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identifiable rare and complex markers, including endogenous 
retroviruses, genome-modifying transposable elements, gene-
disabling mutations, segmental duplications, and gene-enabling 
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from aspects of placental structure; vitamin C-dependence and 
trichromatic vision; to tendencies to gout, cardiovascular disease 
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Bringing together a decade’s worth of research and tying it 
together to provide an overwhelming argument for the mammalian 
ancestry of the human species, this book will be of interest to 
professional scientists and students in both the biological and 
biomedical sciences.
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Preface

Histories are subject to different interpretations. We would expect 

biological history to conform to this variety of understandings. But 

the strange thing is that the very existence of biological history is 

denied in some quarters. This field of science has acquired a ‘more 

than scientific’ aura to it. People argue about it as if it were an ideol-

ogy. Vast resources, including a lot of goodwill, have been expended 

in the debate. To have achieved this notoriety, we must conclude 

that biological history (or evolutionary biology) is widely misun-

derstood. But the evidence for it is there; and a vast volume of fresh 

genetic data has been added recently. Such data are compelling.

This is a history book, and for two reasons. It attempts to 

describe, in a very limited and situated sense, a spectacular period 

in the history of science. Its timeframe covers, with somewhat 

fuzzy edges, the first decade of the twenty-first century. This is 

the period during which the human genome sequencing project 

has been elaborated to ever increasing degrees of detail, and during 

which myriad fascinating insights into the biological basis of our 

humanness have been revealed.

Secondly, it describes the evolutionary history of our species, 

as inscribed in great detail in our genomes. The DNA that we carry 

around as part of our bodies is an extraordinary library of genetic 

information. But it is more than simply a blueprint for the human 

body plan; it also carries, inscribed in its base sequence, a record of 

its own formative history. Multiple other mammal and vertebrate 

genomes have also been sequenced over the last decade or so, and 

this means that we have access to their histories too. When our 

genomic history is laid out, side by side with those of other species, 

particular discrete changes in the historical records can be identified 
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in our genome and in the genomes of cohorts of other species. We 

can thus infer, unambiguously and with a great deal of confidence, 

that most of our genetic history has been shared with the genetic 

histories of other primates and, more inclusively, other mammals. 

Our evolutionary history is well documented.

Molecular evolution is at least as old as the work of Alan 

Wilson, who used molecular data to infer evolutionary relationships 

between organisms as long ago as the 1960s. Phylogenetic analy-

ses of DNA and protein sequences have also been used to generate 

evolutionary trees. Such approaches require expertise in statistics 

and computation, and require specialist treatments. However, the 

novel and intuitively appealing approaches surveyed in this book 

are based, in general, on the identification of particular complex 

mutations. These arise in unique events. When any such mutation 

is found in multiple species, it is only because it has been inherited 

from the one ancestor in which the mutation arose. These are thus 

very powerful signatures of phylogenetic relatedness.

Along the way, we find out many fascinating things about 

our biology. We discover that our genome is an entire ecosystem 

in which semi-autonomous units of genetic material play out their 

own life cycles. We discover why some people have violent allergic 

reactions to eating certain animal products. We find out why we 

must have vitamin C in our diets, whereas other organisms lack 

this requirement. We learn of the basis of our tendency to suffer 

from gout. We find clues as to why humans may be particularly 

cancer-prone. We discover how three-colour vision arose. Indeed 

many processes through which new genetic functionality has been 

generated have been laid bare.

Everything that is presented herein is in the public domain. 

Anything that I have not reported accurately, or that calls for fur-

ther elaboration, can be fully checked against the source literature. 

To me, as a cell biologist, the wonder of our DNA-inscribed history 

is that it requires no logic other than that which is fundamental to 

all genetics. (Perhaps if I were a palaeontologist, the study of fossils 
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would be just as intuitively compelling! But I am not a palaeontolo-

gist and I suspect that far fewer people are knowledgeable about 

fossils than are knowledgeable about the basic mechanisms of her-

edity.) I believe that the logic of this book will be widely available, 

although it will require a modicum of biological literacy.

I am very grateful to my superiors in the University of 

Auckland and the Auckland Cancer Society Research Laboratory, 

Professors Peter Browett and Bruce Baguley, for allowing me the 

space and time to work on this book. I thank many senior col-

leagues who have provided kind and helpful advice: Professor 

Bill Wilson and Associate Professor Philip Pattemore, Associate 

Professor Andrew Shelling, Professors Wilf Malcolm, Richard Faull, 

Malcolm Jeeves and John McClure. Theological input has come 

from the late Dr Harold Turner, as well as Dr Bruce Nicholls and 

Dr Nicola Hoggard-Creegan. I am hugely indebted to personnel at 

the Faraday Institute for Science and Religion, St Edmunds College, 

University of Cambridge, including Dr Denis Alexander, for sharing 

their erudition and for their encouragement.

I am deeply grateful to the editorial staff at Cambridge 

University Press and Out of House Publishing for their unvarying 

courtesy, patience and helpfulness. It has been a pleasure to work 

with and learn from them.

I am also grateful to those who have given me scope to work 

out ideas and evolve ways of expressing them. In particular, I thank 

the editors of the Paternoster Press periodical Science and Christian 

Belief, and the multi-author book Debating Darwin: Is Darwinism 

True & Does it Matter? (2009). They have allowed me to explore, 

and reflect upon, earlier phases of an explosively expanding scien-

tific field.
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Charles Darwin did not discover biological evolution. The concept 

had been brewing in people’s minds for decades and Darwin grew 

up in an ambience of evolutionary speculation. His own grandfa-

ther, Erasmus, who died seven years before Charles was born, had 

ventured the possibility that all warm-blooded animals had evolved 

from a single ancestor. Erasmus undoubtedly had a great influence 

on his grandson through family links and his book Zoonomia.

