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Abstract For many students, their science education up to the age of 16 is their only formal 
introduction to genetics. They live in an age where the results of genomic studies will have increasing 
importance for their health and well-being. This article will use Piaget’s conceptions of concrete and 
formal thinking as tools for considering the conceptual development of a genetics education fit for 
a genomic age; the article argues that our ideas of ‘Mendelian’ genes controlling characteristics 
and the split between genes (nature) and the environment (nurture) should be revisited. Alternative 
conceptualisations are considered.

Young people aged 12–13 are currently in year  8 in 
England and Wales (grade 8 in the US). They are three 
years away from completing their compulsory science 
education. For this particular cohort, born in 2006, 
there is a special significance because this was the year in 
which the consumer genomics company 23andMe was 
founded. These students are truly the first children of 
the genomic age. 

When the UK Government launched its 10-year plan 
for the National Health Service on 7th January 2019, it 
recommended providing genomic tests for every child 
with cancer. Further, the NHS aims to embed genomics 
in routine healthcare, ‘making the UK the home of the 
genomic revolution’ (DHSC, 2019).

At the same time in the US, the Washington Post 
(Johnson, 2019) reported on the ‘BabySeq Project’, 
which is aiming to sequence the genomes of newborn 
babies for ‘childhood risk and newborn illness’. The cost 
of whole-genome sequencing is falling rapidly and will 
soon be below the $1,000 level – the point at which it 
is regarded as being economically viable for population 
screening programmes. Screening for selected samples of 
the genome is already commonplace. Genomic studies 
with sample sizes of over one million are now appearing 
in the literature. Such studies are starting to transform 
our understanding of the interactions between genomes 
and their environments.

The genetics taught in schools in the UK and US 
is a curious mixture of the traditional and the modern. 
There is a fusion of different concepts so that a single 
‘Mendelian’ gene has a specific location on a chromosome 
and a DNA sequence that codes for a protein (enzyme) 
that controls the expression of a characteristic. These 
deterministic views of genes, DNA and characteristics 
are not the understanding of research geneticists and 
will not help our students to appreciate the outcomes of 
genomic analyses.

At the same time, new applications of genetics 
are being routinely added to the curriculum, such 
as mammalian cloning, gene therapy, stem cells and 
genetic testing. We could continue to add new concepts 
in the future, such as genomics, CRISPR editing and 
three-parent embryos, but what we really need to do is 
to stop and ask, ‘does this make sense anymore?’.

This article (derived from a presentation at the ASE 
Conference in Birmingham in January 2019) is an 
initial attempt to provide a rationale for the develop-
ment of conceptual understanding of genetics in key 
stage 3 (ages 11–14), where ‘big ideas’ could be intro-
duced. Detailed mechanisms of gene action, inheritance, 
cell division and stem cell differentiation could be intro-
duced in key stage 4 (ages 15–16), once the ‘big ideas’ 
have taken root.

This article will use Piaget’s conceptions of pre-oper-
ational, concrete and formal operational stages as tools 
for thinking about the possible conceptual development 
of a genetics education. It will not use other aspects of 
his stage theory.

Variation: pre-operational thinking

If done sensitively and ethically, collecting biometrical 
evidence from the class (e.g. height, eye colour, earlobe 
shape, fingerprints, handspans) can be used to teach 
about continuous and discontinuous variation, as well 
as ‘working scientifically’ skills such as observing, meas-
uring, handling data and plotting graphs.

Biology is an empirical science that uses tools to 
observe and measure the living world and this kind of 
activity provides an appropriate place to start in early 
key stage 3 (ages 11–14).

Traditionally, this has led on to a discussion of the 
causes of the variation, such as genetic or  environmental 
or (most usually) both. These ideas feature in some 
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GCSE biology specifications for examination at age 16. 
Variation caused exclusively by the environment is some-
what problematic. A wound can be caused by a random 
environmental event, but a scar is the product of the 
body’s immune response, which is influenced by the 
genome. A tattoo or hair dye are environmental effects, 
but the decision to use these cosmetics is shaped by an 
individual’s personality, which, in turn, is influenced by 
the genome. Tattoos and hair dyes are examples of what 
Richard Dawkins calls an ‘extended phenotype’. 

To insist that some variation is genetic and other vari-
ation is environmental is to make a distinction that does 
not occur within living organisms, where the genome 
exerts its influence through continual interactions with 
its local environment. The cell, in turn, interacts with 
its wider environment. To introduce the separation of 
genes and environment at this stage could sow the seeds 
of a misconception that will grow into a troublesome 
weed in the future. 

