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Foreword

Understanding Evo-Devo, by Wallace Arthur, takes readers on a fascinating
voyage across the animal kingdom, and beyond. The author shows that,
contrary to some representations, evolution and development are not two
distinct processes but, rather, two entirely intertwined ones. Evo-devo, which
is short for evolutionary developmental biology, studies evolution and devel-
opment, and especially their interactions. In particular, it studies both the
evolution of development — that is, how developmental processes evolve —
and the developmental basis of evolution — that is, how development struc-
tures the evolution of the features of organisms.

Wallace Arthur has produced a concise and informative book, written with
passion and clarity, which provides readers with a coherent understanding of
how evolution occurs through changes in development, and of how the study
of developmental processes reveals that distantly related organisms with very
different body forms have deeper similarities than you might previously have
thought. When you come to realize why and how the same genes are crucial
for the developmental processes of morphologically very different organisms,
you will likely be astonished by the unity of life. Also, evolution cannot be
studied by looking at populations and genes alone; rather, individuals and
their developmental trajectories must be taken into account too, as this
book convincingly shows. This is a must-read for anyone interested in
understanding life.

Kostas Kampourakis, Series Editor
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PREFACE  xvii

protein were first discovered in flies, but are found widely in many sorts of
animals, including humans and, as it turns out, hedgehogs. The widespread
occurrence of the same developmental genes across very different-looking
animals is a key discovery of evo-devo. For more information on this and
other discoveries, read on ...
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1 What is Evo-Devo and
Why is it Important?

What is Evo-Devo?

The two great creative processes of biology are evolution and development.
You and |, as adult human beings, are products of both. Evolution took about
four billion years to make the first human from a unicellular organism that
emerged from the primordial soup. Development, in the form of
embryogenesis together with its post-embryonic counterpart, takes less than
20 years to produce an adult human from a different unicellular organism — a
fertilized egg or zygote. By this measure, development operates more than
200 million times faster than evolution. However, despite their very different
timescales, the two great creative processes of biology are intrinsically inter-
woven. Evo-devo is the scientific study of this interweaving. Its full name is
evolutionary developmental biology, but because this is an unwieldy phrase it
is almost universally referred to by its nickname.

Fundamental to any field of science is the search for general, rather than
piecemeal, explanations. However, we can only generalize as far as is con-
sistent with the facts at hand. Biology is less fertile scientific ground for
generalizations than physics, because there are nearly always exceptions to
any proposed general rule (for example, there are exceptions to Mendel’s
‘laws’ of inheritance). The solution to this problem for biologists is not — of
course — to abandon the quest for general explanations, but rather to recog-
nize how far any proposed generalization can go, and where its limits are set.

Against this background, we should consider the scope of evo-devo, and of
any proposed general explanations that emerge from this relatively new
scientific discipline. | said in the opening paragraph that evolution and
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processes involved in the evolution of development here, as discussed in later
chapters, will be relevant on other planets too.

We've now considered the realm within which evo-devo studies are mean-
ingful. Or, in other words, we’ve clarified the realm in which evolution and
development are interwoven. Having done that, we now turn to the way in
which they are interwoven. From here on | will focus on the animal kingdom,
unless specified otherwise. However, many of the points made will be equally
applicable to plants, and to other multicellular organisms.

The development of any animal can be thought of as a trajectory from zygote
to adult. Since | will be using ‘developmental trajectory’ often in this book,
I should explain here what I'm thinking about when [ use this term. Imagine
the development of a human. Each of us starts our life as a single cell, which
starts to multiply, producing a self-adhering cluster or ball of cells. As it
continues to grow, this cluster begins to take a more definite shape, with
elongation in one direction producing the anteroposterior (or head-to-tail) axis
of the body. Internal changes, such as the separating out of different tissue
layers, accompany the external changes in shape, and the overall growth. The
embryo gradually elaborates its features, becoming more and more like a
miniature human. After birth, development continues, but is more subtle. One
important aspect of the post-embryonic development of a human is differen-
tial growth rates of different parts of the body, something that is referred to as
allometric growth (to distinguish it from isometric growth, where different
body parts grow at the same rate). For example, our heads grow more slowly,
after birth, than our trunks and limbs. The combination of all these changes
leading from zygote to adult constitutes the developmental trajectory of
a human.