In the first half of the nineteenth century, many biologists 

propounded the idea that humans had evolved from single-celled 

microbes. The physician-turned-biologist Robert Grant embraced 

evolutionary ideas from both Erasmus Darwin and the French 

evolutionary theorist Lamarck (who had proposed that organisms 

generated adaptive responses when presented with environmental 

challenges, and that these were heritable). Grant, in turn, passed 

these ideas on to the young Charles Darwin when he was study-

ing medicine at Edinburgh. Grant then moved to University College 

London where he continued to popularise evolutionary thinking.

A book promoting the idea that humans evolved from simple 

ancestors (Vestiges of the Natural History of Creation) was pub-

lished in 1844. It was published anonymously, but was later revealed 

as the work of a journalist, Robert Chambers. It was derided by its 

reviewers, but remained hugely popular during the rest of the nine-

teenth century. The philosopher Herbert Spencer (who coined the 

term ‘survival of the fittest’) also wrote on themes of human and 

social evolution. Spencer contributed to the wider intellectual envi-

ronment of receptivity to evolutionary ideas. These works prepared 

popular thinking for Darwin’s Origins when it was finally published 

in 1859 [1].
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1  Darwin’s science

Darwin was the first to offer a plausible mechanism for evolution-

ary development [2]. In this he was closely followed by Alfred Russel 

Wallace, who had spent time exploring the Amazonian and South 

East Asian rainforests. The outline of this scheme, known as natural 

selection, is elegantly simple.

Resource limitations will always prevent a population from increasing •	
at the rate that it is potentially capable of. In every generation, the 

individuals that become parents are a subset of the individuals that were 

born into that generation.

The individuals of a species vary in many features. When a population •	
is presented with environmental challenges or opportunities, the 

individuals endowed with variations that enable them to best tolerate or 

exploit those conditions will have a better chance of producing offspring. 

Parents are a selected group.

Offspring tend to inherit their parents’ characteristics. Features •	
conferring reproductive success will become progressively more widely 

represented or more strongly developed in the population. Continuously 

changing conditions will drive the continuous modification of the 

biological features possessed by populations.

Darwin drew parallels between natural selection and the artificial 

selection performed by breeders of domesticated plants and animals. 

The characteristics of cereals and fruits, and of dogs and horses, are 

progressively altered as breeding is limited to those individuals that 

display the characters people desire. A spectacular example (not 

known to Darwin) is the way in which humans transformed the 

grass teosinte into maize in a few thousand years. The kernels of 

teosinte are few (no more than a dozen per ear), attached to long 

stalks and protected by a hard case. The kernels of maize are many, 

attached to a cob (peculiar to maize) and unprotected. A large num-

ber of genes underwent selection during the transformation from 

teosinte to maize [3]. Dramatic as these effects are, the particular 

features established by selective breeding are retained only as long 

as the appropriate selective pressures are applied.
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Darwin identified another source of selection known as sex-

ual selection. Male and female individuals of a species are often 

highly distinctive. The sexual dimorphism of the Indian peafowl is 

a classical example. In such cases, the factor driving evolutionary 

change is a behavioural one: choice by potential mates. The genes 

favoured in the case of the peacock are genes for glamour, not for 

usefulness.

Darwin developed many other insights that have been vali-

dated subsequently. He promoted the idea of common descent, ulti-

mately represented by the image of a single tree of life. He perceived 

that an authentic taxonomic system simply reflects the branching 

patterns of this tree, and that extant species are a mere sample of 

all those that have existed, because of the wholesale extinction of 

linking intermediate species. He accounted for the geographical 

distributions of species in terms of patterns of adaptive radiation, 

according to which organisms evolve to take advantage of all avail-

able habitats.

He developed the concept of the vastness of time required for 

evolution. He accepted that the concept of gradual evolutionary 

change encompasses stepwise innovations, anticipating the discov-

ery of punctuated equilibrium in the late twentieth century. Other 

areas of Darwin’s prescience included the concerted evolution of 

mutually interacting species (co-evolution). He recognised that com-

plex interactions occur between species (the economy of nature), 

and so anticipated ideas that would find their place in the science 

of ecology.

Darwin compiled a huge volume of evidence supporting his 

evolutionary paradigm. Such evidence featured comparative anat-

omy, physiology and behaviour, the illuminating – but necessarily 

incomplete – fossil record, the geographical distributions of plants 

and animals, and analogies with artificial breeding. These approaches 

have been the staple of evidential discussion (almost) to the present 

day [4]. The cumulative evidence for evolution was impressive, but 

inherently circumstantial. No-one had seen a wing evolve.
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But the idea of natural selection faced one huge hurdle. Darwin 

knew no genetics. He did not know how heredity worked. He and 

most of his contemporaries considered that hereditary information 

was somehow distilled from throughout the parents’ bodies and 

imprinted on to the appropriate sites of the developing embryo. This 

system of inheritance entailed that distinctive parental characteris-

tics would be blended in their offspring. Such blending of inherited 

features engendered an unfortunate consequence. Useful adapta-

tions would be diluted out with each succeeding generation, and 

ultimately lost. This was argued cogently on mathematical grounds 

by Fleeming Jenkin in the late 1860s.

Blending inheritance presented what appeared to be an intrac-

table problem to Darwin’s theory. As he wrestled with it, he reverted 

increasingly to the idea that environmental challenges could induce 

adaptive features in organisms, and that these were transmissible to 

the next generation. To get around the problem of blended inherit-

ance, he suggested that environmental conditions might affect all 

the individuals in a population in a concerted manner. For much of 

his life, Darwin was more a Lamarckian than a Darwinian [5].

2  Genetics arrives on the scene

In the early 1900s, Gregor Mendel’s work was rediscovered. It pro-

vided a first hint of the existence of units of inheritance that would 

later be known as genes. The answer to the problem of blending 

inheritance is that inheritance is quantised. Darwinian evolution 

only became established in the 1920s with the synthesis of natural 

selection and genetics. But the biochemical substance that acted as 

the repository of genetic information remained unknown until 1944. 

In that year, the material of inheritance was shown to be a constitu-

ent of cells, called DNA. People had not thought DNA particularly 

interesting up until that time.