It is true that some geneticists separate the effects of 
genes (nature) and the environment (nurture) in their 
analyses (e.g. Plomin, 2018). This can only apply to 
differences between individuals within a population, not 
the development of a characteristic within an individual. 
This has been recognised ever since the first development 
of the statistical techniques in 1918, but it remains a persis-
tent misconception. Fox Keller (2010) has discussed the 
difficulties of using ideas of ‘nature-nurture’ consistently. 

In many ways, ideas of nature versus nurture are 
no longer useful in the genomic age. The key formu-
lation of genetics at this time is of the genome and the 
environment interacting to produce phenotypic effects. 
Johanssen’s (1911) dictum:

genotype + environment = phenotype

could be modified for the genomic age into:

genome + environment = phenotype

The world of the nucleus: concrete 
operational thinking

It is a glorious moment when students see their own 
cheek cells under a microscope for the first time. There, 
clearly visible, are the nuclei. It is too easy to say, ‘The 
nucleus is where the genes are’ and then move on to the 
next thing. Tarrying a while to explore the structure of 
the nucleus can help establish some foundational ideas 
for genomic thinking. 

The nucleus contains the genome, which can be 
modelled cheaply using wire, coloured threads and plastic 
ball moulds, all obtainable from any craft store (Figure 1). 

Brightly coloured threads (e.g. in blue, yellow and 
green) can show that the genetic material is present as 
pairs of chromosomes. The threads are fluffy and not 

tightly coiled, which represents the state of chromatin 
in an interphase nucleus when the genetic information 
is being accessed. Most importantly, each chromosome 
occupies a distinctive region of the nucleus, called its terri-
tory. The genome is not like a tangled plate of spaghetti!

There is about 2 m of DNA in the nucleus of each 
human cell. There about 35 trillion (35 × 1012) cells in 
the human body, so the total amount of human DNA 
in a person would stretch for astronomical distances if it 
were laid out end to end.

DNA consists of two strands of nucleic acid, folded 
to form a double helix. Each nucleic acid is formed 
from repeating units of deoxyribose sugar attached to 
a phosphate group. These units are called nucleotides. 
Attached to each nucleotide is one of four possible bases 
– adenine, thymine, cytosine, guanine (A,  T, C,  G). 
The two nucleic acid helices are held together by weak 
intermolecular forces between adenine–thymine and 
cytosine–guanine bases. For simplicity, a nucleotide is 
named by the base that it contains. 

Many nucleotides are the same in every individual 
in population. About 1 in every 1000 nucleotides show 
variation in a genome. Some people might have, for 
example, a nucleotide with C at a particular location, 
while others have a nucleotide with G. 

These differences are examples of a polymorphism, 
which means that the nucleotide exists in more than one 
form in a population. Because the difference is a single 
nucleotide, the difference is called a single-nucleotide 
polymorphism (or SNP, pronounced snip). There are 
between 4 and 5 million SNPs across any person’s genome. 
About 100  million SNPs are found in human popula-
tions in the world. This is important, because genomic 
analyses only study the differences between SNPs. SNPs 
are sometimes called genetic variants or alleles.

How is it possible to fit so much DNA into a nucleus, 
with a diameter of only about 6 µm? The answer is that 
the DNA is folded around proteins and Figure 2 models 
this principle with thread and plasticine balls. 
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Figure 1 A model nucleus; after Misteli (2008)
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This could form the basis of a stop frame anima-
tion, where the length of the DNA ‘thread’ is measured 
against a ruler for each turn of the thread against the 
plasticine balls. The final folding (c) represents the 
condensed state of chromatin in a cell about to undergo 
cell division. 

The diploid genome occupies only about 3% of the 
yeast cell nucleus, and it is likely that this is similar for 
a human nucleus. The mammalian nucleus contains 
about 20% of all of the proteins in the cell (Gorski and 
Misteli, 2005). 

The nucleus should not be seen as an object, but 
rather as a process. It is part of a conversation, using 
chemical signals rather than words. The nucleus has 
continual conversations with the rest of the cell about 
the ordering of proteins. The cell requests a protein and 
the nucleus issues instructions for how this is to be made. 
The cell uses these instructions to make the protein for 
itself. Inside the nucleus, the genome and the proteins 
are the tools that work to keep the conversation flow-
ing by producing the instructions that the cell needs to 
survive and grow.

These proteins are part of the genome’s environment, 
and so at the molecular level it is impossible to sepa-
rate the working of the genome from its environment, 
and this is the fundamental concept that all students 
need to understand at this concrete stage of cogni-
tive development.

Genes: formal operational thinking

The philosopher A. N. Whitehead used the phrase ‘the 
fallacy of misplaced concreteness’ to highlight the dangers 
of assuming that abstract ideas are ‘real’. In the previous 
section, genomes, proteins and DNA were discussed, 
genes were not. Genes are not real in the same sense 
that genomes, proteins and DNA are real. Neither are 
Mendelian factors. For this reason, I suggest that ideas 

of genes and factors are left to years  10 and  11 (ages 
15–16) (US grades 10–11), where they can build on 
prior learning of the earlier key stage. 