At any moment in evolutionary time — say halfway through the Jurassic
period — the developmental trajectory found in a certain kind of animal —
say a particular species of dinosaur — has been produced by the accumulated
evolution of the past and is the starting point for the evolution of the lineage
concerned in the future. Development is a quasi-predictable process. Its many
repeat occurrences within a given species produce variants that are typically
rather similar to each other — though not identical. In contrast to development,
evolution is a very unpredictable process. The fact that one dinosaur devel-
opmental trajectory gave rise to all of today’s 10,000 species of birds while
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the others left no descendants among today’s fauna could not have been
foretold. Evolution incorporates a major element of ‘historical contingency’ —
chance events including asteroid impacts and volcanic eruptions — as empha-
sized by the American palaeontologist Stephen Jay Gould. Development is
usually much less affected by such contingency.

One way of looking at the intertwining of evolution and development, then, is
that development is a sort of raw material that gets moulded by natural
selection in ways that adapt it to the prevailing environmental conditions in
the relevant habitat. For example, most frogs, including all those living in
temperate habitats, have a process of indirect development that includes a
tadpole stage, but some species living in warm, moist, tropical conditions
have dispensed with the tadpole stage of this ancestral life cycle and have
evolved a process of ‘direct development’ (the embryo gives rise directly to a
juvenile that's like a small adult). Among the many species of frogs living in
temperate regions, evolution has again moulded the pattern of development
to fit the environment, but in less dramatic ways. For example, a shorter
tadpole phase of the life cycle would be expected to be favoured by selection
in regions where the water bodies inhabited by the tadpoles are more transi-
ent than they are in others.

But the interweaving of evolution and development is not a one-way street.
Evolution alters the developmental process, to be sure. But the evolutionary
process is also altered by development. Or, to put it another way, evolution is
effectively channelled in terms of what it can do with a particular lineage in
the future by the prevailing developmental trajectory of the species concerned
in the present. Likewise, evolution at any point in the past — say the mid-
Jurassic again — was channelled by the developmental trajectories that were
available at that time. This channelling is often referred to as ‘developmental
constraint’. However, | think this phrase has an overly negative tone. If
development in some sense channels the direction of evolution, then it can
be thought to steer it towards some types of change just as much as it steers it
away from others. We'll look at various examples of this steering effect, which
can be called developmental bias, in subsequent chapters.

The practitioners of evo-devo are not a homogeneous bunch. Those who are
above a certain age have migrated there from various disciplinary back-
grounds, because when they were students the field did not exist — or perhaps
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had just begun but was not yet widely studied or well funded (regrettably the
last of these remains true, though the situation is a little better than it used to
be). Some practitioners have come from developmental biology, some from
evolutionary biology, and some from elsewhere. Partly because of their
heterogeneous origins, these practitioners are also rather heterogeneous in
their views of the nature of evo-devo. With regard to the two sides of the
interaction between evolution and development noted above, some empha-
size one, some the other, and some both. This heterogeneity of views is of
interest in relation to the wider philosophy of evo-devo. However, before
considering the philosophical aspects of the new discipline, we need to know
a little more about it — and that includes understanding its origins.

Origins of Evo-Devo: the Homeobox

If you were to ask me, ‘what was the single most important discovery in the
origin of evo-devo?’ I'd reply, with little hesitation, ‘the homeobox.” So that's a
good place to start. This was a discovery made at the same time (in 1983, with
publications following in 1984) by researchers in two laboratories — that of
Thomas Kaufman in Bloomington, Indiana, and that of Walter Gehring in
Basel, Switzerland. The lead authors of the papers concerned were Matthew
Scott and William McGinnis.