In 1953, James Watson and Francis Crick proposed a model 

of the chemical structure of DNA, and revealed how it could 

embody genetic information. A DNA molecule contains myriad 
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chemical units called bases, arranged in linear sequence, which are 

information-bearing. Watson and Crick showed how DNA could 

be faithfully copied and transmitted from generation to generation. 

And their model revealed – at last! – how DNA could undergo struc-

tural changes that would account for heritable (and non-blending) 

variation. Changes in the chemical units (and information content) 

of DNA would be transmitted from parents to their children, and 

thence to succeeding generations.

An important corollary of the heritability of DNA variants is 

that particular novelties in genetic information identify organisms 

connected by descent. DNA constitutes a record of family relation-

ships. Indeed, the genetic information inscribed in DNA is an archive 

of long-term (evolutionary) histories. But a digression is first neces-

sary. This book is written for biologists, and for people in medical 

and allied sciences who are familiar with biological concepts. But, 

hopefully, it will be read by all sorts of interested people – teachers, 

students, pastors and theologians – and so the conventions used to 

depict the nature of genetic information should first be reviewed.

The DNA double helix is an icon of biology. DNA consists of 

two helical strands, each of which consists of a backbone from which 

projects a succession of bases. There are four different bases, desig-

nated A (adenine), T (thymine), G (guanine) and C (cytosine). Each 

base hanging off one backbone interfaces with a base hanging off the 

opposite backbone. But size and shape considerations mean that A 

must pair with T, and G must pair with C. In a moment of exhila-

rating intuition, Watson perceived how this arrangement underlies 

the mechanism of heredity. Genetic information is inscribed in the 

order (or sequence) in which the bases occur. If the two strands of 

a DNA molecule (each backbone with its bases) are separated, the 

base pairing rules ensure that each is able to direct the synthesis of 

a new strand with its ordered complement of bases. One double helix 

generates two identical double helices. When cells divide, the DNA 

of the parent cell is duplicated and an identical copy bequeathed to 

each daughter cell.
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Conceptually, we can unwind the double helix to produce a 

ladder in which the rungs are the base pairs. By convention, we read 

the base sequence of the top strand, as set out for the hypothetical 

sequence below, from left (designated 5′) to right (designated 3′). The 

bottom strand is read in the opposite direction. If we are thinking 

about gene sequences, the top strand is called the coding or sense 

strand (again, conventionally), because this is the sequence that spec-

ifies the order in which amino acids are added to make proteins.

The most economical way of depicting genetic sequence is to 

present the coding strand, CATATTACATAGGA. We do not need the 5′ or 

3′ signs, because we know it reads from left to right; nor do we need 

to write out the complementary base sequence, because we know 

that A, T, G and C must specify T, A, C and G as their respective 

complements. It is in this minimalist form that genetic sequences 

may be portrayed.

3  Theological responses to Darwin

Humanity had formulated no plausible scientific theory to account 

for the development of new species (including humans) and the 

diversity of life forms until Darwin. In the absence of scientific 

knowledge, the default position had been to account for physi-

cal realities (the adaptations and diversity of organisms) by using 

metaphysical concepts. It was sufficient to say that living species 

possess their particular constellations of characteristics because 

God made them that way. But such reasoning transgresses category 

boundaries.

The Darwinian revolution exploded this long-held conflation 

of concepts. The spectacular diversity of life was for the first time 

explained in physical cause-and-effect terms. The development of 

evolutionary theorising simply illustrated the dictum that scientific 

questions require scientific answers. Theologians had to rethink 

Coding strand: 5′-CATATTACATAGGA-3′

Non-coding strand:    3′-GTATAATGTATCCT-5′
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the relationship between the God whom they perceived as being at 

work in human history, and physical or biological mechanisms. The 

question of whether the cosmos was creation had to be accepted (or 

rejected) on the basis of considerations other than scientific ones.

Theologians had to recognise that the biblical concept of ‘cre-

ation’ referred to ontological origin (God creates all things at all 

times), not temporal origin (God creates particular things at particu-

lar times) [6]. A biblical creator had to be understood as the cause of 

everything but scientifically the explanation of nothing [7]. Such a 

creator could not be conceived as a component of, or an alternative 

to, any scientific formulation. No process – and certainly no aspect 

of cosmic or biological history – could be out of bounds to empirical 

investigation. The created order had an authentic evolving history 

[8], and such histories were open to empirical investigation, and on 

their own terms.

Many Christians accommodated their thinking to Darwin’s 

new scientific paradigm. Darwin agreed with the Reverend William 

Whewell, Master of Trinity College, Cambridge (and inventor of 

the word scientist), that in the material world, ‘events are brought 

about not by insulated interpositions of divine power, exerted 

in each particular case, but by the establishment of general laws’ 

(1859). The Reverend Charles Kingsley (later Professor of History at 

Cambridge) articulated similar sentiments: it is ‘just as noble a con-

ception of Deity, to believe that he created primal forms capable of 

self-development’ as to believe that God had to make a fresh act of 

intervention to fill every taxonomic gap (1859).

Darwin was religiously agnostic but advocated strategies of 

reconciliation. He did not see how evolution should shock the reli-

gious feelings of anyone. His chief supporter in America was the 

Christian, Asa Gray (Professor of Natural History at Harvard). They 

shared the conviction that evolution was ‘not at all necessarily athe-

istical’ (1860). Towards the end of his life, Darwin rejected (in private 

correspondence) any reason why the disciples of religion and of sci-

ence ‘should attack each other with bitterness’ (1878). He stated that 
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it was absurd to suggest that a man could not both have an ardent 

faith in God and be an evolutionist (1879) [9].

Such perspectives have been restated in the years since 

Darwin wrote. For example, the judge summarising the comprehen-

sive Kitzmiller vs Dover legal case (2005) affirmed that ‘the theory 

of evolution represents good science, is overwhelmingly accepted 

by the scientific community’ but that it ‘in no way conflicts with, 

nor does it deny, the existence of a divine creator’ [10]. Historians 

marvel at the irony that Darwin’s characteristic courtesy, irenicism 

and openness to accommodation have dissolved into acrimonious 

polarisation [11].