Gregor Mendel’s example of tall and dwarf pheno-
types in peas illustrates the conflation of ideas than can 
occur as a result of misplaced concreteness. Pea plants 
with tall and dwarf phenotypes are well-adapted organ-
isms. The life cycle of a dwarf plant is faster than that of 
a tall one: it can grow, flower, set seed and die before the 
tall plant has begun to flower. Both plants will produce 
viable seed and the whole of the plant’s genome is 
involved in its growth and development. We think that 
the genomes of tall and dwarf plants are almost identical. 

The difference between the tall and dwarf phenotype 
is caused by a single DNA nucleotide: a substitution of 
guanine to adenine (G to A) at position 2654 in the 
le gene on chromosome  4. When homozygous, this 
disrupts the production of gibberellin, which promotes 
the growth of plant stems.

In other words, growth is a process that occurs when 
the whole plant genome interacts with the environment, 
whereas a single nucleotide difference can disrupt this 
growth process at a critical moment, leading to the 
dwarf phenotype. It is the single nucleotide that causes 
the difference between these plants.

There is no ‘gene for dwarfness’ that produces the 
dwarf phenotype. This is a convenient shorthand, but it 
is a misconception. The whole pea genome is needed to 
grow the dwarf phenotype. This is a shift in our percep-
tion, a recalibration of our thinking. It is a nuisance, 
but it is going to be essential if we are to understand 
modern genomic science, where SNPs may have signifi-
cant effects without being directly involved with protein 
synthesis. 

Mendel’s model of inheritance referred to ‘factors’, 
which later geneticists ascribed to pairs of contrasting 
characteristics (allelomorphs) and, eventually, alterna-
tive forms (alleles) of genes. In fact, Mendel’s analysis 
can be done at the level of nucleotide bases, as Figure 3 
shows for the F2 generation of the tall x dwarf cross of 
peas using the nucleotide base pair that causes the differ-
ence. The F1 generation is tall with the genotype GA. 

Tall and dwarf F2 genotypes using the 
single-nucleotide substitution

½ G ½ A

½ G
GG
tall

GA
tall

½ A
GA
tall

AA
dwarf

Figure 3 Punnett square for the tall x dwarf F2 generation, 
using the nucleotide base pair substitution that makes the 
difference between the phenotypes
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Figure 2 Modelling the folding of a DNA thread with 
plasticine representing histone proteins
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The interaction between genomes and the environ-
ment is a central paradigm that will recur throughout 
biology education. The differentiation of stem cells into 
different mature cell types is one such example. Ideas 
of the ‘epigenetic landscape’ proposed by the biologist 
C. H. Waddington in the 1940s might provide a way of 
visualising the interaction of genomes and the environ-
ment. This will be discussed further in another article to 
be published in School Science Review in 2020 (Ingram, 
in press).

There is no consensus in genetics as to what a gene 
is. Griffith and Stotz (2013) catalogue five distinct 
meanings that are used by different branches of genetic 
science. The idea of a gene as a single factor that maps 
to a specific locus on a chromosome that contains the 
genetic code for a protein is probably no longer robust 
enough for the ‘post-genomic’ world that our students 
are entering. 

We need, as an international educational community, 
to agree a unified definition of a gene that is closer to 
the emerging science. My suggestion is that we define 
a gene strictly in terms of its information content (a 
‘Crick’ gene). A gene, therefore, consists of the DNA 
bases that contribute to the mRNA that is used to build 
the protein. This seems simple enough, at least for this 
level. In advanced studies, the introns that are edited 
out of mRNA before translation do not form part of 
the gene and we may sometimes have to concede that a 
gene no longer forms a continuous and linear sequence 
of nucleotide bases on a chromosome. 

The bursicon gene in the mosquito Anopheles gambiae, 
for example, is encoded by two DNA sequences at oppo-
site ends of chromosome 2. The separately transcribed 
pieces of mRNA are joined together before translation. 

Using the above definition, not all Mendelian 
factors are genes. The melanic peppered moth has long 
been thought to be caused by a single dominant gene 
mutation that occurred in about the year 1819 near 
Manchester. From here, natural 
selection promoted this pheno-
type throughout the industrialised 
regions of the UK.

The reality is more complex 
and still not fully understood. 
The functional unit seems to be 
about 22 000 DNA bases long, 
and consists of multiple copies 
of a ‘transposable element’ that 
was inserted into an intron of the 
cortex gene. Changes in introns are 
not usually important, since they 
are edited out of the final mRNA 
transcript. How this change leads 
to melanism is still not understood 

because the cortex gene is involved in wing develop-
ment, rather than wing colouration. 

