means,
should be rejected). We can deduce that the difference in
the means of the pre- and post-test scores is statistically
significant. This indicates that the performance of
students in the EG has significantly exceeded that of
students in the CG for the three options (PC, LES, and
SMA), allowing us to accept the alternative hypothesis
H1. Therefore, we conclude that the use of ChatGPT in
teaching and learning LES, particularly in genetics, has a
significantly positive impact that far exceeds that of the
traditional approach, which is limited to lectures and
exercises. Bloom classified educational objectives into
specific categories (knowledge, understanding, analysis,
and application). Based on Bloom’s cognitive abilities,
we analyzed the results to determine to what extent
ChatGPT could improve the abilities of our students to
evaluate students’ performance. The results below
present the performance of the four abilities (knowledge,
understanding, analysis, and application) in the post-test
for students in the three options: LES, PC, and SMA.
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Table 7. t-test results for the average post-test scores according to cognitive abilities for LES

Statistics of the groups

LES Group Number M SD t N-gain Criteria p-value

Post-test CG 18 9.97 2.01 8.30 0.03 Low 0.00
EG 19 15.60 2.10 0.58 Medium

Knowledge CG 18 3.33 0.98 5.35 0.01 Low 0.00
EG 19 4.68 0.47 0.83 High

Comprehension CG 18 3.22 0.89 5.57 0.19 Low 0.00
EG 19 4.60 0.59 0.82 High

Analysis CG 18 211 0.76 5.84 0.03 Low 0.00
EG 19 3.86 0.98 0.61 Medium

Application CG 18 1.30 0.66 4.44 -0.03 Low 0.00
EG 19 244 0.96 0.20 Low

Table 8. t-test results for the average post-test scores according to cognitive abilities for PC

Statistics of the groups

LES Group Number M SD t N-gain Criteria p-value

Post-test CG 23 12.47 243 5.85 0.23 Low 0.00
EG 22 16.55 222 0.67 Medium

Knowledge CG 23 3.33 0.83 4.98 0.27 Low 0.00
EG 22 4.68 0.39 0.84 High

Comprehension CG 23 3.22 0.99 4.92 0.30 Medium 0.00
EG 22 4.60 0.64 0.82 High

Analysis CG 23 216 0.83 6.03 0.06 Low 0.00
EG 22 3.86 0.93 0.64 Medium

Application CG 23 1.25 0.66 2.29 0.03 Low 0.00
EG 22 244 1.00 0.26 Low

Table 9. t-test results for the average post-test scores according to cognitive abilities for MATH

Statistics of the groups

LES Group Number M SD t N-gain Criteria p-value

Post-test CG 14 11.96 2.69 7.32 0.16 Low 0.00
EG 15 17.50 1.11 0.70 High

Knowledge CG 14 4.00 1.01 2.85 0.31 Medium 0.00
EG 15 4.80 0.36 0.71 High

Comprehension CG 14 3.28 1.01 6.55 0.33 Medium 0.00
EG 15 5.00 0.00 1.00 High

Analysis CG 14 2.39 0.52 8.66 0.04 Low 0.00
EG 15 4.60 0.80 0.86 High

Application CG 14 2.07 1.14 3.37 0.04 Low 0.00
EG 15 3.20 0.59 0.46 Medium

Table 10. Interpretation of N-gain score

N-gain score Criteria 0.7 AVERAGE VALUES OF N-GAIN

0.0 < N-gain < 0.3 Low 6 e o5

0.3 <N-gain < 0.7 Medium 0.6 K

N-gain > 0.7 High 0.5 ® Experimental

33 group
.4 0.25 ® Control group
According to the results obtained in Table 7, Table 8, 0.3

and Table 9, we observed an improvement in many G2 0.02

cognitive abilities through teaching using the innovative 0';

pedagogical tool ChatGPT. To identify precisely which SMA. PC LES

abilities were improved by this tool, we calculated and

then interpreted the conceptual gain (N-gain) for each
CG and EG in the three options studied, using Table 10
from Hake (2002).

