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Abstract

The aim of this study is to define epigenetic literacy

and describe how it can be included in school biology.

Epigenetics is a new field of research in biology with

abundant societal consequences and conceptual impli-

cations on how genetics is understood. Epigenetics

explains how genes are regulated, thereby clarifying

cell differentiation, and providing an understanding of

how the environment interacts with genes. Students

are bound to encounter epigenetic knowledge and

applications related to issues such as health, food, and

exercise in the media and their everyday lives. Conse-

quently, there is a need to develop epigenetic literacy.

Nevertheless, epigenetics is missing in biology curricula

and is almost unknown among teachers and students.

Research on epigenetics in science education is scarce,

and we do not know what and how to teach. Therefore,

we conducted a policy Delphi study with a panel of

experts to define an epigenetic literacy framework for

teaching in secondary education in relation to Robert's

Vision I and Vision II perspectives on epigenetic liter-

acy. Participants were 41 recognized international

experts representing 11 countries and five areas of

expertise. The experts suggested that epigenetics should

be introduced in the lower secondary genetics course

(students aged 13–15 years), but also addressed in other

relevant areas of biology. The study generated six
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content themes: epigenetics as a metaphor; epigenetics

connecting nature with nurture; epigenetics as a dynamic

process; epigenetic mechanisms; epigenetics and inheri-

tance; and epigenetics and nature of science, and five

sociocultural themes for contextualization: epigenetics

and lifestyle; epigenetics and diseases; epigenetics and

ethics; epigenetics and policies; and epigenetics and

forensics. Taken together, these themes constitute the

epigenetic literacy framework. Further, we uncover

divergent meanings in the expert panel—as is typical of

policy Delphi studies—and connect the framework to

genetic literacy and learning progressions in genetics

education.
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1 | INTRODUCTION

It is important for teachers to grasp new findings in science and include them in education to
make school science relevant; even more so if these scientific findings greatly influence society
and our everyday lives. Epigenetics is one such finding as it shows how biology is linked to stu-
dents' everyday lives and personal decision-making in areas such as health and physical activity.
Further, if science in school is close to cutting-edge research, it is highlighted as an on-going
human endeavor rather than as the product of previous generations of scientists, which can
develop students' understanding of the nature of science. In this article, we argue that the pub-
lic needs to develop scientific literacy about epigenetics and its societal implications, that is, epi-
genetic literacy. To accomplish this goal, it is essential that epigenetics be implemented in
school education. This suggestion has recently gained support elsewhere in science education
(Gericke, 2021; Kang et al., 2019; Zudaire & Fraile, 2021). Today, epigenetics is not included in
the biology curriculum in most countries (Zudaire & Fraile, 2021). Moreover, even less is
known about what such a curriculum would look like. In this study, we used a Delphi study
expert panel to define what constitutes epigenetic literacy, based on which we give recommen-
dations for how to develop the biology curriculum. Further, we uncover divergent meanings in
the expert panel—as is essential in policy Delphi studies.

Epigenetics explains how genes are regulated, thereby clarifying cell differentiation and pro-
viding an understanding of how the environment interacts with genes, and thus how the envi-
ronment can affect physical characteristics and behavior. At the heart of this fundamental new
knowledge is the classic debate about genes and the environment, which can now be refined
and reconsidered. The question no longer revolves around the degree to which environment or
genes determine characteristics and behavior; rather, it refers to a process explanation of how
the environment interacts with genes, leading to observable epigenetic patterns in cells that in
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turn regulate physical characteristics (e.g., Rönn et al., 2013) and is suggested to influence social
conditions (Mc Ewen, 2015; Pickersgill, 2020). These patterns can sometimes be reversible;
hence, epigenetic effects are not necessarily deterministic, but they are dynamic in that the epi-
genetic patterns can remain for varying lengths of time. In some species, these patterns have
even been found to last over generations, via transgenerational inheritance (Klosin et al., 2017).
Thus, epigenetics now offers a scientific framework for explaining nature–nurture relationships,
conceptually expanding genetic knowledge.

Despite the increasing importance of epigenetics in biological research and its influence on
our understanding of genetics in the field of science education, it has been mostly ignored
(Kang et al., 2019; Lewis, 2014). Only a handful of studies have been published—mostly practi-
tioner papers, giving suggestions for lessons or laboratory work that introduce epigenetics to
biology teachers. Recently, a review about epigenetics for biology teachers and other non-
experts was published (Mc Ewen, 2022) to help biology teachers in grasping the content of epi-
genetics. However, no study has investigated what a scientifically literate individual ought to
know about epigenetics, and how this knowledge could be included in the secondary school
curriculum. We aim to redress this gap.

2 | BACKGROUND

2.1 | What is epigenetics?

The prefix “epi” means over/above (Greek), and epigenetics could be considered as the study of
something that is “put on genes”, and that affects them. The first and most studied epigenetic
mechanism, DNA methylation, refers to small methyl groups placed on the DNA. Briefly, the
placing of these methyl groups determines whether the genes will be active or not, that is, if a
protein is produced and is thereby decisive in the formation of a phenotype, and what happens
in the organism. There are other epigenetic mechanisms as well, for example, histone modifica-
tions and non-coding RNAs (Allis et al., 2015), and their number will surely increase as epige-
netic research progresses. Thus, the study of epigenetics and its mechanisms has great
importance for all fields of society in which biological cell processes are involved, such as medi-
cine (Kanwal et al., 2015) and pharmacology (Verma & Kumar, 2018), and it is forecasted to be
important for social sciences, such as learning (Day & Sweatt, 2010), as well.

Developmental biologist Conrad Waddington coined the term epigenetics
(Waddington, 1957). In his famous model of the epigenetic landscape, he claimed that the
undifferentiated fertilized egg could develop into different cell types, a process called differenti-
ation. Although Waddington and other scientists at the time did not understand the underlying
differentiation of the mechanisms, the model was a step forward in framing how to elucidate
differentiation. Another epigenetics approach came from Nanney (1958), who discussed it more
explicitly as the expression of genes. Concurrent with our increasing knowledge about epige-
netic mechanisms, the definition of epigenetics has changed. Allis et al. (2015) give a working
definition of epigenetics taken from Riggs and Porter (1996) as “the study of mitotically and/or
meiotically heritable changes in gene function that cannot be explained by changes in DNA
sequence” (p. 2). This definition is also in line with Gilbert and Epel (2009), who define epige-
netics as “those genetic mechanisms that create phenotypic variation without altering the
base-pair nucleotide sequence of the genes” (p. 12). It is important to note that in definitions of
epigenetics the term inheritance is often used to cover epigenetic patterns that remain stable
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through mitosis and/or meiosis. Inheritance is sometimes also referred to as “cellular stability”
or “cell memory” of epigenetic changes and is a central idea in epigenetics (Nicoglou &
Merlin, 2017).

The new knowledge of epigenetics contributes to our understanding of how the fertilized
egg can give rise to all the different kinds of cells in the embryo and fetus, that is, undergo dif-
ferentiation. Molecular research has unraveled patterns of gene activation and repression, and
gives clues to understanding the orchestration of genes and thus the development of the organ-
ism. The well-tuned cooperation between cellular processes and the order in which genes
become active at a particular moment is at the core of differentiation and epigenetic processes.
Differentiation means that epigenetic patterns are inherited by daughter cells through mitosis,
thus building different tissues. Without this inheritance, no differentiation would be possible
and there would be no development of organisms.

Epigenetics not only explains what happens during differentiation; it also serves as a new
tool for understanding how the environment can influence gene expression. This connects to
the classical nature–nurture debate (Ennis & Pugh, 2017). We now understand, at the molecu-
lar level, how the environment can influence genes via epigenetic mechanisms. This is true not
only for cells during differentiation, but also for already differentiated cells. In this way, epige-
netic mechanisms mediate environmental influences on adult individuals. For example, chan-
ged epigenetic patterns can be detected in thousands of genes after physical exercise in humans
(Rönn et al., 2013) and, in animal models, after learning—in regions of interest for learning in
the brain (Lipsky, 2013), and after being exposed to stress early in life (Weaver et al., 2004).
Hence, the organism's physical and social experiences can materialize as epigenetic patterns,
creating a stable cellular memory that affects gene activity over different time spans. In this
way, the environment might interact with genes, causing changed phenotypic outcomes in the
future, a conceptual understanding that differs from genetics.

There is some debate in research as to whether epigenetic mechanisms can be inherited
across generations in all organisms (Heard & Martienssen, 2014). There are studies showing
that epigenetic patterns can be inherited in some species. For example, in the model organism
Caenorhabditis elegans—a nematode worm—it has been reported that epigenetic patterns can
be inherited for at least 14 generations (Klosin et al., 2017). However, there is as yet no explicit
mechanistic proof that this happens in humans (Morgan et al., 2019). Transgenerational epige-
netic inheritance across generations is, of course, of great principal importance for biology edu-
cation, and would shed new light on the discussion of inheritance of acquired characteristics,
an idea once introduced by Lamarck (as cited in Por, 2006). Today this idea is used as a straw-
man proposal for scientific misconceptions in school biology (Zook, 1995), but new findings in
the area of epigenetic inheritance might clarify this issue.

2.2 | Epigenetics and its implications for science and society

Epigenetics is one of the most rapidly developing fields in biology. The number of published
articles and reviews with “epigenetics” in the title, abstract or as a keyword has increased dra-
matically in the last decade. In a metadata analysis of PubMed, Kang et al. (2019) reported that
in 2017, epigenetic research studies constituted 15.8% of all genetic research publications. Thus,
epigenetics is one of the major topics of genetic research. Based on their analysis, Kang et al.
(2019) suggested that epigenetics be included in the biology curriculum.
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Moreover, the establishment of epigenetics as an important new area of research can be
seen in the founding of new networks, institutes, conferences, curricula and journals focusing
on the topic. Within the last few years, ambitious large-scale projects, such as the International
Human Epigenome Consortium (IHEC) and the NIH Roadmap Epigenomics Mapping Consor-
tium, aimed at mapping human epigenomes for a variety of cell types and/or disease states,
have been launched worldwide (Meloni & Testa, 2014). New journals, such as Epigenetics, Epi-
genetics and Chromatin, and Clinical Epigenetics have emerged, and new professional bodies,
such as The Epigenetic Society and The Clinical Epigenetics Society, have been established. Thus,
epigenetics provides “a banner under which a new scientific movement has advanced”
(Haig, 2012, p. 15).

These advances in science are creating many new applications in society in areas such as
medicine, agriculture and legislation (Heil et al., 2017). It is important from a citizenship per-
spective for everyone to know about these advances and applications. Consequently, we argue
that epigenetics should be taught in school. To strengthen our argument, some examples follow,
in which epigenetics has, or probably will have, a great societal impact.