The key question at this point is: what is a homeobox? To answer this we need
to start with the related question: what is a gene? A reasonable working
definition is that a gene is a stretch of DNA that's thousands of nitrogenous
bases long, and that makes a particular product (typically a protein). Each
different gene makes a different protein, because each gene is a unique
sequence of the four bases that we’re familiar with by their initial letters of
A, C, G, and T (full names adenine, cytosine, guanine, and thymine). Recall
that the genetic code works in triplets, so three bases in a DNA strand give rise
to one amino acid in the resultant protein. For example, the sequence AAA in
a gene corresponds to the amino acid lysine in the protein. If we say that a
typical protein is 333 amino acids long (just a rough guess), then the gene
making it must be at least 999 bases long. In fact, it is normally much longer
than this for various reasons, principally that the genes of organisms from the
kingdoms that have development (animals, plants, etc.) typically contain
stretches of DNA (called introns) whose RNA counterparts are chopped out
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before the protein is made. So the typical animal or plant gene is in fact
thousands of bases long, rather than hundreds.

Now we return to the homeobox. A ‘box’, in genetics, is simply a rectangle
drawn around a certain stretch of DNA to highlight it, for whatever reason. For
example, if | wanted to highlight the AAA stretch in the following sequence to
show you which bit of a longer sequence coded for the amino acid lysine, I'd
draw a box around the central three bases (here I'm using bold text to do the
same thing): TATAAAGCGG. The homeobox is a much longer sequence of
bases than this. It is typically 180 bases in length, thus corresponding to a
sequence of 60 amino acids in the corresponding protein — which in turn is
called the homeodomain. In a homeobox-containing gene whose overall
coding sequence is 1800 bases long, the homeobox is 10% of the gene
(Figure 1.2), whereas in a gene that is 18,000 bases long (perhaps due to
multiple long introns), the homeobox is just 1% of the gene’s complete DNA
sequence. In a homeodomain-containing protein that is 300 amino acids
long, the homeodomain itself makes up 20% of this overall length.

So far, we recognize a homeobox as a sequence of a particular length that can
be found within certain genes. But what is the sequence, which genes is it
found in, and why is its inclusion in these genes significant?

It's not possible to specify the 180-base homeobox sequence exactly, because
there are many variant versions of it. It's a recognizable pattern, or ‘motif’,
rather than a precise sequence. Typically, one variant will be the same as
another for most of the 180 bases, but will differ in a minority of them. Part of
this variation is due to the redundancy of the genetic code. For example, it's
not just AAA that codes for the amino acid lysine, AAG does so too. Thus it's
possible to get a homeodomain with lysine in a particular position, by having
either of these triplets in the corresponding stretch of the homeobox that
codes for it.

But there is variation in the exact amino-acid sequence of homeodomains too.
One variant homeodomain will typically be the same as another for most but
not all of its amino acid sequence. The most important thing is that regardless
of some variation in the structure of the homeodomain at this level, at a higher
level its overall 3D structure is maintained. This 3D structure is much more
complex than shown in Figure 1.2, which is schematic. We don’t need to
know this structure in detail, but its key feature is that it has three helical
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Figure 1.2 Diagram of a homeobox gene and the homeodomain protein that it makes.
The homeobox represents only a small fraction of the overall length of the gene.
Likewise, the homeodomain represents only a fraction of the protein. The important
point to note here is that the protein’s homeodomain enables it to bind to the DNA of
other genes and to switch them on, thus causing them to make their own protein
product. This provides a basis for developmental patterns of gene activity in the embryo.

regions that are vital to its DNA-binding function, and that are conserved in
all variants.

Now let’s turn to the genes in which a homeobox sequence is found. Genes
can be roughly divided, in terms of their function, into three main categories:
developmental (crucially important here), cell-type specific (less important),
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increasingly restricted spatial scope, starting with the whole body and cul-
minating in the patterning of individual segments. All three of these biologists
shared a Nobel Prize in 1995 for their work on developmental genes, which
helped to pave the way for later comparative studies.

Through the rest of the 1980s, the 1990s, and into the present century, work
on comparative developmental genetics expanded rapidly. Other develop-
mental genes than those subject to homeotic mutations were discovered to
contain homeoboxes, so the relationship between homeobox genes and
homeotic genes became more complex than the one-to-one relationship that
might at first have been thought. And many developmental genes were
discovered not to have homeoboxes, which suggested that some of them
might have a different developmental role than making proteins that directly
switch other genes on. For example, the hedgehog gene makes a protein
(called Hedgehog) that is secreted out of a cell, transported in the intercellular
matrix, and bound by a receptor protein on the surface of another cell. Hence
it is a cell-cell signalling protein — one of a number of such proteins that make
up what is called a signalling pathway. This is important, because develop-
ment involves not just the turning on of certain genes in certain cells but also
the coordination of such switching events between cells in space and time,
both in embryos and in post-embryonic developmental stages.