Many Christians refused to embroil the Genesis creation sto-

ries in conflicts with the emerging results of empirical research. To 

do so would denigrate Scripture [12]. Benjamin Warfield, a giant of 

American theology and a forerunner of the fundamentalist move-

ment (d. 1921), argued that there was no reason why any part of 

Scripture, including the creation stories of Genesis, should be con-

sidered incompatible with biological evolution [13]. Warfield repre-

sented a tradition of conservative biblical scholars in America who 

urged Christians to refrain from interpolating theology into biol-

ogy [14]. Their theological understanding that all reality is divinely 

ordered, legitimated an untrammelled mechanistic science.

Archaeological research showed that the Genesis creation stor-

ies were best understood against the background of Ancient Near 

Eastern creation stories. The Genesis accounts portrayed Israel’s 

distinctive perspective on the nature of God and on people’s place 

in the world. They were composed in the literary forms of the day, 

and assumed ancient cosmological understandings, but possessed 

radically new content: the distinctiveness of Israel’s God. This God 

was order-conferring, rational, faithful, and declared creation to be 

resoundingly good. Genesis contained no science, but introduced 

a law-instituting God who made science possible [15]. Theological 

leaders who have gladly accepted the scientists’ description of bio-

logical history, as they concern themselves with the theologians’ 
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description of human history, include J R Stott, J I Packer, Tom 

Wright and Richard Bauckham [16]. Christian theology does not 

require evolution denial.

But many people never made the transition to the new science. 

They persisted in the category error of regarding physical concepts 

(scientifically formulatable mechanism) and metaphysical con-

cepts (divine agency) as mutually exclusive alternatives. Evolution 

became an obsession, a threat to be resisted. Part of the problem 

is that Darwinism itself became overlaid with metaphysical dis-

putes, which could not be resolved through appeal to its scientific 

character.

Darwinism as science entails the random generation of varia-

tion screened by lawful natural selection, leading to biological adap-

tation and diversification. But when this mechanism is asserted to 

be either purposive or non-purposive, Darwinism is changed into 

a metaphysical consideration. Such deliberations may be properly 

carried out, but not as a scientific activity. For science is blind to the 

concept of purpose. Whether the process of natural selection entails 

no purpose (as a materialist might suppose) or is a means to an end, 

such as a creature that expresses the image of God (as a Christian 

might suppose) are equally metaphysical interpretations. Neither 

teleology nor a denial of teleology should be accepted as an integral 

component of a scientific understanding.

This confusion is illustrated by Charles Hodge, Principal of 

Princeton Theological Seminary (1851–78) and an older colleague of 

Warfield. He is renowned for his statement ‘What is Darwinism? It 

is atheism!’, which has been a rallying cry for opponents of evolution 

ever since. However, Hodge was not in principle opposed to either 

evolution or natural selection. His hostility was based upon the 

(metaphysical) belief that biological adaptations reflected design, and 

was directed to the (metaphysical) denial of teleology that was often 

imposed upon evolutionary science. His particular understanding 

of ‘design’ invoked the deistic metaphor of the ‘divine watchmaker’ 

popularised by William Paley (d. 1805). Hodge provides no reason to 
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reject biological evolution. But his mingling of religious and scien-

tific terminology, leading to an unnecessary conflict of ideas, should 

motivate us to distinguish between Darwinism as science and vari-

ous metaphysical extrapolations from that science [17].

Confusion reached fever pitch in the ‘Monkey Trial’ at Dayton, 

Tennessee (1925). A young teacher, John Scopes, was taken to court 

for contravening a statute forbidding the teaching of evolution in 

public schools. William Jennings Bryan, a Christian and high-profile 

Democrat politician, acted as a counsel for the prosecution. Bryan tech-

nically won his case, but was humiliated in the process. He failed to 

recruit scientists as expert witnesses to present the case against evolu-

tion. He was ridiculed for relying on the writings of George McCready 

Price, who lacked scientific training, and whose crusade against evo-

lution was inspired by the Seventh Day Adventist prophetess, Ellen 

White. Bryan was forced to concede that the world was much older 

than Price’s strictly literalistic interpretation of Genesis would allow. 

The event revealed that Creationists were hopelessly divided [18].

Religion had taken on science and science had triumphed. Or 

so it seemed. But George McCready Price was to become the pioneer 

of today’s biblical literalists. And the textbook that Scopes used [19], 

which contained an innocuous section on biological evolution, was 

laced with ideology. It was explicitly racist – white people were the 

apex of the evolutionary tree. It was pervasively eugenicist – the under-

class of society were parasites who would be exterminated had they 

been animals. The undefined ‘feeble-minded’ should not be allowed to 

breed. Thus it was that both the anti- and pro-evolution camps trans-

gressed the boundaries of scientific evolutionary theory, seeking to 

exploit its findings for non-scientific purposes. The way forward is to 

respect the integrity of scientific methodology, and distinguish evolu-

tionary theory from more widely ranging world-view questions.

4  Interpretations of evolution today

Science post-Darwin has shown that metaphysical interpretations 

of nature cannot disregard evolutionary biology. For those who 
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approach the issue from a Christian perspective, any credible reflec-

tion on whether biology may be interpreted as embodying purpose 

(it is debatable whether ‘design’ is even a biblical concept) must 

engage with the reality of our evolutionary past. Evolutionary biol-

ogy is often interpreted as destroying any sense of cosmic purpose, 

but there are possibilities of interpretation that are compatible with 

evolution as the unfolding of a story.

The role of chance in evolution tended to erode Darwin’s belief 

in God; the lawfulness of the universe tended to sustain it [20]. But 

it is widely recognised that the blend of chance variation followed 

by lawful selection is a remarkably fruitful strategy for generating 

biological innovation. Such strategies have been adopted by soft-

ware engineers (in genetic algorithms) and by molecular biologists 

(in directed evolution) [21]. Current theological approaches perceive 

purpose [22] in the way these polarities of contingent chance and 

lawful necessity co-inhere with such anthropic fruitfulness [23]. 