Changes in epigenetic patterns have been detected in cells from individuals with different
diseases and disorders, with cancer diseases being the most studied (Baylin & Jones, 2011). The
scenario is different for different disorders and diseases, but to illustrate how environmental fac-
tors could influence gene expressions in cancers through epigenetic mechanisms, the involve-
ment of metal cadmium for cancer development is described. Due to the similarity between the
elements cadmium and zinc, cadmium could replace zinc in important enzymes involved in
DNA methylation and demethylation processes, which could change epigenetic patterns (Chen
et al., 2019). Exposure to cadmium could also lead to activation of oncogenes,1 as well as inhibi-
tion of tumor suppressor genes. Other diseases or disorders that have been found to present
changed epigenetic patterns are neurodegenerative, such as Alzheimer's and Parkinson's
(Kwok, 2010), and neuropsychiatric (Kubota et al., 2012). It has been shown that epigenetic pat-
terns can be reversed (Ramchandani et al., 1999), suggesting the possibility of developing drugs
that could reverse the changed epigenetic patterns found in diseases (Ali et al., 2015).

Another example is the importance of eating healthy food for optimal development, orches-
trated by epigenetic mechanisms. Folate, or vitamin B9, can be found in high quantities in fruit
and vegetables. Folate is an important precursor for the formation of methyl groups in the
human body, thus showing the connection between what you eat and the most studied epige-
netic mechanism, DNA methylation. However, humans are not capable of synthesizing folate
in their bodies, so it needs to be taken up from food. Thus, it is important to inform citizens that
what they eat matters for their epigenetic patterns, and thus their future life. It is extremely cru-
cial for pregnant women to eat sufficient quantities of folate, as a proper differentiation process
during fetal development is dependent on adequate amounts of precursors of methyl groups. If
their diet is lacking in this regard, the result could be that the fetuses will suffer from neural
tube defects (Daly et al., 1995). Thus, it is vital to inform pregnant women that what they eat
matters for the development of their fetuses.

The third example concerns a fear that knowledge of epigenetic mechanisms could lead to
ethical consequences if a person behaves contrary to epigenetic common knowledge. This could
lead to reproval and stigmatization. What happens when greater responsibility is placed on
individuals? What could happen, for example, if pregnant women, carrying the responsibility
for new individuals, do not observe dietary recommendations that are clearly based on knowl-
edge about the importance of eating food containing precursors to methyl groups? This is an
example of an ethical issue raised by our deepening knowledge of epigenetics, and there are
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many similar ethical dilemmas that we need to address. Preparing students for such questions
requires including epigenetics in school biology.

2.3 | Scientific literacy as theoretical framing of the study

In this article, we argue that epigenetic literacy should be part of genetic literacy. Furthermore,
epigenetic literacy and genetic literacy should be part of scientific literacy. Scientific literacy has
many definitions (Roberts, 2007). Norris and Phillips (2003) propose that scientific literacy con-
sists of two interrelated components: fundamental literacy and derived literacy. In their frame-
work, fundamental literacy is defined as the ability to read and write in a particular scientific
discipline, and derived literacy refers to a learner's domain-specific knowledge, which is partly
developed from fundamental literacy (Norris & Phillips, 2003). In this study, we focus on the
derived literacy of epigenetics.

A main divide in scientific literacy can be connected to the purpose of learning science.
Osborne (2010) identifies four main arguments in the literature for science education and scien-
tific literacy in the curriculum and in teaching: the utilitarian, economic, cultural, and demo-
cratic arguments. The utilitarian argument is the view that learners benefit from learning
science in a practical sense, that is, scientific knowledge enables students to develop a practical
problem-solving ability that helps them cope with everyday life. In the economic argument, sci-
ence in school is seen as providing pre-professional training for those who will pursue academic
science or follow a course of vocational training, that is, potentially providing wealth for the
individual and society. In the cultural argument, science is seen as one of the great achieve-
ments of culture and the shared heritage of this culture is seen as central to education and citi-
zenship. Finally, in the democratic argument, the purpose of scientific literacy is to develop
citizens that can participate in democratic decision-making in society based on arguments
found in science, which means that the learner becomes a critical consumer of scientific knowl-
edge (Osborne, 2010). We argue that epigenetic literacy from a derived literacy perspective can
be motivated based on all these four arguments. As shown in the preceding section, epigenetics
is important for personal health (the utilitarian argument), and the economic argument is grow-
ing in importance as shown by its impact in academic and professional contexts. The cultural
argument is essential regarding, for example, the changed notion of nature–nurture relation-
ships that conceptually expands genetic knowledge (Gericke, 2021). The democratic argument
for epigenetic literacy is also increasing in significance as insurance companies, for example,
are already considering including the impact of epigenetic profiles in their assessment of insur-
ance takers (Fündling, 2017).

Another framework for distinguishing between different educational purposes of scientific
literacy has been proposed by Roberts (2007), in which scientific literacy is referred to as Vision
I or Vision II. A Vision I perspective on scientific literacy is inclined to pursue pre-professional
science studies (Roberts, 2007). In this vision, an inward look at science predominates “because
the image of student as novice scientists” dominates (Roberts & Bybee, 2014, p. 546). Here, the
goal is to create general familiarity and fluency within the discipline to master its products, pro-
cesses and traditions. Vision I-oriented education is often found in secondary education, prepar-
ing students for tertiary education and specific science professions. Here, the economic
argument from Osborne (2010) becomes evident, but also the other three arguments are rele-
vant. Not all students will become scientists, but all students will have a life outside their future
profession where scientific literacy is of importance (Boerwinkel et al., 2017). A second
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educational purpose of scientific literacy relates to the idea of “science for all”, that is, education
encompassing all students and not just those pursuing a science career. This citizenship educa-
tion is denoted Vision II by Roberts (2007). Vision II-oriented education is often found in com-
pulsory education, preparing students to become citizens (but also for future studies). The main
idea is that all students and citizens should have grounding in some common scientific under-
standing to be used in personal and societal issues where scientific knowledge, in addition to
other kinds of knowledge and values, is applied (Roberts & Bybee, 2014, p. 547). Here, all four
arguments are relevant, but often the non-professional arguments of utilitarian value, culture
and democracy come to the fore.

In this study, we define epigenetic literacy as part of scientific literacy and relate it to
Roberts's (2007) Vision I and II by investigating epigenetic literacy in light of the two visions.
We develop an epigenetic framework that constitutes two curricula based on the visions with
the help of a panel of experts. According to Vision I, epigenetic literacy should focus on
expanded epigenetic content, and be designed for students who are aiming toward a biology
career in the future. Therefore, we targeted Vision I as literacy for biology students in upper sec-
ondary education, making it important as a preparation for biology studies at the university.
Epigenetic literacy according to Vision II relates to a general understanding of epigenetics with
a focus on its implications for the individual and society. Therefore, in this study, we targeted
Vision II as literacy for all students in compulsory schools, aiming for epigenetic literacy educa-
tion for all citizens. However, as also recognized in the literature, there might be great overlap
between the two visions (Millar, 2006), and utilitarian, economical, cultural and democratic
arguments can be used for both visions. In this study, the issue of what content to include in
epigenetic literacy from both the Vision I and II perspectives became an empirical question for
the Delphi panel of experts to decide upon.

2.4 | Epigenetic literacy as part of genetic literacy

Calls have been made for initiatives to improve the public's genetic literacy due to the rapid evo-
lution of contemporary genetics that schools and curricula have not kept up with (e.g., Carver
et al., 2017; Christensen et al., 2010; Dougherty, 2009; Dougherty et al., 2011). However, only a
few studies have investigated genetic literacy, and even fewer epigenetic literacy (Zudaire &
Fraile, 2021). A great deal of literature relating to genetic literacy concerns health issues, often
related to the insufficient preparation of healthcare providers to deal with genetic-related issues
(Kaye & Korf, 2013). Jennings (2004) defines genetic literacy as a part of citizenship that
includes both participation in the societal debate on genetic-related issues and personal
decision-making on the use of genetic-related services. Other studies describe genetic literacy
more generally, focusing on the undergraduate level (Bowling, Acra, et al., 2008; Bowling,
Huether, et al., 2008).

In more recent science education literature, it is argued that genetic literacy (Stern &
Kampourakis, 2017) and genomic literacy (Donovan et al., 2020, 2021) should promote a con-
temporary understanding of scientific knowledge related to genetics moving away from Mende-
lian genetics. This study aims to contribute to this development. Stern and Kampourakis (2017,
p. 194) define genetic literacy in a review study as “adequate knowledge about genomes and
their properties, as well as the methods that researchers in genetics use.” The other pillar they
include in genetics literacy is decision-making related to socio-scientific issues. The authors
reinforce the importance of derived literacy in education, as here investigated, by saying
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“we believe that achieving genetic literacy demands a robust conceptual understanding of
genetics that has to be built in formal education” (Stern & Kampourakis, 2017, p. 212).

Donovan et al. (2020, 2021) discuss the concept of genomics literacy, and define it as a
“domain-specific form of scientific literacy” that relates to derived literacy (Donovan
et al., 2021, p. 552). We argue that epigenetics is linked to genomics literacy because it is a mul-
tifactorial model of genetics. In the work of Donovan et al. (2020, 2021) three different types
of literacy are defined: basic genomics literacy, standard genomics literacy, and humane
genomics literacy (Donovan et al., 2020). Basic genomics literacy refers in their framework
to Mendelian and molecular genetics, and is described as “a basic understanding of the
probabilistic processes that create genetic diversity within an individual or family
(i.e., genotypes) and how this genetic diversity influences trait variation (i.e., phenotypes)
from generation to generation within a family” (Donovan et al., 2020, p. 1481). Further, they
identify standard genomics literacy as the complex relationship between genetic and pheno-
typic variation within populations, which is grounded in the concepts of population think-
ing and multifactorial genetics. Standard genomics literacy is claimed to give a more
complex and scientifically correct, less causal and deterministic, description of genetics.
However, as argued, and empirically supported, standard genomics literacy needs to be
accompanied by explicit knowledge of how multifactorial genetics and population thinking
can be used to refute assumptions of genetic essentialism. In this way, humane genomics lit-
eracy can be achieved, according to Donovan et al. (2021). We would argue that epigenetics
is closely related to standard genomics literacy because it is a multifactorial model, and
could be a foundation for developing humane genomics literacy (Gericke, 2021). Epigenetics
is a powerful tool in explaining multifactorial genetics related to how variation in a trait is
influenced by a combination of environmental effects, polygenetic effects, and gene-by-
environment interactions (Hallgrímsson & Hall, 2011). Hence, epigenetic literacy can be
seen as an important and integral part of standard genomics literacy. Further, epigenetics
provides an explanatory model at the molecular mechanistic level that integrates environ-
mental and genetic factors linking nature and nurture. Theoretically, this means that the
model could plausibly be effective in counteracting genetic essentialist ideas, as called for in
humane genomics literacy, because it provides an alternative explanation to the kind of
causal reasoning that has been found to support genetic essentialism (Lynch et al., 2019).