We then performed a t-test to determine the statistical
significance of differences between the N-gains of the

Figure 2. Averages values of N-gain calculated using SPSS,
based on Hake’s (2002) formula

CG and EG, as shown in Figure 2 and the Table 7, Table
8, and Table 9 presented.
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Based on the mean T test scores and the results of the
learning gain calculation for each cognitive ability in the
post-test, a significant difference was observed between
the cognitive ability levels of the CG and EG in the post-
test for the three options: LES, PC, and SMA. The EGs in
the LES option achieved a high average score of 4.68/5
for knowledge level, a similar result for PC, whereas
SMA obtained 4.80/5.

For comprehension, LES and PC achieved an average
of 4.60/5, whereas SMA registered a perfect score of
5.00/5. For the analysis level, SMA showed the highest
average with 4.60/5, while LES and PC scored 3.86/5.

Finally, regarding the application level, the scores of
PC and LES options failed to achieve the mean, whereas
SMA presented a relatively high mean of 3.20/5. These
scores were significantly higher than those of the CG,
which did not exceed 2.50/5. In other words, the
students in the CG answered correctly, especially on the
questions related to comprehension and
analysis/synthesis abilities. It was also revealed that the
students understood and assimilated the concepts of
genetics very well after studying the subject using GPT
Chat, in contrast to the CGs, which were limited to
knowledge and superficial comprehension, without
acquiring abilities such as comprehension, analysis, and
application. In other words, the experimental students
performed better than the control students, which can be
explained by the reason that the CGs did not benefit
from the intervention such as the activities organized by
the teacher to successfully integrate the Chat GPT, which
the EG benefited. Therefore, we can conclude that the
ChatGPT-based learning environment significantly
improved the students’” understanding of the meiosis
concept, whereas traditional teaching had a mediocre
impact on our students” comprehension.

DISCUSSION
This study aimed to determine the impact of
integrating ChatGPT on improving students’

understanding and cognitive performance in learning
meijosis, a fundamental concept in genetics. The results
of the comparison between the pre- and post-tests, as
well as the students’ feedback, provide valuable and
encouraging insights into the usefulness of ChatGPT as
an educational learning technology. The comparison of
test results before and after the use of ChatGPT shows a
statistically ~ significant  difference in cognitive
performance, indicating that the tool improved students’
understanding of meiosis.

In a ChatGPT-based learning environment, students
in the LES, PC, and SMA options became more engaged
in the course. They actively built their knowledge,
facilitating the development of higher-order cognitive
skills. These results are consistent with Qureshi (2023),
who confirms that ChatGPT enhances student
participation in virtual dialogues, offering quick
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feedback and guidance that strengthens the
development of essential abilities such as critical
thinking and problem-solving. However, it will be
difficult to achieve these objectives without a
fundamental understanding of scientific concepts in
genetics, such as the meiosis concept. Therefore,
ChatGPT is an effective and essential tool for teaching
genetics, a subject characterized by a dense curriculum,
many complex and abstract scientific concepts, and
especially the insufficient amount of time available to
cover all its branches (Baroud et al.,, 2022; Choden &
Kijkuakul, 2020).

According to Eden (2024), the use of Al, particularly
ChatGPT, in biology represents a promising and
alternative solution, offering positive effects by
considering the individual differences of learners, their
learning pace, as well as feedback and engagement from
all students. The ChatGPT-based approach considers
students’ prerequisites, abilities, and preferences, which
increases the chances of achieving positive outcomes by
the end of the biology course (Tiwari, 2023).
Furthermore, this tool can even assist teachers in
addressing various topics in biology. The main goal is to
provide effective learning that is tailored to the specific
needs of students.

As noted by Jmoula (2023), ChatGPT helps reduce
content load, diversify learning methods, and make
lessons more interactive, especially by allowing more
classroom time to be dedicated to developing students’
higher-order cognitive skills, thereby preparing them to
become active citizens capable of thinking critically and
solving problems. It also allows for a more targeted
approach to meet the needs of each learner by analyzing
their prompts and queries, providing answers suited to
their level, and offering personalized content such as
exercises, definitions of difficult concepts, grammar rule
reminders, recommendations for additional sources of
information, etc. For instance, students struggling to
understand a specific idea should be provided with
knowledge and resources, whereas academically
proficient students could be tasked with more complex
assignments. This study aims to implement a
personalized methodology that effectively addresses the
heterogeneous learning needs of students and fosters
inclusive educational practices ( Alarabi et al., 2024). Our
study aligns with the one conducted by Rudolph and
Tan (2023), which emphasizes that ChatGPT can direct
learners to supplementary resources such as books or
online courses, helping them improve their
understanding of a given topic. Other studies reveal that
students in ChatGPT groups are highly engaged in
collaborative learning activities and participate in
meaningful interactions with their peers. According to
Firat (2023), and Lin (2023) ChatGPT is an online
educational tool that provides pedagogical support by
helping students solve problems and encouraging
collaborative dialogue between peers. Furthermore, it
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creates collaborative learning that facilitates knowledge
acquisition and the exchange of opinions and ideas
among students, leading to the collective construction of
knowledge.