The gift of chance (or freedom) generates novelty. The gift of neces-

sity (or lawfulness) directs that novelty along specifiable paths. This 

synergy is evinced in the way in which biological innovations arise 

multiple times given the same challenges [24] and in the ubiquity of 

evolutionary convergence [25]. Perhaps physical reality is so consti-

tuted that creatures who discuss God and evolution are a destination 

inherent within the evolutionary process.

Whether (or not) we perceive natural selection as entailing pur-

posiveness is determined more by our metaphysical prejudgements 

than by the data of biology. For example, the suffering inherent in 

evolutionary history is a theological issue, and one that finds deep 

resonances in Christian theology [26]. For Christians, purpose is dis-

closed not in cosmic or biological history, but in human history, par-

ticularly in the phenomenon of Jesus of Nazareth. Christians who 

seek to controvert evolution should heed theologian Tom Wright’s 

assessment. In terms of biology, ‘Darwin put his finger on a massive 

truth’. But it is inconsistent to oppose Darwin in the name of a fun-

damentalist reading of Genesis if one accepts Spencer’s ‘survival of 
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the fittest’ creed that legitimates the unjust sequestration of wealth 

and power [27].

We should distinguish the biological data from enveloping 

metaphysical interpretations that tempt people to transmogrify that 

data into weapons of religious warfare. Humility rather than dog-

matism should prevail. History illustrates how evolutionary biology 

has been misapplied, repeatedly, in the service of whatever ideol-

ogy or metaphysical system has been fashionable. An appropriate 

response from us all is to let science be science.

5  Evolution and the genome revolution

In the last few years, the comparative study of genomic DNA 

sequences from different species has provided a whole new approach 

for studying phylogenetics and its mechanisms. Genetics was a late 

arrival to the party but, from my perspective, now constitutes the 

ultimate evidence for common descent and the definitive way of 

defining phylogenetic relationships. It is ironic that I should pre-

sume to describe this development. I am a cell biologist who has 

been working in a cancer research laboratory – not a geneticist or an 

evolutionary biologist.

However, I have spent years studying cancer cells. I have 

learned that cancers develop, in part, when particular mutations 

arise. Once a mutation arises in a cell, it is transmitted to all the 

descendents of that cell. The same complex mutation in the DNA 

of two or more cells establishes that those cells are related. They 

inherited that singular mutation from the same ancestor – the one 

in which the mutation occurred. A cell population descended from 

a single progenitor is called a clone. Clones and lineages of cells are 

identified by shared mutations. The same logic can be applied to 

evolution. Once I appreciated that genetic evidence establishes the 

clonal nature of oncogenesis (cancer development), I could appreciate 

the genetic evidence for phylogenesis (species development).

The logic underlying the science of this book may be illustrated 

as follows. Each year, I conduct a first-year class through the medical 

 

 



Evolution and the genome revolution 13

school museum to illustrate the nature of diseases that arise from 

the effects of our environment. These include major types of cancer. 

The most common of these cancers in sun-loving New Zealand is 

basal cell carcinoma. One year I was marking the students’ reports 

of the visit, and was struck to read one student’s description of basal 

cell casanova – an expression that was singular and therefore memo-

rable. But I subsequently came across two more students who wrote 

of basal cell ‘casanovas’. Here was a singular error shared by three 

students. Two students must have copied their work from another. 

I reviewed the three reports closely and confirmed that this was 

the case.

I have named this the casanova phenomenon. It illustrates how 

singular shared spelling mistakes lead to the conclusion that one text 

is copied from another, or both from the same original. (One might 

say that the students’ reports were clonal.) When singular novelties in 

DNA – unique genetic ‘mistakes’ arising through random and often 

complex events – are shared by multiple cells, we may conclude that 

all those cells are descended from the one cell in which the muta-

tion arose. This basic principle is familiar to everyone involved in the 

study of the clonal progression of cancers, or the clonal development 

of lymphocytes in immunity (as revealed by antigen receptor gene 

rearrangements). When singular complex mutations are shared by mul-

tiple individuals, then all those individuals are descended from the one 

individual (indeed the one reproductive cell) in whom that mutation 

occurred. And if singular mutations were shared by multiple species, 

then all those species are derived from the one species (indeed the one 

reproductive cell) in which each of those mutations occurred.

I provide lymphoma cells to students for experiments, secure 

in the knowledge that cancer cells are not infectious – at least not 

in humans [28]. Two infectious cancers are known in other species. 

One of them is transmitted between dogs when they copulate, and 

is called canine transmissible venereal tumour (CTVT). This dog-

to-dog contagious tumour occurs in multiple breeds, and is trans-

missible to wolves, coyotes and foxes. It has spread worldwide over a 
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timescale of thousands of years. CTVT is able to grow in unrelated 

hosts because the cells have reduced their expression of immunity-

provoking proteins (called major histocompatibility antigens). In any 

one host, CTVT grows only for a few months, and only at the site 

of infection, because the host’s immune system eventually catches 

up with it and eliminates it. Nevertheless, such transient tumour 

growth is sufficient to allow transmission during closely timed 

copulation events [29].

The second infectious cancer is found in the Tasmanian devil, 

a dog-like marsupial. In 1996, it was discovered that when devils bite 

each other, they transmit an aggressive cancer, devil facial tumour 

disease (DFTD), which grows on the face, spreads to the internal 

organs and is rapidly lethal. It is feared that DFTD could drive dev-

ils to extinction by mid-century. Extensive studies, cataloguing 

genetic variants, have indicated where founder populations of the 

tumour arose, how clones have evolved and how sub-clones have 

diversified [30].

All the cells comprising each of these contagious tumours are 

descended from a single cancer cell (the most recent common ances-

tor that may have lived a long time after the tumour first arose). 

These infectious cancers are clonal. All CTVT cells are defined by a 

unique mutation that probably occurred in the founding cancer cell: 

the random insertion of a segment of DNA adjacent to the growth-

controlling MYC gene. All DFTD cells are defined by a set of unique 

chromosome rearrangements. Such genetic markers arise uniquely, 

and all cells that now possess them acquired them by inheritance. 

Common ancestry is established by shared singular mutations. This 

is the casanova phenomenon again.