To define genetic literacy, a multinational project including 57 international experts was
carried out using a Delphi study design (Boerwinkel et al., 2017). The result tapped into three
domains: conceptual knowledge, sociocultural knowledge and epistemic knowledge. The sociocul-
tural domain related to how applications of genetic technologies are used in societal activities
and in what ways they influence individual human lives. Areas mentioned were genetic testing,
medical therapy, food production, forensics and media related to benefits, risks and ethical issues.
The epistemic domain related to “knowledge needed to interpret genetic information from dif-
ferent sources and how to use these in argument and decision-making. This knowledge includes
nature of science aspects such as the certainty and uncertainty of genetic information and how
genetic concepts have evolved” (Boerwinkel et al., 2017, p. 1106). The conceptual domain in
their study related to the learning progression framework of Duncan et al. (2009), and its con-
clusions on conceptual knowledge are therefore addressed in the next section in relation to that
framework in the field of learning progressions. In this study, we investigate how epigenetics
relates and contributes to these three domains of genetic literacy in an epigenetic literacy
framework.
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2.5 | Epigenetics in relation to learning progressions in genetics

Several different learning progressions have been proposed for genetics teaching and learning,
but perhaps the most influential is that proposed by Duncan et al. (2009). Duncan et al. (2009,
pp. 660-661) proposed two big ideas defined by eight subdomains for genetics education. We
note that epigenetics as a term is not mentioned in these big ideas of genetics education, or in
the progression. However, many of the domains relate to epigenetic knowledge, see Table 1.
Subdomain D is explained to a large degree by epigenetic phenomena, and the same can be said
about subdomain H. Furthermore, epigenetic explanations might also be significant for sub-
domains C and F because epigenetic mechanisms interfere with and influence the way genes
are expressed as proteins and further on, as traits. In the last decade, the learning progression
in genetics education presented by Duncan et al. (2009) has been extensively researched and
evaluated, and some modifications have been suggested (e.g., Castro-Faix et al., 2021; Duncan
et al., 2017; Todd et al., 2017; Todd & Kenyon, 2016). For example, Todd et al. (2017) suggest a
new subdomain: (J) Gene expression can change at any point during an organism's lifespan.
This subdomain connects directly with epigenetics conceptually, although the authors do not
refer to the term per se.

In their Delphi study of genetic literacy, Boerwinkel et al. (2017, p. 1090) proposed that con-
ceptual knowledge also includes a new category: “Individuals of the same species have mostly
the same genetic information. Only a small portion of the genetic information accounts for the
variation between individuals.” Here they distinguish between genotype variation and variation
in phenotype, which is important in epigenetics. Further, subdomain D of Duncan et al. (2009)
was refined by Boerwinkel et al. (2017) into the following: “Most cells of an organism have
genetic information for all structures and functions, but different genes are switched on and off
in different cells” (p. 1090). The addition of “switched on and off” relates to epigenetic phenom-
ena. Also, subdomain H was refined into, “Multiple genes and multiple environmental factors
interact in the development of most traits,” and Boerwinkel et al. (2017, p. 1105) concluded that

TABLE 1 The relevance of epigenetics to learning progression in genetics (in relation to Duncan et al., 2009)

Sub domains of learning progression in genetics Relevant to epigenetics

(A) All organisms have genetic information that is hierarchically organized.

(B) The genetic information contains universal instructions that specify
protein structure.

(C) Proteins have a central role in the functioning of all living organisms and
are the mechanism that connects genes and traits.

Yes

(D) All cells have the same genetic information but different cells use
(express) different genes.

Yes

(E) Organisms reproduce by transferring their genetic information to the next
generation.

(F) There are patterns of correlation between genes and traits and there are
certain probabilities with which these patterns occur.

Yes

(G) Changes to the genetic information can cause changes in how we look
and function, and such variation in the DNA can serve as a way to identify
individuals and species.

(H) Environmental factors can interact with our genetic information Yes
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“this category was considered by several participants as the core message of genetic literacy.”
We would argue that this domain of knowledge is central for epigenetics, which is also
supported in the K–12 framework of the National Research Council core idea LS3: “Complex
relationships between genes and interactions of genes with the environment determine how an
organism will develop and function” (NRC, 2012, p. 159).

In alternative learning progressions for genetics education, although less empirically
researched, epigenetics is explicitly acknowledged. Dougherty (2009), mentioned epigenetics,
placing the conceptual idea that “such traits (quantitative, or complex, traits) can be inherited
and are strongly influenced by the environment” (p. 11) as the second overall idea to be intro-
duced in the genetic curriculum. Similarly, Redfield (2012) proposed that epigenetics be
included in her suggested syllabus for a 21st century genetics course. Recently, a paper was pub-
lished on how epigenetics can be integrated into genetics education where five main contribu-
tions of epigenetics to genetics education are suggested (Gericke, 2021). First, it provides an
integrated model of gene–environment interactions, that is, it expands and explains subdomain
H in the learning progression by Duncan et al. (2009). Second, it introduces the concept of cell
memory, that is, the understanding that an organism's environmental experiences (physical,
biotic and/or social) may leave persistent epigenetic marks that are materialized in the mole-
cules regulating gene activity, which expands and elaborates on subdomain D in the learning
progression of Duncan et al. (2009). Third, the benefit of heritable epigenetic memory is that it
often acts on longer timescales than most physiological mechanisms. This is missing in the
more classical gene–environment regulatory models with instant-feedback mechanisms, while
at the same time acting on a shorter timescale than evolutionary mechanisms, filling a time-gap
in nature–nurture explanatory models of biology education. Fourth, epigenetic processes are
dynamic: epigenetic patterns can be reversed, so epigenetic effects are not deterministic and epi-
genetic processes are not definitive. This aspect might hypothetically vaccinate students against
the problem of genetic determinism (Gericke et al., 2017, 2021, see also the previous discussion
relating to standard and humane genomics literacy, Donovan et al., 2020, 2021). The fifth con-
tribution is that epigenetics has the potential to be a useful topic for teaching cell differentia-
tion, which is an established learning problem in genetics education (Lewis et al., 2000). To
conclude, epigenetics could be an important contribution to genetic literacy and learning pro-
gressions (Gericke, 2021).

To sum up, based on existing learning progressions and studies on genetic literacy, we argue
that epigenetic aspects of genetics are already implicitly recognized, but less often explicitly
addressed. In this study, we look into this research gap with the aid of a panel of international
experts to elucidate what aspects of epigenetics are important to address in biology and genetics
education toward promoting epigenetic literacy.

2.6 | Epigenetics in genetics education literature

A review of the general science education literature reveals that very few studies address epige-
netics, considering its aforementioned importance in science and society. Recent studies by
Haskel-Ittah and colleagues have focused on the importance of genetic mechanisms for linking
genes and traits—another important aspect of epigenetics. They showed that various learning
activities can increase students' ability to relate the concepts of gene/DNA and trait by introduc-
ing the protein concept (Haskel-Ittah & Yarden, 2017), and that it might be productive to teach
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students about protein functions (Haskel-Ittah et al., 2020). However, environmental factors are
still neglected in these approaches and epigenetics is not mentioned.

In a search for empirical studies relating to epigenetics, only three were found. A great deal
of developmental work relating to bringing epigenetics into education has been conducted at
the Genetic Science Learning Center (GSLC) at the University of Utah, with a study reporting
that the developed curricular material improved students' knowledge in epigenetics (Bass
et al., 2016; Dritts-Esser et al., 2014). The authors conclude that it is highly feasible to imple-
ment epigenetics in secondary education. Heyduck and Harms (2015) reported on an out-of-
school exercise in Germany for upper secondary students in a biology laboratory where the
students were invited to “meet the new biology” of epigenetics. They found a lack of epigenetics
teaching materials and proposed learning opportunities outside school due to the fact that
school curricula do not keep up with the scientific advancement of genetics. In a third study,
Zudaire and Fraile (2021) evaluated an intervention study in a secondary school in Spain con-
sisting of a single lesson that included a video and text describing a scientific epigenetics
research study. The students showed improved learning following this limited intervention,
although the molecular mechanisms of epigenetics were only learnt to a small extent. Further-
more, three barriers for learning epigenetics were found in that study. The first was a lack of
basic genetic knowledge, especially in that the students' preconceptions lacked the understand-
ing that genes alone do not determine characters but rather, are involved in trait development.
The second was genetic determinism, whereby the students explained phenotypic changes
mainly by attributing the changes observed in the descendants exclusively to mutations. The
third barrier was the students' misunderstanding of the process of adaptation to the environ-
ment, that is, they often thought that adaptation implies an intentional willfulness of changing,
collectively or individually, in a non-scientific way. Similarly, Puig and Jiménez-Aleixandre
(2011) found in a study that did not address epigenetics that students have difficulty under-
standing gene–environment interactions.

Aside from these few empirical studies, epigenetics has been theoretically suggested as an
important aspect of genetics education by scholars of genetic education research (e.g., Aivelo &
Uitto, 2015; Clément & Castéra, 2014; Gericke, 2021; Gericke & Smith, 2014; Smith, 2014;
Stern & Kampourakis, 2017). Moreover, an updated genetics curriculum that includes epige-
netics has been frequently called for, and repeatedly suggested, in more teacher-oriented publi-
cations (e.g., Billingsley & Carlson, 2010; Col�on-Berlingeri, 2010; Stansfield, 2011; Stein & Lee
Davis, 2012). Still, epigenetics seems to be an almost unknown concept among students, as
shown in a study by Lewis (2014) where only 1.3% of the students had heard of it. As concluded
by Landecker and Panofsky (2013), “compared with the public understanding of genetics, epige-
netics remains a drop in the bucket” (p. 351). One major reason for the lack of epigenetic liter-
acy may be that it is not included in the school curriculum, and thus not taught.

As can be seen from the literature review of the research field of epigenetics, it is rising, as
well as its effects on society. However, this change is not matched by the scarce science educa-
tion literature on the topic. Nevertheless, there is a call from researchers as well as practitioners
to develop a curriculum encompassing epigenetics. Based on the literature review, we would
argue that a genetics-literate citizen also needs to be epigenetics-literate. According to curricu-
lum theory, recontextualization is the process by which knowledge is mediated from academic
content into school content (Bernstein, 2003), and in this study we pursue this issue within the
context of genetics education. How, then, should education revise the biology curriculum to
meet that aim and what should be taught? We addressed the issue by conducting an

2226 GERICKE and MC EWEN|
 10982736, 2023, 10, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/tea.21856 by K
arlstad U

niversity, W
iley O

nline L
ibrary on [11/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



international Delphi study representing expertise in many different fields of epigenetics, aiming
to define epigenetic literacy while targeting a Vision I and Vision II perspective.

3 | AIM AND RESEARCH QUESTIONS

The overall aim of this study is to define what a citizen should know about epigenetics to be
considered scientifically literate. In other words, the purpose is to define epigenetic literacy. We
address this aim from both a Vision I and a Vision II perspective and develop an epigenetic lit-
eracy framework by connecting the results of the Delphi study with genetic literacy to outline
how the biology curriculum can be developed to embrace epigenetics. The research questions
guiding this study were:

1. What scientific aspects inform a Vision I/Vision II perspective on epigenetic literacy?
2. What societal aspects inform a Vision I/Vision II perspective on epigenetic literacy?
3. How should epigenetics be organized in the biology curriculum?

4 | METHOD

4.1 | Research design

This study was designed according to the Delphi method (Linstone & Turoff, 2002), in which a
group of experts from different fields of expertise relating to epigenetics were asked to answer a
two-step questionnaire regarding what constitutes epigenetic literacy and how epigenetics can
be included in the school biology curriculum.