Although certain genes are crucially important in the developmental process,
| have deliberately avoided using the statement ‘genes control development’,
which regrettably can be found in many publications. Such statements are
rightly criticized as smacking of what is sometimes called genetic imperialism.
In fact, development is a two-way interaction between genes and other
molecular players, including proteins. Genes make proteins, while certain
proteins control the activities of genes; and this interplay is often influenced
by environmental factors. In a collaborative study by members of Michael
Akam’s laboratory in Cambridge and my laboratory in Galway, it was shown
that in contrast to the situation in flies, where the number of segments is not
influenced by the environment, the number of segments in some species of
centipedes can be altered by the temperature at which embryos develop - this
finding was published by Vincent Vedel and colleagues in 2008. A year later,
the American biologists Scott Gilbert and David Epel published their book
Ecological Developmental Biology (second edition 2015), which emphasized
the importance of the environment — including other species — in influencing
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the route that development takes. The nickname eco-devo is now sometimes
used for such an approach.

Evo-Devo and Darwinism

In The Origin of Species, first published in 1859, Darwin famously described
natural selection as ‘the main but not exclusive means of modification’ in the
evolutionary process. While some version of this statement is probably true,
it's not as simple a statement as it first seems. To see why, we need to discuss
levels of biological organization. These extend from the molecular level up to
that of the cell, then to tissues and organs, then to the individual animal or
plant, and finally (for our purposes here) up to the population — the collection
of all those individuals of a particular species living in a particular area.

Natural selection is a population-level process. At this level, selection prob-
ably is, as Darwin suggested, the main means of evolutionary change. Perhaps
the only evolutionary theory of the last half-century or so that denies this is the
neutral theory, proposed by the Japanese geneticist Motoo Kimura in the
1960s and explained at length in his 1983 book The Neutral Theory of
Molecular Evolution. Kimura argues that, with certain provisos, more of the
evolutionary changes in genes and their protein products are driven by
‘genetic drift’ than by natural selection. Drift is the name given to the random
fluctuations in a population’s genetic make-up that are most noticeable when
selection is absent. In the short term, when applied to a single gene, these
don’t achieve much; however, in the long term, across many genes, drift will
sometimes cause many changes in the same direction, just by accident. It's
like asking all the students in a lecture room to toss a coin ten times. If there
are enough students, someone will get ten heads in a row just by chance.

However, the ‘certain provisos’ mentioned above are important. While Kimura
questioned Darwin’s theory at the level of individual genes, he acknowledged
that, in terms of organismal body form, natural selection prevails. So, the long
neck of a giraffe is not a result of genetic drift any more than it is a result of the
giraffes’ neck-stretching being passed on to their offspring (the so-called
‘inheritance of acquired characters’, for which there is no evidence).

Evolution is a multi-level process, not just a population process. It involves
molecules, cells, and organisms, as well as populations. What happens when
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we simultaneously consider more than one level? Here are two alternative
multi-level scenarios.

1. Suppose that many mutationally induced changes to development are
possible, and that they are all equiprobable. If a new variant is fitter in a
general sense, as summed up over all stages of the life cycle, it may
spread under the influence of natural selection in the population. In such
a scenario, there is no conflict between developmental and population
levels of organization.

2. Suppose instead that some variant patterns of development are inherently
more probable than others in the sense of being more easily produced
(this can be called developmental bias, arguably a better term for devel-
opmental constraint, as noted earlier). Bias could arise because of some
aspects of the dynamics of the developmental process. If it is strong
enough, bias in favour of one variant may be more important than natural
selection in favour of the alternative variant.