These stories are instructive because they establish the com-

mon logic of cancer genetics and evolutionary genetics. These 

tumours are clonal tumours with features also of evolving asexual 

organisms. All extant cells of each of these single-celled ‘organisms’ 

share particular genetic markers, and are the descendants of one 

ancestral cell.
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Genetic markers establish connections in human families. 

The power of genetic approaches may be illustrated by work that 

solved the mystery of what happened to the Romanovs, the last royal 

family of Russia. Tsar Nicholas II, the Tsarina Alexandra, their five 

children and some members of their staff were gunned down in the 

Bolshevik revolution of 1918. The graves where they were buried had 

not been marked and, through most of the twentieth century, no-one 

knew where they were.

Old stories led to the investigation in 1991 of a location in 

woodland near the city of Yekaterinburg in the Urals. Bones were 

recovered from a shallow mass grave. DNA was extracted from them 

even though they were badly damaged by fire. Molecular analysis 

indicated that the remains included those from five members of 

a family  – the parents and three daughters  – and were consistent 

with their being from the Russian royal family [31]. But the remains 

of two children  – one of the princesses and Prince Alexei  – were 

missing. Speculation arose that they had survived and some women 

claimed that they were Princess Anastasia. But in 2007 two more 

sets of skeletal remains were discovered near the site from which 

the first group had been disinterred. DNA analysis showed that the 

more recently discovered bones were from the two missing children 

[32]. How can we be sure? Four lines of evidence were generated by 

the DNA sleuthing.

Firstly, standard forensic DNA testing established the sex of 

the individuals from whom each set of remains was derived. It also 

showed that two parents and their five children were represented.

Secondly, mitochondrial DNA sequences, which are mater-

nally inherited, placed the remains firmly within the known 

Romanov genealogy. Tsarina Alexandra was the granddaughter of 

Queen Victoria, and the skeletal remains attributed to the Tsarina 

and her children are of Queen Victoria’s mitochondrial lineage. 

Their mitochondrial DNAs have the same sequence as those of sev-

eral living descendants of Queen Victoria, including Prince Philip, 

the Duke of Edinburgh. The remains identified as the Tsar’s are of 
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the Princess Feodorovna lineage, established by the identity of his 

mitochondrial DNA with the DNA sequences of several of her living 

descendants (Figure P1).

But there was one mystery. The remains ascribed to Tsar 

Nicolas II yielded two populations of mitochondrial DNA molecules, 

differing at base 16,169. One had the base C and the other had T at 

this position. The condition in which individuals possess multiple 

populations of mitochondrial DNA molecules is known as hetero-

plasmy. But no other members of the Tsar’s Feodorovna connection 

possessed the two populations of mitochondrial DNA molecules: all 

have a T at base 16,169. The suspicion lingered that the DNA sample 

was contaminated.



Empress Maria
Feodorovna
16169 C/T?

Georgij
16169 C/T

Tsar
16169 C/T

Tsarina
F9 mut

Queen Victoria
F9 mut?

Princess
Alice

Princess
Beatrice

Empress Feodorovna
mitochondrial DNA

Queen Victoria
mitochondrial DNA

Anastasia
F9 mut

Alexei
F9 mut

Prince Philip

Figure P1.  DNA identification of the last Russian royal family

A partial genealogy of the Russian Royal family, depicting females 
(circles), males (squares), individuals from whom mitochondrial DNA 
sequences were determined (bold outlines), and the Empress Maria 
Feodorovna and Queen Victoria mitochondrial sequence types  
(background shading).
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To resolve this mystery, the remains of the Tsar’s brother, the 

Grand Duke Georgij, who died in 1899, were exhumed and DNA 

recovered from a leg bone. The Grand Duke’s mitochondrial DNA 

also showed the same pair of mitochondrial DNA molecules, one of 

which had a C, and the other a T, at base position 16,169. The hetero-

plasmy was no longer an embarrassment, but a convincing demon-

stration of the authenticity of the Tsar’s DNA. The issue was settled 

when DNA from a bloodstained shirt (that the Tsar wore during a 

failed assassination attempt) showed the same C/T pair of 16,169 

markers (Figure P2).

Thirdly, the male-determining Y chromosome is inherited 

paternally, and Y chromosome markers showed that the remains 

attributed to the Tsar and Alexei were indeed of the Romanov lin-

eage, again by comparison with living descendants.

Fourthly, a particular disease-causing mutation was identified. 

Queen Victoria died in 1901. She transmitted to several of the royal 

families of Europe a mutation that caused haemophilia, although the 



Tsar, blood sample …CATAAAAACCC/TAATCCACAT…
Tsar, bone sample …CATAAAAACCC/TAATCCACAT…
Tsar, partial tooth sample …CATAAAAACCC/TAATCCACAT…

mitochondrial DNA
position 16,169

Georgij, bone sample … …TAAAAACCC/TAATC…
direct maternal relative 1 …CATAAAAACC  TAATCCACAT…
direct maternal relative 2 …CATAAAAACC  TAATCCACAT…

Figure P2.  A heteroplasmic marker establishing the authenticity of 

the Tsar’s remains

A small segment of mitochondrial DNA sequence is shown. The 
shaded area shows that the Tsar’s and Grand Duke Georgij’s tissues 
contained two populations of mitochondrial DNA molecules, one 
with a C, and the other with a T, at position 16,169. The population 
of DNA molecules with the C was lost during transmission to living 
descendants of the Tsar’s mother (‘maternal relatives’).
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condition (and its mutation) disappeared without trace after several 

generations. History has it that Prince Alexei suffered from bouts 

of severe bleeding. Presumably he had inherited Queen Victoria’s 

haemophilia-causing mutation via his mother.

Alexei’s DNA was used to obtain the genetic sequence of two 

genes known to be mutated in patients with haemophilia. A disabling 

mutation was discovered in the gene encoding blood coagulation 

(or clotting) factor IX (the F9 gene), which resides on the X chromo-

some. Males have one X chromosome, and Prince Alexei had only 

a mutated copy of the F9 gene. Females have two X chromosomes, 

and the Tsarina and one of her daughters had one normal and one 

mutated copy of this gene. They were therefore carriers (Figure P1). 