The Delphi method is a research method used to gather opinions from a group of chosen
participants who can be considered experts in the given area, extract common opinions, and on
the basis of the results, make decisions in studies about the future (Linstone & Turoff, 2002).
Three features characterize the Delphi method and differentiate it from other research methods
of inquiry: anonymous group interaction and responses, multiple iteration of group responses
with interspersed feedback, and the use of descriptive statistics (Cochran, 1983; Kloser, 2014;
Osborne et al., 2003). The advantages of using the Delphi method are that it promotes indepen-
dent thinking while at the same time giving the participant feedback to help develop his or her
view on an issue. The number of rounds in which the experts are asked to give their opinion
varies in the Delphi method, with two to four rounds normally reported in the literature
(Hasson et al., 2000; Kilstadius & Gericke, 2017). Hence, the Delphi method is useful when the
aim is to create meaning for an issue related to policy and policymaking, as in this study. The
present study follows that research tradition in using the Delphi method to define epigenetic lit-
eracy, with the aim of helping policymakers and teachers change the biology curriculum.

The original purpose of the Delphi method was to establish consensus among experts on a
complex issue (Dalkey & Helmer, 1963). In this study, we align with the policy Delphi method, a
variant of the Delphi method, differing slightly from the conventional one in that the aim of the
study is not only to generate a consensus opinion within the expert panel, but also to identify
the most important aspects and evidence relating to the issue in order to facilitate a policy deci-
sion (Clayton, 1997; Dunn, 2017). This means that in a policy Delphi study, the expert panel is
viewed more as a decision-analysis tool than as a decision-making tool, where the aim is to
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elucidate the important aspects of the issue at hand, and highlight deviant meanings. In other
words, in addition to the consensus opinion of the Delphi panel, also divergent opinions should
be accounted for in reporting the study. This is essential in the novel, rapidly changing, and
somewhat controversial field of epigenetic research and development. In this field, we are mov-
ing close to the research frontier and within different academic disciplines. Thus, competing
epistemological and ontological assumptions have evolved (Haig, 2004) that will inevitably
influence experts' opinions on how they view epigenetic literacy and what aspects of epigenetics
to integrate into the curriculum.

Each individual Delphi study needs to be adapted to the specific context in which it is being
conducted (Linstone & Turoff, 2002). Here, we selected the policy Delphi method to define rec-
ommendations for the school curriculum regarding how to include epigenetics for teaching
aimed at a Vision I and Vision II literacy perspective, respectively, and how to organize it in the
biology curriculum. Further, we also included divergent opinions on these matters.

4.2 | Participants

According to Cochran (1983), the minimum number of participants in a Delphi panel is 10. In
general, the more participants on a panel, the more reliable the results become. Most com-
monly, a Delphi panel consists of 15 to 30 participants because saturation of new ideas is often
met when reaching 30 participants (Clayton, 1997). For this study, 41 experts participated to
ensure saturation of new ideas, and sufficient coverage of all fields of expertise.

We identified the experts based on their acknowledged expertise in epigenetics. All partici-
pants were educated in biology and genetics, and had a solid disciplinary knowledge foundation
in the latter. In addition, most participants had practical experience with research relating to
epigenetics. First, a list of 80 experts was compiled with candidates meeting our selection
criteria. To avoid making the number of experts in each of the five areas of expertise too dissim-
ilar, 58 of them were asked to participate, 17 turned down our offer, and 41 agreed to partici-
pate. Of the 41 participating experts, all but two had PhD degrees, and 28 were full professors
and world-leading researchers in their field of expertise relating to epigenetics. In a study using
policy Delphi methodology, it is important that the panel be representative of the many sides of
the issue under examination (Turoff, 2002). Because our aim was to define epigenetic literacy
and how to include it in school biology, besides deep conceptual knowledge, we also needed
expertise in other domains of epigenetics. Therefore, we selected panel members based on the
following areas of expertise: medicine and human research (n = 12), biological research
(n = 9), genetic education (n = 6), communication and media (n = 8), and philosophy and soci-
ology (n = 6). The first two areas represent the academic disciplines in which epigenetics is
researched on humans and other organisms. Genetic education is of great importance in rep-
resenting the teaching perspective, while those in the area of communication and media are
well-informed about the societal discourse around epigenetics. The area of philosophy and soci-
ology represents expertise around the conceptual development of epigenetics, as well as its soci-
etal implications.

The panel experts were selected by the authors with active assistance from an international
advisory board of six international professors with different experiences in epigenetics (the
authors of this article were not part of the panel). The criteria were that the proposed panel
members had a solid education or knowledge base in epigenetics, and in addition, were recog-
nized as leading international experts in the category for which they were selected, for example,
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by leading large research centers conducting epigenetic research, heading institutions working
with different aspects of epigenetics such as communication or medicine, or leading large edu-
cation programs or having written books about different aspects of epigenetics (e.g., textbooks,
popular science books, philosophy books; 11 of the experts had written books relating to epige-
netics). In that way, we secured a panel with a wide perspective and understanding of epige-
netics, and with general insights that could inform the Delphi study. However, we did not
collect data on personal characteristics such as ethnicity and race that have been suggested to
influence conceptions of genetics (Donovan et al., 2020; Morning, 2011). The reason for this
was the ethical limitations to collect such data.2 Instead, the plurality of perspectives was
secured by including experts representing different viewpoints and positions on epigenetics.
Also, the experts came from different countries and cultures in Europe, North and South
America and the Middle East, thus providing a plurality of backgrounds. The number of experts
in each group ranged between 6 and 12, mostly due to the difficulties in finding experts who
met the high demands of our selection criteria. The experts came from 11 different countries:
Australia, Belgium, Brazil, Canada, Germany, Israel, Spain, Sweden, The Netherlands, UK, and
USA. Of the experts, 31 were men and 10 women.

4.3 | Procedure

In the startup phase, we contacted the respondents via email and explained the terms and con-
ditions for participating in the Delphi study. After the experts agreed to participate, we started
round 1. In the initial questionnaire of a Delphi study, the aim is to collect as many viewpoints
on a topic as possible (Hasson et al., 2000; Kvello & Gericke, 2021). Therefore, we formulated
five open-ended questions for the experts to answer in electronic form (see Table S1). Each
question was accompanied by a text to frame the question, so that the experts used their exper-
tise to elaborate on the issues in their written responses. The first question was designed to
make the experts pinpoint the scientific and conceptual importance of epigenetics, and the ways
in which this might have changed our understanding of genetics. The second question was
designed to make the experts reflect on and discuss the implications and applications of epige-
netics at different levels of life and society, which are important aspects of a scientific literacy
perspective. Questions 3 and 4 were more directly designed for the experts to address the nature
of epigenetics knowledge that they consider necessary for an “epigenetics-literate” citizen to
know, and what a secondary student ought to know before taking on biology at the tertiary edu-
cation level, respectively. The fifth question was designed to make the experts reflect on how to
integrate epigenetics into biology teaching. The experts were asked, through the framing text, to
address both curricular aspects of how to select and organize content knowledge, and pedagogi-
cal aspects of how to teach epigenetics.

In the data-collection process, we were in personal email or telephone contact with the
respondents, both to facilitate the data collection and to sort out possible questions and misun-
derstandings. Due to this rigorous, albeit time-consuming, methodology, we received a very pos-
itive response from the respondents and many of them sent in long reflections and
argumentations relating to the questions. Most respondents reported that they spent between
half an hour to one and a half hours to answer the five open-ended questions.

The extensive and rich material was then analyzed using thematic content analysis
(Braun & Clarke, 2006) as described in next section. The analysis rendered 17 statements
related to the main theme Questions about teaching epigenetics from a science perspective (A),
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14 statements related to the main theme Questions about teaching epigenetics from a societal per-
spective (B), and six statements related to the main theme Questions about how to organize epige-
netics in the biology curriculum (C). These statements were included in the second-round
questionnaire that was mainly designed as a closed-ended questionnaire, which is the common
way of arranging data in the rounds following the first one in Delphi studies (von der
Gracht, 2012). The items in categories A and B were designed to be answered on a Likert-type
scale in four rankings: disagree—disagree to some extent—agree to some extent—agree. The
option uncertain was also available. The respondents were asked to answer each item in sec-
tions A and B according to a Vision I and Vision II perspective, separately. Thus, for each state-
ment, the respondents were asked these two questions:

• To what extent do you agree that this statement is important in compulsory education (stu-
dents aged 13–15 years), and thus also important for increasing epigenetic literacy among cit-
izens? (Vision II perspective)

• To what extent do you agree that this statement is important in upper secondary biology edu-
cation (students aged 16–18 years), and thus also important as preparation for biology studies
at the university? (Vision I perspective)

The first five items of section C (C1–C5) included statements that required a Yes or No
response, whereas the last item of section C (C6) was a statement to be answered by selecting
one option from several multiple-choice statements. The items, including the full statements, of
sections A and B are presented in Tables S2 and S3, respectively, and of section C, in Tables 4
and 5. After each section of the questionnaire, we included an option for open-ended commen-
tary that gave the respondents the possibility to comment on the statements.

The second-round questionnaire was designed as a writable pdf-document and sent to the
41 members of the expert panel by email. We noticed a lag in the response from the panel mem-
bers and therefore contacted them once again by phone to get first-hand information regarding
their experiences. From this direct contact, we concluded that their slowness to respond was
due to: (1) the composition of the expert panel of internationally high-profile stakeholders who
were extremely busy, and (2) the extensiveness of the questionnaire, that is, 38 questions (most
of which had to be answered at two levels), with long statements for reflection. The respondents
claimed that the questionnaire took them between 30 and 60 min to complete. We encouraged
all participants to answer and got responses from 36 of them. Of the five dropouts, there was
one from each of the groups Medicine and human research, Biological research, and Philosophy
and sociology; two from Communication and media; none from the Genetic education group.
Two of them claimed lack of time as their reason for dropping out, one had changed workplace
and felt that his/her commitment to the issue had declined, one respondent did not feel quali-
fied enough to complete the questionnaire, and the last one did not give any reason. None of
the dropouts expressed any negative comments about the statements on the questionnaire.

After conducting these two rounds of our study, we noted that some of the respondents felt
very strongly about the issue due to ideological connotations of the term epigenetics within the
research community. Another issue was the fact that this is a new area of research with possible
paradigmatic implications (Kuhn, 1996) for our understanding of genetics in particular, and
biology in general (see Background section). For us, it became obvious that to reach a consensus
in which every participant fully agrees to all statements would be difficult. Some of the partici-
pants had shown strong opinions regarding certain statements, and would probably not change
their opinion, for example, regarding the heritability aspect. Consequently, we decided to stop
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the Delphi study after two rounds. Fortunately, our two rounds of the questionnaire were exten-
sive, and the panel had put great efforts into responding to them, which is why tendencies
toward fatigue and lower commitment were observed. A third round would probably have gen-
erated a large number of dropouts and would have been of low validity. Moreover, few com-
ments were made by the experts in the open-ended options of the second-round questionnaire,
indicating that they felt they had already given all of the necessary input in the extensive first-
round questionnaire.

In our analysis, which is outlined in the next section, we followed the design of the policy
Delphi method and included an analysis of the data from the two rounds to show the consensus
meaning of the expert panel. In addition, we also included different opinions within the panel
as a way to elucidate different opinions on the issue of what constitutes epigenetic literacy.