The Canadian biologist Brian Goodwin suggested the second scenario in the
case of leaf-development patterns in flowering plants (the angiosperms: a
group of more than a quarter of a million species). There are three main such
patterns: (a) leaves branching off a stem on alternate sides (distichous); (b)
leaves branching off in pairs or groups, with each group being rotated through
90 degrees with respect to the previous one (decussate); and (c) each leaf
branching off at a certain angle to the one before it (spiral). In his 1992 book
How the Leopard Changed its Spots, Goodwin notes that more than 80% of
angiosperm species have the spiral pattern of leaf development. And he goes
on to suggest that this is because the spiral pattern is the most easily generated
by plant developmental systems. He says (Chapter 5, page 132): ‘the fre-
quency of the different phyllotactic patterns in nature may simply reflect the
relative probabilities of the morphogenetic trajectories of the various forms
and have little to do with natural selection.’

There are, however, at least two problems with Goodwin’s suggestion. First,
the significance of 80% of angiosperms having a spiral pattern of leaf devel-
opment depends on how they are scattered across the angiosperm evolution-
ary tree. The spiral developers could have had just one origin, and
characterize a single but very large branch. Alternatively, they could have
arisen lots of times and characterize instead multiple small twigs. Goodwin
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did not deal with this aspect of the problem, and perhaps in retrospect he was
wise — because the perceived structure of the angiosperm phylogenetic tree
changed dramatically with the blossoming of plant molecular phylogenetics
shortly after his book was published.

The second problem is this: it's hard to imagine that the pattern of arrange-
ment of the leaves of an angiosperm would not be subject to natural selection.
After all, leaves are the major energy-acquisition organs of flowering plants
(with some exceptions, such as cacti). The pattern in which they develop and
hence are arranged thereafter must be of major importance in terms of
minimizing leaf overlap and maximizing photosynthetic activity. However,
Goodwin suggests (on page 132 again) that ‘all the phyllotactic patterns may
serve well enough for light-gathering by leaves and so are selectively neutral’.
It is one thing to suggest, as Kimura did, that a single amino-acid change in a
protein that contains hundreds of amino acids may be selectively neutral; it is
quite another thing to suggest that the overall structure of a plant's main
photosynthetic apparatus is neutral.

Clearly, the philosophical stances associated with advocating the two scen-
arios described above are very different. Number 1 is essentially ‘neo-
Darwinian” while number 2 could be described as ‘anti-neo-Darwinian’. But
there is an intermediate scenario, with an associated intermediate philosoph-
ical stance, which will gradually come into focus as we proceed. In this
scenario, developmental bias and natural selection interact with each other
to produce evolutionary trends in particular directions. Many practitioners of
evo-devo are attracted by this idea. (An interesting source of information on
the role of developmental bias in evo-devo thinking is provided by a
2020 special issue of the journal Evolution & Development, edited by
Armin Moczek.)

However, many practitioners of evo-devo are not overtly philosophical in
their approach. | would describe the molecular evo-devo that began in the
1980s as a largely practical endeavour, in which the focus was on doing more
case studies, accumulating more information in general, and waiting to see
what generalizations suggest themselves when we have a more extensive
database. Today, much evo-devo is still of this data-gathering flavour. It is
particularly important in this endeavour that our data are well spread across
the animal and plant evolutionary trees. This can be referred to as good taxon
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sampling, both in the sense that no major branches are omitted and in the
sense that we can make multiple comparisons at all levels of taxonomic
distance, from closely related species (e.g. those belonging to the same genus
or family) to representatives of different phyla.

Despite its current practical focus, evo-devo is not a philosophy-free zone.
Indeed it has attracted the attention of many philosophers of science, who are
interested in the impact that evo-devo may have on our understanding of
evolution in general. Of course, it might turn out that many evo-devo studies
are just filling in some missing details. Perhaps this is true of those studies that
revealed some of the developmental genes and proteins that underlie the
differences in beak size and shape among different species of Darwin’s
finches, without altering the basic adaptive scenario under which the beaks
are thought to have evolved. Then again, it may turn out that some evo-devo
studies are really saying something new and important about how evolution
works. This is perhaps most likely to be the case in relation to the origins of
evolutionary novelties and body plans (e.g. the turtle shell and the vertebrate
skeleton respectively). We will deal with these origins from various perspec-
tives in Chapters 6, 7, and 8.