In a recent study, Williams (2023) identified over ten
applications of ChatGPT to support dyslexic students in
higher education, including helping with reading long
texts by summarizing or reading the text aloud (text-to-
speech) and assisting with note-taking during classes,
which facilitates their understanding and later revision.
Through its language processing capabilities, ChatGPT
can help students ask questions in real time, clarify
complex  scientific ~ concepts  hindering  their
understanding, and explore topics in greater depth. By
integrating this tool, teachers can create personalized
activities where students collaborate, share ideas, and
discuss outcomes, thereby fostering scientific curiosity
and critical thinking in students-abilities that are
essential in the biological sciences (Gérard & Rubio,
2020). Despite the potential benefits of ChatGPT in the
field of education, concerns remain regarding the risks
associated with this technology, raising significant
ethical issues that require collective reflection to mitigate
its dangers. The ability of ChatGPT to generate plausible
and semantically correct texts is at the center of ethical
and societal debates. In the educational context, the use
of ChatGPT by learners to write essays or complete
assignments, as well as its use by teachers to assist in
their pedagogical and scientific activities, raises ethical
questions related to academic integrity and honesty,
thereby increasing the risks of plagiarism and cheating
(Adnani & Haounani, 2024).

CONCLUSION

Genetics presents a major challenge for high school
students and even university students. Our study seeks
to validate the widely accepted hypothesis that high
school students in LES can greatly benefit from using
ChatGPT, especially in learning the meiosis concept.
This fundamental process of cell reproduction is
essential for genetic diversity and the transmission of
hereditary traits. However, this concept is often
perceived as complex and creates difficulties for many
students. The results of our current study show that the
integration of ChatGPT into learning not only facilitates
the understanding of meiosis and improves student
performance but also stimulates students” interest and
engagement. This tool can provide clear and
personalized explanations, allowing students to
progress at their own pace and according to their needs
by analyzing their prompts and queries. Thanks to its
ability to provide instant responses to questions and
offer interactive exercises, ChatGPT helps strengthen
students’ confidence and autonomy in the learning
process. Furthermore, the ease of use of ChatGPT is a
significant advantage for high school students, as it is
accessible from any device with an Internet connection,

allowing them to study at any time. However, some
students encounter difficulties accessing the ChatGPT
platform due to technical issues, particularly in remote
areas where the Internet connectivity is limited,
highlighting the importance of finding appropriate
solutions and overcoming accessibility barriers.
Additionally, collaboration between educators and
digital education innovators is essential to create
relevant content aligned with curricula and learning
objectives, as well as to develop quality educational
resources that will better prepare students to tackle
complex subjects like genetics. To achieve this, it is also
essential to provide adequate training for teachers to
improve the quality of their lessons and generate
creative ideas that open the way to new teaching
perspectives, enabling them to master this new Al
technology in the educational setting. Students must also
be more aware of its ethical use and how to adapt it to
science courses. Furthermore, it is recommended to
engage in more collaborative research using ChatGPT as
an educational tool. It is also essential to establish quality
assurance procedures to ensure the reliability and
accuracy of the responses provided by Al In this context,
in-depth studies on the effectiveness of Al-based
education and its long-term impacts on teaching LES are
needed. Researchers, educators, and decision makers
should work together to integrate Al into education by
identifying best practices, developing guidelines, and
creating appropriate policies. This partnership could
foster the creation of a learning community, facilitating
the exchange of ideas, tools, and innovative experiences.
Finally, it is crucial to regularly evaluate the
effectiveness of this approach. Our ultimate goal is to
contribute to improving science education, making the
learning of genetics more accessible and engaging for all
students.
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