4.4 | Data analysis

The analytical method used to analyze the qualitative data from the first round was thematic
analysis (Braun & Clarke, 2006). On our instructions, the panelists wrote quite freely about what
they saw as key elements of epigenetic literacy, and how they viewed its inclusion in the curricu-
lum and teaching. Therefore, the analysis was conducted inductively, such that we did not follow
the structure of the five original open-ended questions in our categorization. Because of the very
nature of the study, in which we asked experts to reflect upon the questions based on their exper-
tise, we used a realistic approach in which we based our categorization and thematization on the
semantic level of the data, that is, based on the explicit utterances of the experts (Boyatzis, 1998).
Furthermore, the analysis was deductive in the sense that we looked for accounts from the
experts that answered our research questions. Our methodology of analyzing the round 1 answers
was based on Braun and Clarke (2006), as described in the following.

In the first step, the data was read through and coded independently by both authors of this
study. The coded units consisted of one sentence up to a paragraph, depending on how much
the panelist elaborated on a specific line of argument or topic, that is, a unit of meaning
(Robson, 2011, p. 479). In the second step, the authors, still independently, created categories
and overarching themes into which the coded excerpts could be categorized. In the third step,
the authors exchanged their coding and categorizations and jointly created the common themes
and statements for round 2, based on the two previous independent categorizations. Hence, the
categorization was based on consensus coding methods to identify the units of meaning for
their entire corpus of data (Robson, 2011). The trustworthiness of the categorization was
secured using independent audits, debriefing by expert peers and respondent validation in the
second round of the Delphi study (Lincoln & Guba, 1985). Based on this work, the following
three overall themes were identified: (A) epigenetics from a scientific perspective, (B) epigenetics
from a societal perspective, and (C) how to organize epigenetics in the biology curriculum. Within
these themes, 37 items, including statements that the respondents should address, were final-
ized (17 in theme A, 14 in theme B, and 6 in theme C). In this categorization, we aimed only to
identify items, and no judgments were made on how many experts had mentioned a statement.
In line with our realistic approach, we tried to stay as true as possible to the experts' utterances.
Nevertheless, we rephrased them somewhat to create a statement that the experts could agree
or disagree with in the second-round questionnaire.

This procedure generated three very broad themes and 37 very specific items that showed
various interrelationships. Therefore, we conducted a fourth analysis, in which the statements
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of themes A and B were grouped into 11 subthemes according to their interrelationships. After
finalizing the thematic categorization, we let a colleague in genetic education research read and
validate our categorization in the fifth step, as recommended by Turoff (2002). Then, in the
sixth step, the second-round questionnaire was piloted on three experts outside the panel to
confirm that the statements were apprehensible. Thereafter, the questionnaire was sent back to
the panelists, as described under the Procedure.

The data from the second round were analyzed using descriptive statistics to show the opin-
ion of the panel as a whole. In the Results section we mainly present the aggregated results
from the panel, and do not single out subgroups of experts representing different kinds of exper-
tise, because these subgroups were rather small.

As von der Gracht (2012) concluded from a review of the literature about Delphi studies,
there are many different ways to establish consensus, and there are no standards
(Mitchell, 1991). In this study, we present the descriptive statistics of mean value, standard devi-
ation and mode of the data, as recommended by von der Gracht (2012), from the second round
for items in sections A and B (all response frequencies are presented in Tables S2 and S3). The
Likert-scale items were graded from 1 to 4 in those calculations (1 = disagree, 2 = disagree to
some extent, 3 = agree to some extent, and 4 = agree), while answers of “uncertain” were
excluded since they did not present a clear position, which might reveal lack of expertise for
that statement or that the respondent did not understand the statement or engage with it. In
this study, we decided to base the level of consensus on a mean value above 2.5, that is, a pre-
dominantly positive response by the experts (more experts agreeing than disagreeing), which is
a level that has been reported in previous studies (von der Gracht, 2012). In addition, the mode
is presented to provide the most common answer, and the standard deviation to show the
spread of opinions. For section C, only relative frequencies are presented. Here, we also report
separately on the subgroup of genetic education experts due to the specific school context of
these items.

Furthermore, since we were conducting a policy Delphi method, we used qualitative data in
the form of expert excerpts from both the first and second round writings to elucidate opinions
and motivations underlying the experts' various ideas, as recommended for this methodology
(Turoff, 2002). Hence, in this policy Delphi study, we used consensus criteria to suggest what
constitutes epigenetic literacy, but we also used the qualitative and quantitative data to eluci-
date underlying arguments supporting and/or disagreeing with those suggestions.

Excerpts were coded as follows: M (medicine and human research experts) 1–12, B (biologi-
cal research experts) 1–9, G (genetic education experts) 1–6, C (communication and media
experts) 1–8, and P (philosophy and sociology experts) 1–6.

5 | RESULTS

Here we present the results from the Delphi study according to the three main themes.

5.1 | Epigenetics from a scientific perspective

Within this main theme, the analysis gave six subthemes of important scientific content for epi-
genetic literacy: epigenetics as a metaphor; epigenetics connecting nature with nurture; epigenetics
as a dynamic process; epigenetic mechanisms; epigenetics and inheritance and epigenetics and
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nature of science. The following sections provide a deepened and broadened analysis based on
the responses to the different items in these sub-themes.

5.1.1 | Epigenetics as a metaphor

In the analysis of the statements from round 2, item A12 was found to constitute the subtheme
epigenetics as a metaphor. This category is exemplified by this excerpt:

Our genome can be envisioned as the hardware of a computer. Our epigenome, the
extra layer of information located on top of the DNA, can additionally be viewed as
the software. [M12]

The results in Table 2 show that the experts, according to our consensus criteria, agreed that
this metaphor should be used in teaching for both visions. This subtheme was noncontroversial
among the experts, but the very notion of an additional layer may also carry the connotation of
less importance in using the term “additional”, as shown in this comment:

We will just have to add a novel layer of information to what we have, but I foresee
no major effects. [B5]

Summary: The biology education policy recommendation for both Vision I and II would be
that epigenetics can be described with the metaphor of epigenetics as an additional layer of
information on top of the genetic code; as a kind of “super code” for our genes through which
gene expression can be modulated. This metaphor provides an intuitive, but simplified under-
standing of epigenetics, and needs to be complemented with the other subthemes.

5.1.2 | Epigenetics connecting nature with nurture

In the analysis of the statements from round 2, items A5, A8, A13, A14 and A16 were found to
be connected to the subtheme of epigenetics connecting nature with nurture. The first four items
were given high importance by the panel, with mean values reaching consensus for the Vision I
perspective (Table 2), also exemplified in this excerpt:

The standard model, “DNA is destiny”…has outlived itself. Epigenetics should rea-
sonably end the “Nature vs. Nurture” controversy. [M3]

The same tendency was also observed for Vision II, although with slightly lower mean
values and mode. However, the statement relating to the concept of materialism (A16) should
be excluded from the Vision II perspective, according to our inclusion criteria. In total, there
was great compliance regarding the recognition of this subtheme among the experts, but one of
them had an opposite opinion:

[Epigenetics] introduces the unsubstantiated idea that we can somehow override
our genetic predispositions. [M2]
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Summary: The biology education policy recommendation for both Vision I and Vision II
would be that at a conceptual level, epigenetics should be taught in a way that includes gene–
environment interaction to promote an understanding of the relationship between nature and
nurture as integrated. The teaching should include an explanation of phenotypes being depen-
dent not only on the genome, but also on the environment, in the sense that the same informa-
tion in DNA is expressed differently in different cells due to various environmental conditions.
This can be taught using the concept of life history, which describes the cumulative effects of
epigenetics over time in adding epigenetic information to our genetic information, thus
explaining the changes occurring in our cells, which, for example, clarifies why identical twins
evolve differently. In teaching the integrated model of nature and nurture, the epigenetic

TABLE 2 Items of the round two questionnaire categorized to the different sub-themes related to epigenetics

from a scientific perspective (N = 36)

Questionnaire item

M SD Mode

Vis. Ia Vis. IIb Vis. Ia Vis. IIb Vis. Ia Vis. IIb

Epigenetics as a metaphor

A12. Concept of epigenetics as an additional layer 3.21 2.75 1.67 1.24 4 4

Epigenetics as connecting nature with nurture

A5. Environmental influences on phenotypes 3.77 3.26 0.65 0.82 4 3

A8. Epigenetics and life history 3.64 3.07 0.66 0.84 4 3

A13. The concept of nature and nurture 3.57 3.14 0.83 0.93 4 3

A14. The concept of genetic determinism 3.25 2.84 1.09 1.13 4 4

A16. The concept of materialism 2.73 2.24 1.08 1.06 3 2

Epigenetics as a dynamic process

A6. Epigenetics and reversibility 3.59 2.92 0.67 0.89 4 3

A15. The concept of risk 3.43 2.86 0.86 0.95 4 3

Epigenetic mechanisms

A1. Epigenetic mechanisms—methylation of DNA 3.53 2.69 0.66 0.79 4 3

A2. Epigenetic mechanisms—further mechanisms 3.35 2.34 0.69 1.07 3 2

A3. Epigenetic mechanisms—chromatin 3.58 3.00 0.81 1.00 4 4

A9. Epigenetics and enzymatic control 2.96 1.92 0.98 0.86 3 1

Epigenetics and inheritance

A4. Epigenetics and differentiation of cells 3.71 3.09 0.71 0.89 4 3

A7. Epigenetics and cell memory 3.51 2.83 0.57 1.05 4 4

A10. Epigenetics and evolution 2.93 2.13 0.98 1.03 3 1

A11. Epigenetics and inheritance 3.06 2.41 0.97 1.05 3 3

Epigenetics and nature of science

A17. The concept of nature of science 3.70 3.00 0.46 1.12 4 4

Note: The numbers represent: 1 = disagree, 2 = disagree to some extent, 3 = agree to some extent, 4 = agree.
Abbreviations: M, mean; SD, standard deviation.
aVision I perspective on epigenetic literacy.
bVision II perspective on epigenetic literacy.
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concept can explicitly be contrasted with the concept of genetic determinism, in which the envi-
ronmental factor is neglected or even absent.

The concept of environment becomes important. At the Vision I level, it needs to be clarified
that the environment exists both inside and outside the cell, as well as outside the organism.
Furthermore, the environment can be material or social, and epigenetics creates a link between
molecular biology and psychological and social experiences.

5.1.3 | Epigenetics as a dynamic process

In the analysis of the statements from round 2, the items A6 and A15 were found to be con-
nected to the subtheme of epigenetics as a dynamic process. The results in Table 2 show that this
subtheme was considered important for both visions, although more saliently for Vision I. No
negative comments were expressed by the experts, only statements confirming the importance
of this subtheme, as exemplified in these excerpts:

The transcription of our genes can be influenced by epigenetic mechanisms and
therefore, the phenotypes can be much more diverse than once thought. So it
seems that now, everything is changeable in our lives and environment. [G3]

Epigenetics regulates key processes in our cells, such as which genes get switched
on or off. [M7]

Summary: The biology education policy recommendation for both Vision I and Vision II
would be that epigenetics teaching should promote the understanding that epigenetic processes
are dynamic rather than static. The mechanistic processes of epigenetics should be portrayed as
dualistic and moving in two directions, due to gene activation or deactivation. Hence, epige-
netic processes can be reversed; for example, changed epigenetic patterns in disease might be
treatable with new epigenetic drugs that reverse the patterns. It is also important to point out
that a broad range of environmental conditions and substances are risk factors for epigenetic
changes, but as these are probabilistic processes, they are not causal.