The identity of Queen Victoria’s mutation was discovered from DNA 

that had lain for 80 years in the damp sod of a temperate forest [33].

Genetic mistakes in old bones connected the Romanovs, dem-

onstrating how mutations can definitively delineate lineages [34]. 

Genetic markers of the sort used forensically  – a mitochondrial 

DNA mutation manifest as a transient heteroplasmy, and a mutation 

in the F9 gene – were used to generate a genealogy. The casanova 

phenomenon strikes again.

6  The scope of this book

The following four chapters describe how the casanova phenomenon 

provides compelling evidence for human evolution and lays out our 

patterns of relatedness. Each chapter surveys one broad category of 

genetic marker that is inscribed in our chromosomal DNA. Each 

class of marker includes myriad instances, each of which acts as a 

definitive signpost of phylogenetic relatedness.

Retroviruses are a class of viruses that splice their tiny 

genomes into the DNA of the cells they infect (Chapter 1). Millions 

of genetic parasites called transposable elements, recognisable as 

little segments of DNA, are also interspersed collinearly through 

our genomic DNA. The mode of replication of most of these agents 

shares some of the strategies used by retroviruses (Chapter 2). The 
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presence of the same inserted piece of DNA in the genomes of two 

or more cells, organisms or species indicates that those genomes 

are derived from the one genome into which that piece of DNA was 

inserted.

Many types of disruptive (disabling) mutations are present 

in our genomes. They are recognisable in derelict genes that have 

lost the ability to direct the production of functional proteins  – 

which are proteins that are still made by the corresponding gene in 

other species (Chapter 3). Other mutations have contributed to the 

acquisition of new genetic function. These are enabling mutations 

(Chapter 4). When particular instances of such mutations are found 

in the genomes of different species, they demonstrate that all the 

species that possess them are descendants of one ancestral species – 

indeed the one ancestral cell – in which the mutation arose.

These molecular signatures inscribed in our DNA constitute 

definitive evidence that humans and other mammals are descended 

from common ancestors. It must be stressed that it is the mecha-

nisms by which these mutations arise that enable them to act as 

potent markers of evolutionary relatedness. Familiar molecular 

transformations are involved. For example, retroviruses and trans-

posable elements are mutagens with precisely defined mechanisms of 

action. Each marker, spliced into its unique location in the genome, 

arrived there by an elaborate and interpretable series of biochemical 

events. The functionality of the mutant product is irrelevant with 

respect to its use as a marker of descent.

I have provided an abundance of examples for two reasons. 

Firstly, I find each example to be a source of sheer fascination, because 

of its precise information content and its compelling evidential 

power. The question of whether large-scale evolutionary change has 

occurred has been resolved by appeal to a source of historical infor-

mation that we all carry around with us. Secondly, I want to pro-

vide some feeling for the sheer mass of data available. The supreme 

information-bearing molecule in the known universe, DNA, pro-

vides millions of genetic markers for historical reconstruction. If 
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readers find the number of examples excessive, they can move on to 

the next section.

The research described covers roughly the first decade of 

this century. This was the time during which the study of the 

first human genome sequence revolutionised our understanding of 

human genetics, and provided radically and definitively new ways of 

documenting evolutionary origins. These issues have been touched 

on by more-learned authors [35].

I conclude with a consideration of whether the fact of our evo-

lution is in any way a threat to our humanity, or indeed to a spiritual 

view of ourselves. There will be minimal theological reflection; I 

have sought to do that elsewhere [36]. It is my hope that this book 

will calm the misdirected and often lamentably acrimonious contro-

versies over evolution.
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I first became involved in cancer research in the early 1980s. It may 

seem presumptuous that a mere cancer cell biologist should write 

a book on the definitive evidence for biological evolution, at least 

as it pertains to our own species. However, it was a background in 

cancer research that provided useful perspectives – and the eureka 

moments – that enabled me to appreciate the force of the data arising 

from the field of comparative genomics. And one particular story led 

me inexorably from cancer biology into evolutionary biology.

The early eighties were heady times for cancer researchers. 

A revolution was taking place in our understanding of the genetic 

basis of cancer. Cancer-causing genes called oncogenes were dis-

covered. Oncogenes were shown to be derived from normal genes 

(proto-oncogenes) that play vital roles in the regulation of cell pro-

liferation, differentiation and death. During cancer development, 

proto-oncogenes are damaged by mutations, and their encoded pro-

teins show increased expression, elevated activity and loss of sensi-

tivity to negative regulation. The result is the disruption of cellular 

regulation and the acquisition of unrestrained patterns of growth. 

The products of oncogenes undergo gains of function that impel can-

cer development.

Concurrently, researchers identified a second class of genes 

as central players in cancer biology. These were called tumour sup-

pressor genes (TSGs), and they were found to play essential roles in 

restricting cell proliferation and promoting differentiation under 

normal conditions. They act to counterbalance the effects of proto-

oncogenes. Many TSGs are responsible for maintaining the integ-

rity of the genome – often by detecting and repairing DNA damage. 

During cancer development, TSGs are frequently the target of 

1	 Retroviral genealogy
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mutational events that compromise their restraining activities. In 

contrast to oncogenes, it is the loss of TSG functions that releases 

cells down a neoplastic pathway [1].

A third area of discovery was the demonstration that viruses 

are major etiologic agents in human cancers. The oncogenic roles 

of viruses had long been debated. But in the 1980s, epidemiological 

and biochemical evidence implicated oncogenic viruses in 15–20% 

of human cancers. Hepatitis B virus (HBV) – and later hepatitis C 

virus – infections were shown to be huge risk factors for liver can-

cer. Certain types of human papilloma virus (HPV) were implicated 

in cervical cancer, Epstein–Barr virus in lymphoid cancers and in 

nasopharyngeal carcinoma in Southern Chinese populations, and 

Kaposi’s sarcoma-associated virus in Kaposi’s sarcoma of AIDS 

patients [2].