The Importance of Evo-Devo

Evo-devo has a general importance that transcends the issue of whether it
does or does not end up producing a new view of the ways in which
evolutionary novelties and body plans originate. Our new discipline is essen-
tially putting the individual animal or plant back at centre-stage in our overall
perspective on the pattern and process of evolution.

In the couple of decades before evo-devo started, much of evolutionary
theory was focused on two particular levels of organization — molecules and
populations. Strangely, the intermediate level of the individual organism was
neglected. The prevailing approach in the field of population genetics was
that we could be dealing with a barnacle or an elephant — it didn’t really
matter. Although this approach now seems bizarre, it arose for a good reason.
It's important to understand this reason, because it helps us to put the evo-
devo endeavour that came later (the 1980s) into a broader evolutionary
context. And to understand why molecular population genetics became so
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(to them) of evolutionary theory’s refutation of the creation myth featuring
Adam and Eve, some version of which appears in all the Abrahamic religions —
Judaism, Christianity, Islam, and several other smaller ones. Another is the
notion of the supposedly ‘irreducible complexity” of biological systems — the
idea that these systems are too complex to have arisen by the blind processes
of mutation and selection. While molecular complexity (e.g. Waddington’s
haemoglobin) is in fact objected to as a product of evolution by creationists,
what they object to much more is the idea that objects as impressively
complex as the teeth of a tyrannosaur or (especially) the brain of a human
are also products of evolution.

We can link this argument about what creationists object to the most with the
question of what would excite biologists the most in terms of the discovery of
life on other planets. Finding a biosphere consisting entirely of microbes
would be very exciting — and such a discovery may only be a few decades
away (via studies of exoplanet atmospheres). But finding a biosphere with
large multicellular creatures characterized by complex developmental
systems that produce, among other things, sophisticated brains, would be
more exciting still. It is evolution’s pinnacles of achievement that excite us
most of all.

But let me finish with a caveat. Evolution is not an escalator. There is no such
thing as a universal upward trend in brain size (or anything else), as we will
discuss further in the next chapter, in terms of the old idea of a scala naturae.
In the lineage from an ancient worm to a modern human, brain size started
small and then got bigger and bigger, but this trend was interrupted by
frequent long periods of stasis and perhaps also by shorter periods of decline.
One of the most closely related animal phyla to the vertebrates is the
Echinodermata — the group that contains the starfish, sea-urchins, and sea-
cucumbers, among others. In the lineage from that same ancient worm (the
last common ancestor of vertebrates and echinoderms) to a present-day
starfish, brain size went from small (possibly via a bit bigger) to zero. We
always need to keep the messiness of evolution at the back of our minds.
Evolution isn’t ‘trying’ to achieve anything. It simply happens. It's an inevit-
ability of having the three linked properties of variation, reproduction, and
inheritance. And the evolution of development is an inevitability of having
those three plus the fourth property of having a multicellular body with a
developmental trajectory.



2 Antecedents of Evo-Devo

Quasi-Distinct Stretches of Time

Although today we call the scientific study of the relationship between
evolution and development ‘evo-devo’, neither that term, nor its longer
counterpart ‘evolutionary developmental biology’, existed before about
1980. Yet the study of the relationship between the two great creative pro-
cesses of the living world has a much longer history — effectively starting in the
nineteenth century, the first century in which there was a well-articulated
theory of evolution (first Lamarck’s, then Darwin’s). We generally refer to evo-
devo’s nineteenth-century antecedent as ‘comparative embryology’.
Although in the subsequent period from about 1900 to 1980 there were
further studies of the relationship between evolution and development, there
is no collective term for this endeavour, because mainstream developmental
biology and evolutionary biology were largely separate undertakings during
that stretch of time. The few biologists who tried to deal with the two together
over this 80-year period might be described as mavericks. Each of them
produced interesting bodies of work, but these did not really link up to form
a scientific discipline.

We'll examine these two antecedents of evo-devo — the comparative embry-
ologists and ‘the mavericks’ — in turn. But before we do so, we should ask the
following question: Is it really true that nothing of interest to current evo-devo
happened before 1800? The short answer is ‘no’. There is not space in this
book for a detailed discussion of the period before 1800, but a few brief
comments, constrained within a single paragraph, may be helpful.