5.1.4 | Epigenetic mechanisms

In the analysis of the statements from round 2, items A1, A2, A3 and A9 were found to be con-
nected to the subtheme of epigenetic mechanisms. This was supported by many statements:

Epigenetics is the process that determines how DNA molecules are packaged and
accessed by a range of proteins/complexes that determine the activity of DNA
(eg. gene expression). [M10]

As seen in Table 2, the experts felt that DNA methylation (A1) and chromatin structure
(A3) should be taught for both visions, as represented by our consensus criteria. Other mecha-
nisms, such as regulatory RNA and histone modification, were excluded from the Vision II per-
spective, but included for Vision I (A2). The idea of enzymatic control was rejected for Vision
II, and also given lower priority for Vision I, as exemplified here:
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I think that it is not necessary to know all of the molecular factors. [C8]

Most experts gave DNA methylation top priority:

The finding that methylation of sections of DNA may modulate gene expression is
of great importance. [M11]

Summary: The biology education policy recommendation for both Vision I and Vision II
would be that epigenetics at a molecular level should include mechanistic descriptions of DNA
methylation as a process inhibiting gene transcription, and of the DNA molecule being pack-
aged in a chromatin structure together with proteins, where the open form allows gene expres-
sion, while the closed and more compact form represses it as a consequence of the action of
epigenetic marks, that is, methyl groups. For Vision I, the teaching should additionally mention
modifications of histones and changes in small non-coding RNA as molecular regulatory mech-
anisms. Furthermore, for Vision I, teaching should address epigenetics in relation to enzymatic
control, where proteins are produced in the correct amount, at the right time and in the right
place, to adapt to changes in the environment.

5.1.5 | Epigenetics and inheritance

In the analysis of the statements from round 2, items A4, A7, A10 and A11 were found to con-
stitute the subtheme epigenetics and inheritance. Looking at Table 2, the first two items (A4 and
A7) should be included for both visions according to our consensus criteria, but they were given
less importance for Vision II. There was great variation in the panelists' responses to the items
related to evolution (A10) and inheritance (A11); these items should only be included in Vision
I teaching according to the consensus criteria. The diversity in answers stemmed from the
uncertainty surrounding these issues in the scientific community, as exemplified in relation to
evolution, where some experts were favorable:

Epigenetics should also be seen in light of evolution. [G2]

while a substantial proportion of the experts were highly critical:

Epigenetics is an “add on” to the fundamentals of evolution, meaning that details
of epigenetics require a solid base of evolutionary understanding. Otherwise this
might result in Lamarckism and misconception of evolution in general. [B7]

The same diversity in answers was also found regarding the issue of transgenerational
inheritance of epigenetic patterns:

The different routes of transmission of epigenetic inheritance (transmission
through gametes, and soma-to-soma transmission) have to be specified, compared
and discussed [in teaching]. [P4]

The question regarding transgenerational epigenetic inheritance was found scientifically
uncertain by several experts, who urged for caution when including this aspect in teaching:
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Much of the evidence of transgenerational epigenetic inheritance is unreliable and
controversial. [C1]

Still controversial is the transgenerational transfer of epigenetically modified genes
in animals. There are only slight indications for such a transfer over two or three
generations. [M4]

So far only a minor component of inheritance between generations is attributable
to non-genetic mechanisms, and the public health implications of these effects are
unclear. [G4]

Summary: The biology education policy recommendation for both Vision I and Vision II
would be that epigenetics teaching should promote the understanding that epigenetic mecha-
nisms are inherited through mitotic cell division, which creates a cellular memory system used
to remember gene-expression profiles throughout the life cycle of the organism. These memory
systems are responsible for the connection between epigenetic mechanisms and cell differentia-
tion, that is, epigenetic mechanisms can explain how very different cell types in the body can
have the same DNA sequences.

In teaching epigenetics, it is important to differentiate between inheritance of cell lines
within an organism, creating cell memory, and transgenerational epigenetic inheritance
caused by epigenetic patterns being transmitted across generations. The latter should only
be included for the Vision I perspective and should be taught with caution because the phe-
nomenon has not been shown for all organisms. However, it could be addressed from a
nature of science perspective relating to the uncertainty aspects also in the Vision II per-
spective, see next section on Epigenetics and Nature of Science. Even more caution should
be taken in addressing evolutionary perspectives due to the scientific controversy surround-
ing this issue.

5.1.6 | Epigenetics and nature of science

In the analysis of the statements from round 2, item A17 was found to constitute the subtheme
epigenetics and nature of science. This perspective was considered to be important for both
visions, though more emphasized for Vision I (Table 2), as expressed in this excerpt:

Epigenetics is a new example for uncertainty as a characteristic of science (nature
of science). [G5]

Hence, most of the experts argued that including a nature of science perspective is a way of
dealing with the uncertainties and controversies outlined in the other subthemes (see, for exam-
ple, epigenetics and inheritance), as represented by this excerpt:

Citizens should know that any scientific finding is precarious and may be revised;
this is true for epigenetics and genetics. [P5]

Summary: The biology education policy recommendation for both Vision I and Vision II
would be that epigenetics should be taught from a nature of science perspective because
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epigenetics knowledge lies at the very frontier of research, and therefore some of its central
ideas and concepts are still controversial, such as transgenerational epigenetic inheritance.
Moreover, epigenetics is a highly profiled topic in the media and popular science, making it sus-
ceptible to exaggerated or simplified descriptions.

5.2 | Epigenetics from a societal perspective

Within this main theme, the analysis gave five subthemes connected to societal implica-
tions of importance for epigenetic literacy: epigenetics and lifestyle; epigenetics and dis-
eases; epigenetics and ethics; epigenetics and policies and epigenetics and forensics. Our
analysis of the results from the Delphi panel indicated that these are societal implications
of epigenetic literacy that biology teaching should address. The following sections provide
a deepened and broadened analysis based on the responses to the different items in each
subtheme.

5.2.1 | Epigenetics and lifestyle

In the analysis of the statements from round 2, items B9, B10 and B11 were found to constitute
the subtheme epigenetics and lifestyle. These contextual implications of lifestyle were recognized
as important by most of the experts, giving a mean value over our consensus criteria (Table 3),
and also shown in the open-ended responses:

As people come to understand that some of their pathological health conditions
can be affected by factors that are within their control, there is a chance that under-
standing will change individuals' behaviors. [M6]

However, most experts claimed that the importance of social experiences for positive as well
as negative epigenetic marking should be left out of a Vision II education, as they can be related
to both scientific uncertainties (see the subtheme epigenetics and nature of science) and ethical
consequences (see subtheme epigenetics and ethics), as expressed by this expert:

I would hesitate to teach the citizens much about the societal implications because
we really do not know enough. [M10]

Summary: The recommended biology education policy for both Vision I and II would
be that teaching could preferably take its departure from lifestyle issues and highlight indi-
viduals' own responsibility for their health, as well as emphasize the need to reduce
health risks, for example by exercising and changing a diet that might otherwise have neg-
ative effects on our epigenome. It is especially important to point out in teaching that preg-
nant women have a great influence on the epigenome of their offspring, for example
through their diet. From a Vision I perspective, it would also be highly relevant to call
attention to the fact that social experiences, such as stress and trauma, may also affect our
epigenomes.
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5.2.2 | Epigenetics and diseases

In the analysis of the statements from round 2, items B1, B2, B3 and B4 were found to consti-
tute the subtheme epigenetics and diseases. From the results in Table 3, it can be seen that the
first item, epigenetics and impact on diseases, was the only context that the expert panel found
important to address from a Vision II perspective according to our consensus criteria, as also
exemplified in this open-ended response:

In terms of science, epigenetics is contributing to a much greater understanding of
how organisms develop and of the pathogenesis of diseases. [M1]

Some experts, however, emphasized the importance of nuancing the way in which epige-
netics influences diseases:

TABLE 3 Items of the round two questionnaire categorized to the different sub-themes related to epigenetics

from a societal perspective (N = 36)

Questionnaire item

M SD Mode

Vis. Ia Vis. IIb Vis. Ia Vis. IIb Vis. Ia Vis. IIb

Epigenetics and lifestyle

B9. Epigenetics and lifestyle 3.06 2.57 0.96 0.92 3 3

B10. Epigenetics, lifestyle and pregnancy 3.14 2.87 1.03 1.11 4 3

B11. Epigenetics in a socio-cultural context 2.93 2.39 1.10 1.23 4 1

Epigenetics and diseases

B1. Epigenetics and impact on diseases 3.34 2.65 0.87 1.09 4 3

B2. Epigenetics and mental disorders 2.85 2.32 1.10 1.29 3 1

B3. Epigenetics and treatment of diseases 2.82 2.18 1.05 1.10 3 1

B4. Epigenetic screening 2.60 1.96 1.15 1.00 3 1

Epigenetics and ethics

B8. Epigenetics and manipulation of organisms 2.69 1.88 1.11 0.95 3 1

B12. Epigenetics and ethics 2.90 2.31 1.12 1.32 3 1

B13. Epigenetics and the risk of reproval 2.67 1.90 1.24 1.04 4 1

Epigenetics and policies

B6. Epigenetics, policies and new legislation 2.96 2.25 1.12 1.04 4 2

B7. Epigenetics and insurance 2.54 1.78 1.06 0.93 3 1

Epigenetics and forensics

B5. Epigenetics and forensics 2.83 2.06 1.07 1.02 4 2

B14. Epigenetics and crimes 1.73 1.45 1.00 0.72 1 1

Note: The numbers represent: 1 = disagree, 2 = disagree to some extent, 3 = agree to some extent, 4 = agree.
Abbreviations: M, Mean; SD, standard deviation.
aVision I perspective on epigenetic literacy.
bVision II perspective on epigenetic literacy.
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I do not know of any case where epigenetic dysfunction is causative for a given dis-
ease. However, epigenetic dysfunction significantly contributes to the manifestation
of aggressiveness of a disease. [B3]

Nevertheless, when moving toward the Vision I perspective, most experts included all of the
contexts of epigenetics and diseases, although epigenetic screening was less emphasized.

Summary: The recommended biology education policy for both Vision I and Vision II would
be that teaching should promote the understanding that a broad range of environmental

TABLE 4 The Delphi panel's response about when to introduce epigenetics at school

School level Agree (%)

C6. Introduction of epigenetics at school.
When do you think that epigenetics could be introduced at school at a very basic level?

Lower primary school (students aged 7–9) 6 (0)

Upper primary school (students aged 10–12) 12 (17)

Lower secondary school (students aged 13–15) 65 (67)

Upper secondary school (students aged 16–18) 24 (17)

University level (students aged 19–) 12 (0)

Note: Percent frequency for the entire panel (N = 36) and, in parenthesis, the percent frequency for the sub-panel of
educational experts (n = 6).

TABLE 5 The Delphi panel's response to questions regarding how to organize epigenetics teaching

Statements to agree or disagree on Yes (%) No (%)

C1. Epigenetics has no place in school.
Epigenetics does not deserve any particular attention in school biology,
and should only be addressed in biology studies at university level.