These examples are not intended to be taught to 
16-year-olds, but they do serve to show that life is often 
more complex than our familiar stories suggest. It is 
important that our teaching introduces schemas that are 
simple enough to be understood by all but are adaptable 
enough to adjust to any specific examples a learner may 
encounter later on. 

Towards genomics 

Genomic analyses study differences in nucleotides 
across the genome in different people. 99.9% of indi-
vidual (single) nucleotide polymorphisms (SNPs) 
are the same in all humans and cannot be studied in 
genome analyses. The 0.1% that can be studied still 
amount to more than three million pairs of nucleo-
tide bases. Significantly, these SNPs may or may not 
directly contribute to the DNA coding for a protein. 
Only 1.5% of DNA nucleotide bases code for protein 
production in the genome. Scientists used to call the 
non-coding DNA ‘junk’, but now realise that it may be 
important, and its possible significance is an active area 
of genomic research.

This section introduces a contemporary study of the 
genomics of educational attainment that was published 
by Lee, Wedow, Okbay et  al. in the summer of 2018. 
Educational attainment is measured as the number of 
years of schooling that an individual completed. The 
sample size was of 1.1 million people. Some of the data 
were supplied by the 23andMe genomics company. 

I am not suggesting that such studies be included in 
middle-years genetics courses, although they could be 
introduced in more advanced studies. The purpose of 
including the study in this article is to show how the 
ideas of genomics introduced earlier are essential to 
understanding of the key ideas presented in the study.

Figure 4 A Manhattan plot of statistically significant SNPs for differences in 
educational attainment for a sample of 1.1 million people; reproduced with 
permission from Lee et al. (2018)
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Figure  4 shows a Manhattan plot which displays 
statistically significant SNPs that correlate for differ-
ences in educational attainment. The analysis covers the 
whole genome, excluding the XY sex chromosomes (i.e. 
22  pairs of chromosomes). The distribution of SNPs 
across the 22 chromosomes is shown on the plot. 

The article identified differences in 1271 SNPs that 
were statistically significant. These were distributed 
evenly across the whole genome. This analysis must, by 
definition, underestimate the total number of active 
sites in the genome, because only those locations that 
show differences in nucleotide bases are detected by 
the analysis. We might expect that this analysis would 
capture a maximum of 0.1% of the total number of 
bases involved in the development of the characteristic 
of educational attainment. 

The SNPs in this analysis account for about 11% 
of the differences (variance) between the individuals in 
the sample for this characteristic. This is a remarkable 
achievement, but it is still some way below the 50% (or 
so) that we would predict as the genetic contribution 
to the differences between people for this characteristic. 
We expect that if we used a larger sample of people and 
full genomic screening then we would probably find the 
‘missing’ SNPs. 

The remaining 50% of variance would be explained 
by differences caused by environmental factors, rein-
forcing the key point of this article that phenotypes 
arise through interactions between genomes and the 
environment. 

Not all of the SNPs are in or near protein-coding 
regions of the DNA, yet they are (statistically) significant 
in the expression of this difference in this characteristic. 
Their functions will, doubtless, be discovered in the 
future. It is these kinds of results that should cause us to 
consider widening our understanding of genetics away 

from genes and towards the whole genome, especially in 
the schema-forming early years of study. 

Many SNPs are associated with 1838 protein-coding 
regions of DNA (genes). This reiterates a key idea we 
deduced from a reconsideration of tall and dwarf peas. 
While it only takes one SNP to disrupt a process like 
growth, it takes many SNPs associated with thousands 
of genes to make the process happen at all. 

Those SNPs located in or close to protein-coding 
regions of DNA are ‘overwhelmingly expressed in the 
central nervous system’ during fetal development, early 
childhood and adolescence. Many of these SNPs are 
associated with genes that encode proteins that produce 
nerve cells and neurotransmitters, activate ion channels, 
promote cell signalling and synaptic plasticity. These 
SNPs help to build and maintain brains. 

This is a profound finding. There are no genes ‘for’ 
studying GCSE biology: genes are generalists, working 
within the genome to build and maintain healthy brains 
and nervous systems. 

This is a recent study and its full implications are yet 
to be realised. One thing is clear: we can now begin to 
discover how to create and maintain environments that 
allow our genomes to be fully expressed at each stage 
of our lives, and these findings will allow questions 
to be asked about whether modern lifestyles promote 
healthy brain development. Raising standards in schools 
might owe more to healthy brain development than 
any number of classroom interventions with reluctant 
students in year 11. 

Questions like these are at the heart of genetics for 
tomorrow’s world. To empower our year 8 students to 
understand the discussion will require deliberate reflec-
tion on our use of language in our genetics classes. It will 
not require a wholesale revision of the curriculum.
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