3
(0)

97
(100)

C2. Epigenetics as a separate unit.
Epigenetics should be taught in school as a separate biology unit called ´
Epigenetics´; epigenetics issues might otherwise get lost if only integrated
with, for example, genetics or plant biology.

18
(0)

82
(100)

C3. Epigenetics only integrated in the genetics unit of school
biology.

Epigenetics should only be taught with the genetics unit of school biology,
as it can be seen as an expansion of genetics, and has its implications for
molecular and human genetics.

64
(67)

36
(33)

C4. Epigenetics integrated in all biology areas where it is relevant.
Epigenetics should be taught in all biology areas, for example, genetics,
ecology, evolution, human biology, health education etc., where it is
relevant and plays a role as a system approach.

74
(100)

26
(0)

C5. Epigenetics is best taught through case studies.
Epigenetics should mainly be taught through case studies, for example
such as identical twins, the Dutch Honger Winter, or discussions about
the origins of cancers.

52
(67)

48
(33)

Note: Percent frequency for the entire panel (N = 36) and, in parenthesis, the percent frequency for the sub-panel of

educational experts (n = 6).
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conditions and substances can cause epigenetic changes and may thereby induce certain dis-
eases, such as cancers. From the Vision I perspective, the teaching should also include other
contexts, such as mental disorders. Moreover, within this vision, the teaching should address
the notion that disease treatments are likely to be more personalized and tailored to the individ-
ual, as we know that changed epigenetic patterns coupled to diseases might be reversible, thus
making therapeutic intervention promising. Furthermore, epigenetic screening of a population
could, in the future, be an important societal application, since epigenetic patterns differ
between healthy and disease status, for example, in cancers.

5.2.3 | Epigenetics and ethics

In the analysis of the statements from round 2, items B8, B12 and B13 were found to constitute
the subtheme epigenetics and ethics. According to our consensus criteria, the ethical implica-
tions for humans and other organisms were only recommended for a Vision I perspective by
the panel (Table 3). The most important point made was the issue of blame, that is, to what
extent we as citizens are responsible for our own actions and destiny.

It's a release from the burden of genes—not everything is set in stone. But at the
same time, there is the new burden of responsibility—for your own way of living in
respect to your health, but also for the health of your children and maybe even
grandchildren—which might be perceived as a greater burden than the one that is
being lifted. [C7]

The experts taking a more critical view argued that these ethical issues are not solely con-
nected to epigenetics, and that they might be addressed more generally:

The risk of effects on privacy and on stigmatization is not only a risk of epigenetics.
This should be discussed more generally to avoid the impression that this risk is a
specific “epigenetics problem”! [B6]

Summary: The recommended biology education policy for Vision I only would be that
teaching epigenetics should incorporate discussions on how to name and voice the ethical con-
sequences of epigenetic findings, for example, regarding protection of privacy, responsibility for
one's own actions, intergenerational justice, etc. Special attention should focus on the ethical
aspect of an unhealthy lifestyle affecting the epigenome by generating an increased risk of
developing diseases, as this could lead to risks of reproval (“blame”) and stigmatization. Fur-
ther, teaching should include discussions on how we, in the future, might manipulate the physi-
ology of organisms, raising the possibility of affecting plants and animals in such a way that
they would generate products that are healthier and more productive, but also on the need to
be aware of the danger and ethical consequences of such manipulations.

5.2.4 | Epigenetics and policies

In the analysis of the statements from round 2, items B6 and B7 were found to constitute the
subtheme epigenetics and policies. This societal implication, in line with the previous one, was
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considered by the experts to be important only for Vision I, as shown by mean values over the
consensus level (Table 3), and as manifested in utterances such as this:

Epigenetics will be relevant for all areas of legislation concerning the adverse
effects of environmental impacts understood in a rather broad sense. Consideration
should be given to installing a kind of epigenetic risk assessment regarding work
conditions (e.g., noise, shift work), childcare, housing conditions and others. [P6]

A few experts, however, questioned their relevance to school education:

I do not think that kids this age care about insurance. [C1]

Summary: The recommended biology education policy for Vision I would be that teaching
epigenetics should incorporate discussions on the possibility of testing and assessing the risks of
changed epigenetic patterns, caused by, for example, noise and pollutants in the work environ-
ment, dispersion of toxic substances, etc., and on whether this should be considered in new leg-
islation. Also, the fact that insurance companies are already considering inclusion of the impact
of epigenetic profiles in their assessment of insurance takers should be addressed.

5.2.5 | Epigenetics and forensics

In the analysis of the statements from round 2, items B5 and B14 were found to constitute the
subtheme epigenetics and forensics. The results in Table 3 show that of this societal implication,
only item B5, epigenetics and forensics, was considered to warrant inclusion, and only for the
Vision I perspective, as also argued in this excerpt:

Provide the most accurate method to determine age of an individual (more accurate
than telomere length) … these advances are potentially important in forensics. [M8]

Epigenetics and crime was a more speculative item that was largely refuted by the panel
according to the consensus criteria, as also exemplified by this quote:

Several [referring back to item B14] had nothing to do with epigenetics. [C5]

Summary: The recommended biology education policy for Vision I would be that teaching
epigenetics should incorporate discussions on how we can use epigenetics in forensics through
the epigenetic profiling of crime scenes.

5.3 | How to organize epigenetics in the biology curriculum

Within this main theme, the analysis gave six aspects connected to the organization of epige-
netics in the biology curriculum (Tables 4 and 5). Because these only relate to organizational
aspects, and not to content issues, no further thematic analysis was conducted after the round
2 data collection. In this section, we report the results from the educational experts separately
because of their specific competence in this area.3
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Based on the results, we can see that all experts agreed that epigenetics should be included
in school biology (see Table 4). Two-thirds of the panelists thought it should first be introduced
in lower secondary education, although some experts recommended a bit earlier, in upper pri-
mary education, or a bit later, in upper secondary education, and these results were concordant
among the educational experts and the panelists as a whole (see Table 4).

Within school biology, most experts thought that epigenetics should be included in the
genetics course (see Table 5), and not be taught as a separate unit, as argued in this excerpt:

Epigenetics should be taught in the context of genetics and especially in the context
of gene regulation. [G1]

In addition, most experts thought that epigenetics should also be taught in other areas of
biology where it is relevant, for example, ecology, evolution, human biology and health. Half of
the experts considered case studies to be a useful way of teaching epigenetics (see Table 5).

6 | DISCUSSION

The overall aim of this study was to identify what a citizen should know about epigenetics to be
considered scientifically literate, that is, to define epigenetic literacy. We addressed this aim
from both a Vision I and a Vision II perspective on scientific literacy and included contrasting
viewpoints from the experts as recommended in a policy Delphi study. In the following discus-
sion, we further address this aim by developing an epigenetic literacy framework, which connects
the results of the Delphi study to genetic literacy as described by Boerwinkel et al. (2017).
Finally, we discuss the epigenetic framework in light of research on genetic and genomics liter-
acy as well as learning progressions.

6.1 | Developing an epigenetic literacy framework

From the results, we can conclude that the expert panel suggested starting epigenetics teaching
in lower secondary education, where it should be included in the genetics course of school biol-
ogy. Table 6 provides a summary of the findings of the Delphi study in an epigenetic literacy
framework that we connect to the same knowledge categories defined by Boerwinkel et al.
(2017) for genetic literacy, that is, conceptual knowledge, epistemic knowledge and sociocultural
knowledge. Below, we go through the framework and how it can be included in teaching from a
Vision II and Vision I perspective, respectively.

To summarize epigenetic literacy from a Vision II perspective, the subject can be introduced
through the “additional layer” metaphor and should conceptually focus on connecting nature
with nurture (see the middle column of Table 6). It is important to focus on the dynamic aspects
of epigenetics, including reversibility, risk and probability. At the micro level, the teaching
should focus on DNA methylation and chromatin structure as the explanatory mechanisms for
epigenetic phenomena. Epigenetic markers adhere to the DNA or chromatin and thereby regu-
late gene activity, that is, the production of proteins. Regarding the hereditary aspects of epige-
netics, only mitotically heritable changes in cell lines within an organism should be addressed,
leaving out transgenerational inheritance as a core concept (although it can be included as an
uncertain idea from a nature of science perspective, see below). The concept of cell memory is
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useful to explain that epigenetic markers can stick to the DNA for various lengths of time, con-
necting to its dynamic aspects. If the markers are permanently fixed, cell differentiation can be
explained. Regarding epistemic knowledge, epigenetics is sitting at the research frontier, and
there are uncertainties in the knowledge structure related to the nature of science perspective
such as transgenerational epigenetic inheritance; these uncertainties should be addressed.
Regarding sociocultural knowledge, epigenetics should be addressed primarily as related to

TABLE 6 Overview of an epigenetic literacy framework including the core ideas for school biology

Themes
Epigenetic literacy—Vision IIa

Epigenetic literacy—Vision Ia

Core ideas of conceptual knowledge

Epigenetics as a
metaphor

Additional layer of information on top
of the genetic code

Epigenetics
connecting
nature with
nurture

Environmental influences on
phenotypes

Life history
Integrating nature and nurture
Refuting genetic determinism

The environment can be material or
social, creating a link between mind
and body

Epigenetics as a
dynamic process

Reversibility
Risk and probability

Epigenetic
mechanisms

DNA methylation
Chromatin structure

Modifications of histones
Changes in small non-coding RNA
Enzymatic control

Epigenetics and
inheritance

Cell differentiation
Cell memory
Mitotic inheritance

Meiotic inheritance
Transgenerational inheritance
Evolution

Core ideas of epistemic knowledge

Epigenetics and
nature of science

Cutting edge research
Uncertainty and controversy

Core ideas of socio-cultural knowledge

Epigenetics and
lifestyle

Life style
Pregnancy

Socio-cultural aspects

Epigenetics and
diseases

Impact on diseases Treatment of diseases
Impact on mental disorders
Screening

Epigenetics and
ethics

Ethics concerning privacy,
responsibility and intergenerational
justice

Risk of reproval and stigmatization
Future manipulation of organisms

Epigenetics and
policies

Policy and new legislation
Insurance uses

Epigenetics and
forensics

Forensic uses

aFor a Vision II perspective, only include the core ideas of the second column, for a Vision I perspective, both column two and
three should be included.
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lifestyle issues and the possibility of influencing one's own future health. It is important to
address the ways in which epigenetic phenomena cause illnesses, such as cancer, through expo-
sure to environmental factors. Special consideration should be given to pregnancy and the vul-
nerability of the fetus to environmental influences via epigenetic mechanisms during
pregnancy (see Table 6).

The Delphi panel also indicated which knowledge about epigenetics they considered desir-
able for a Vision I perspective, corresponding to what should be included and taught in upper
secondary (high school) biology, or put differently, what kind of knowledge in epigenetics
should an undergraduate student in biology have when entering university studies in biology.
Here follows a description of what should be included in addition to what was presented in the
last paragraph regarding Vision II (see column three in Table 6, expanding on what should
additionally be included when addressing epigenetics literacy from a Vision I perspective). Con-
ceptually, the experts thought that the idea of creating a link between social experiences and
biological outcomes in the form of epigenetic markers can be introduced at this level, con-
necting body and mind. Most new content to be introduced related to the molecular mecha-
nisms, where the experts claimed that the other best known epigenetic mechanisms,
modification of histones and changes in small non-coding RNA, could be addressed, along with
the more regulatory aspects of gene activity related to enzymatic control (to address how pro-
teins are correctly produced in the correct amount, at the right time and in the right place).

Importantly, at this level of biology education, the experts also thought that more controver-
sial topics, such as transgenerational inheritance and the importance of epigenetics for evolu-
tion, could be introduced. The same justification held for the sociocultural applications of
epigenetics, where the experts included more controversial and future-directed aspects of epige-
netics, such as screening, organism manipulation, policy and legislation, insurance, and foren-
sics. Finally, the experts also referred the ethical consequences of epigenetics to this level. All
these ideas should be included in a Vision I perspective on epigenetics literacy (see right-hand
column in Table 6) in addition to the ones presented for a Vision II perspective (see middle col-
umn in Table 6).

How, then, should this epigenetic literacy framework be used? First, we would like to reiter-
ate the fact that this is a policy Delphi study, and the level of consensus is often lower compared
with a classic Delphi study. Therefore, a user of the epigenetic literacy framework might want
to consider the divergent meanings before applying the framework as a whole, and the results
might be interpreted and adapted for the local context to which they are applied. Here, we
address some of our own reflections on the results of the Delphi study.

Regarding the various epigenetic mechanisms, the panel suggested addressing two of
them—DNA methylation and chromatin structure—for Vision II teaching, and a few additional
mechanisms for Vision I teaching. Considering the findings from Zudaire and Fraile (2021) on
students' difficulty learning the epigenetic molecular mechanisms, one might consider focusing
the teaching solely on DNA methylation—which can easily be linked to the teaching of protein
synthesis—and only mentioning the other mechanisms.

In general, the panel gave the Vision II perspective a lower score than Vision I for all items,
and it seemed that the panel viewed the themes as having general levels of relevance. However,
we would argue that some of the themes from a societal perspective, such as treatment of dis-
eases and ethics, could also be relevant to Vision II teaching. These items relate to scientific
understanding to be used in personal and societal issues where science, in addition to other
kinds of knowledge and values, is applied in the Vision II perspective, as discussed by Roberts
and Bybee (2014).
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Another aspect was the transgenerational inheritance that the experts left out of Vision II
teaching, due to its controversial nature. Here, however, an educator needs to consider that this
aspect of epigenetics is included as a fact in most media and popular science explanations avail-
able on the internet and elsewhere. From a teaching point of view, an educator must evaluate
whether this aspect should be included in Vision II teaching to allow the students a critical view
of the contents when facing media reports, or if there is a risk that its inclusion might
strengthen mythical conceptions of epigenetics due to lack of content knowledge. Also, the
experts recognized that this might be a good topic to include in Vision II teaching from an
uncertainty perspective related to the nature of science.

6.2 | How to connect epigenetic literacy to genetic literacy

We can conclude that the epigenetic literacy framework empirically elaborated in this study
provides a suggestion of how epigenetics can be implemented in school biology, as called for by
many scholars.4 The question then emerges of how we do that, considering what we already
know from empirical studies in genetic education research.

We do not have a definitive answer to this question, and we would argue that it calls for fur-
ther empirical studies using the principles of educational design research (van den Akker
et al., 2006) to adapt the framework to current teaching practices. However, we can give some
tentative suggestions on how the suggested epigenetic literacy framework can build on the cur-
rent suggested genetic literacy, genomics literacy and learning progression frameworks. As can
be seen from the epigenetic literacy framework (see Table 6), this study builds on the same
three pillars proposed by Boerwinkel et al. (2017) for the genetic literacy framework and could
be taught in accordance with genetic literacy. We have the conceptual knowledge of genetics lit-
eracy that corresponds to the subthemes of section A, epigenetics from a scientific perspective,
except for the last theme (nature of science) which, instead, corresponds to epistemic knowl-
edge. The sociocultural aspects of genetic literacy relate to the subthemes of section B, epige-
netics from a societal perspective. In line with the experts of the Delphi panel, we argue that
epigenetics should be taught in the genetics course, so that epigenetic literacy can be aligned
with genetic literacy.

If we first address the conceptual level, we know that Boerwinkel et al. (2017) aligned and
expanded the learning progression of Duncan et al. (2009). What then could the subthemes of
epigenetic knowledge relate to in the learning progression/genetic literacy framework? The first
subtheme, epigenetics as a metaphor, can be used to expand subdomain A because the
epigenome, that is, the epigenetic markers, can be included as an add-on to the genetic struc-
ture. The subtheme epigenetics connecting nature with nurture relates to and explains sub-
domain H of the learning progression because it provides additional explanations of how the
environment interacts with the genome. This is more in line with the updated category of
Boerwinkel et al. (2017) and subdomain J from Todd et al. (2017) that gene expressions can
change at any point during an organism's lifespan. Similarly, the subtheme epigenetics as a
dynamic process expands on subdomain F and subdomain J of the learning progression in
genetics by adding reversibility to an even more dynamic understanding of how genes code for
proteins. The subtheme epigenetic mechanisms also links to subdomains F and J, as well as G
because not only genetic but also epigenetic patterns contribute to a variation in phenotype.
Moreover, epigenetic mechanisms provide an explanation for gene regulation in subdomain
D. Finally, the subtheme epigenetics and inheritance likewise explains gene regulation of
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subdomain D, but also provides an alternative inheritance and thereby expands on subdomain
E of the learning progression in genetics. Based on this comparison, we can see many possibili-
ties for integrating epigenetics into genetic teaching, and we urgently call for further studies to
take on this challenge.

When looking at epistemic knowledge, Boerwinkel et al. (2017) identified four components
(i.e., certainty and uncertainty of genetic information; (mis)representation of genetic knowledge
in the media; identifying and weighing arguments in decision-making; history of development
of genetic knowledge). In our study, the first three components were also mentioned in refer-
ence to the subtheme of epigenetics and the nature of science. However, no reference was made
to the last category of the historical development. Instead, many experts singled out the uncer-
tainty of cutting-edge research as the most important aspect to address.

The sociocultural knowledge of genetic literacy was divided by Boerwinkel et al. (2017) into
three components (genetic technologies used in societal contexts; practices in which genetic
technology is applied; personal and societal implications), which were quite generic. In this
study, four contexts and one ethical dimension were outlined as subthemes to which the three
components of Boerwinkel et al. (2017) can be linked transversally. For example, the subtheme
epigenetics and forensics includes epigenetic technologies, the subtheme epigenetics and diseases
relates to practices such as screening, and the subtheme epigenetics and lifestyle connects to per-
sonal and societal implications.

We would argue that the epigenetic literacy framework presented herein can be integrated
with, and expand on, the genetic literacy framework outlined by Boerwinkel et al. (2017), as
well as with the learning progression outlined in genetic education research
(e.g., Dougherty, 2009; Duncan et al., 2009; Todd et al., 2017). We also suggest that the epige-
netic literacy framework could be a substantive part of standard genomics literacy and provide
mechanistic explanations for multifactorial genetics, one of the two pillars of the standard geno-
mics literacy framework suggested by Donovan et al. (2020, 2021). The epigenetic literacy
framework could then further be applied in humane genomics literacy to indicate how differ-
ences between human individuals and populations occur because these differences are depen-
dent on the interaction between environmental and genetic factors. Often in biology education,
genetic and environmental factors are represented as dichotomous and separate (Clément &
Castéra, 2014), but with the inclusion of epigenetics in the biology curriculum this misleading
representation could be changed into an integrated model. Furthermore, the inclusion of epige-
netic mechanisms in genetics education can promote mechanistic explanations and thereby
serve to unpack commonly found explanatory “black boxes”, which have been identified as
problematic in the genetics education literature (Haskel-Ittah, 2022).

To conclude, we hope that the discussions here show how the epigenetic literacy framework
could have an impact both on curricula and teaching practices and on future genetics and geno-
mics education research.

6.3 | Methodological discussion and limitations

First, we would like to once again emphasize the fact that this is a policy Delphi study, and the
results need to be interpreted and adapted before being applied. We included the experts' voices
and arguments for and against the inclusion of different themes to facilitate this process. We
could have used a more classic Delphi approach with a higher demand for consensus, which is
what we had originally aimed for. However, considering the proximity of epigenetic research to
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the research frontier, and its inclusion of some controversial topics, this would have been diffi-
cult to achieve, and the study would probably have ended up with a few, less informative and
more general themes.

The different groups of experts were too small to provide meaningful statistical comparisons.
However, because this study is based on questions related to science education, we looked spe-
cifically into the results from the educational experts and saw that they were very similar to the
panel as a whole, thus validating the selection of panelists for the study.

The selected panel included more men than women, but we have no information on other
background variables such as ethnicity or race. This lack of information might be a possible bias
because ethnicity has been suggested to influence conceptions of genetics (Donovan et al., 2020;
Morning, 2011). However, the selected panel represented a diversity of countries and cultures
from various continents/subcontinents (North and South America, Europe, Oceania, Middle
East) and types of country (developed, developing) which ensured a diversity of background
experiences in the panel.

7 | IMPLICATIONS

The epigenetic literacy framework outlined in this study can be used as a basis for developing
secondary biology curricula, and in particular their genetic parts. We would encourage fellow
researchers and practitioners to participate in this endeavor. One way for this to happen is to
operationalize the framework using an educational design research approach (van den Akker
et al., 2006). In forthcoming studies, our aim is to pursue such studies in collaboration with
teachers. Moreover, in the continuous work of updating learning progressions, it would be of
interest to include epigenetic aspects.

Another area of great interest is whether epigenetic knowledge can refute genetic determin-
istic beliefs, as argued by many experts in this study (see result section) as well as in the litera-
ture (e.g., Clément & Castéra, 2014; Gericke, 2021). In a previous study, Gericke et al. (2017)
investigated the effect of knowledge of genetics and genomics on genetic deterministic beliefs,
but could not find any correlations, while other studies indicate the opposite (Donovan
et al., 2020, 2021). However, the effect of specific epigenetic knowledge is as yet unexplored,
and it would be interesting to investigate what effects the implementation of epigenetic literacy,
as presented herein, would have on genetic deterministic or essentialist beliefs.
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ENDNOTES
1 Most normal cells will undergo a programmed form of rapid cell death (apoptosis) when critical functions are
malfunctioning. Activated oncogenes can cause the cells designated for apoptosis to survive, reproduce, and
thereby cause cancer.

2 According to Swedish law, data on ethnic or racial origin is classified as sensitive personal data. Unless permis-
sion is granted following specific conditions under formal external ethical review, collection or analysis of such
data is prohibited in order to protect the personal integrity of respondents (IMY, 2023).

3 As can be seen from Tables 4 and 5, the response patterns were similar between the educational experts and
the panel as a whole, indicating the consistency of the results between the expert groups.

4 See for example: Aivelo and Uitto (2015); Bass et al. (2016); Carver et al. (2017); Clément and Castéra (2014);
Dougherty (2009); Gericke (2021); Lewis (2014); Redfield (2012); Smith (2014); Stern and Kampourakis (2017);
Zudaire and Fraile (2021).
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