Such viruses exert their oncogenic effects by introducing into 

cells viral genes that act as oncogenes. Some viruses were also found 

to act as DNA-disrupting (mutagenic) agents. The exponents par 

excellence of the DNA-disrupting strategy are the retroviruses. We 

need to consider the subversive activities of retroviruses in order to 

describe their role in oncogenesis – for which they are a major clin-

ical problem in some parts of the world. When we have done this, we 

will suddenly find ourselves in the world of evolutionary genetics 

and phylogenesis (the origins of species), complete with definitive 

answers to the question of whether we have evolved.

1.1  The retroviral life cycle

Retroviruses cause cancers in birds and mammals. In 1911, Peyton 

Rous showed that cancers called sarcomas could be transmitted 

between chickens even when the cancer cells had been pulverised 

and the lumpy material filtered off and discarded. The filtrate con-

tained a cancer-causing agent, later known as the Rous sarcoma 

virus. Rous had to contend with widespread disbelief, and had to 

wait for 55 years before he was awarded the Nobel Prize for Medicine 

in recognition of his discovery [3].
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In the oncological revolution of the early 1980s, retroviruses were 

shown for the first time to cause disease in humans. Human T-cell 

leukaemia virus type 1 (HTLV-1) was identified as the causative agent 

of adult T-cell leukaemia (ATL), an aggressive cancer of lymphocytes 

that exists in parts of Japan, the Caribbean and Africa. Some 20 mil-

lion people worldwide may be infected with HTLV-1. Estimates vary 

as to the proportion of infected people who will ultimately develop 

cancer (from 0.1% to 5%). HTLV-1 also causes a neurological disease 

(tropical spastic paraparesis, TSP). This arises from inflammation in 

the spinal cord, with subsequent nerve damage [4]. Another patho-

genic retrovirus is the notorious human immunodeficiency virus 

(HIV), the cause of AIDS. Because of its toxicity, HIV kills cells rather 

than causing derangements in their long-term patterns of prolifer-

ation. HIV is not believed to directly cause cancers.

Cancer-causing retroviruses pursue their parasitic lifestyle 

with elegant sophistication. The first step occurs when the infecting 

virus particle attaches to a cell. It is able to do this because the virus 

particle displays a protein called the envelope protein (encoded by 

the retroviral envelope or env gene) that adheres to a target molecule 

on the surface of the cell to be infected. This adhesive interaction 

enables the retroviral membrane to fuse with that of the cell, so that 

the viral genetic material is delivered into the cytoplasm.

The genetic information of retroviruses is embodied in a mol-

ecule called RNA, but retroviruses possess an enzyme that copies 

(or transcribes) the RNA version into a DNA one. The flow of infor-

mation from RNA to DNA is opposite to that which operates in the 

genetic expression of cellular organisms. The retroviral enzyme has 

thus been called a reverse transcriptase, and Howard Temin and 

David Baltimore received the Nobel Prize for its discovery in 1975 

(Figure 1.1).

Retroviruses are professional mutagens. The freshly synthe-

sised viral DNA is spliced into the chromosomal DNA of the infected 

cell. This process is initiated by another virus-encoded enzyme, an 

integrase or endonuclease. The enzyme haphazardly selects a target 
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site in the host genome, at which it makes two staggered nicks, four 

to six bases apart (depending on the type of retrovirus), one nick on 

each DNA strand. This cleavage event creates a gap in the chromo-

somal DNA into which the DNA copy of the retroviral genome 

inserts itself. The integrase has a very loose preference for the bases 

in the target site. It favours a sequence environment that is rich in 

A and T bases, and insertion is also favoured in active regions of the 

genome, in the vicinity of genes.

The final step is to convert the single-stranded lengths of the 

target site into double-stranded DNA, generating tell-tale target- 

site duplications (TSDs) on either side of the retroviral DNA insert. 

Cellular enzymes seal the retroviral genome into place (Figure 1.2). 

The retroviral genome, which is typically 8–10 thousand bases long, 

has become part of the genome of the cell, and is called a provirus.



reverse transcription

retroviral DNA

retroviral RNA

retroviral DNA
insertion into cell’s
chromosomal DNA

membrane fusion

budding of new 
retrovirus particle

infectious retrovirus 
particle

Figure 1.1.  The infectious cycle of a retrovirus

The retrovirus particle is represented by a circle (outer membrane) 
with envelope protein (black ovals), a protein core (hexagon), RNA 
genome (line) and associated reverse transcriptase (grey circle). The 
cellular nucleus is indicated by a large oval with DNA (paired thin 
lines) and the provirus (paired dark lines).

 



The retroviral life cycle 25

The insertion of a retroviral genome into that of the infected 

cell is random with respect to site, and permanently alters the gen-

ome of the host cell. In most cases, this will be harmless. In some 

instances, insertion may compromise the functional integrity of 

the genome. It may disrupt the regulatory sequences of a gene, for 

example, with the consequence that genetic function will be com-

promised. Retroviral insertion thus represents a special type of 

genetic mutation, and retroviruses are known as insertional muta-

gens. The process by which they splice their genomes into cellular 

chromosomal DNA is called insertional mutagenesis.

The provirus can be recognised by many sequence features. It 

is bounded by the short (host DNA-derived) target-site duplications, 

as mentioned above. The provirus itself possesses a large block of 

duplicated sequence at each end of the virus sequence. These dir-

ect repeats may be several hundred to a thousand bases long. They 
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Figure 1.2.  The mechanism by which retroviral DNA is inserted into 

the chromosomal DNA of a host cell

Target sites and their duplications are depicted by dashed boxes.
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are called long terminal repeats (LTRs), and they contain the DNA 

sequence motifs needed to regulate viral gene expression. Situated 

between the LTRs is a basic set of four structural genes, which are 

(from left to right) known as gag, prt, pol and env (Table 1.1).

The provirus can be transcribed into RNA copies by the 

actions of cellular enzymes, and these transcripts can be used to 

direct the synthesis of retroviral proteins. RNA transcripts and new 

proteins assemble into infectious virus particles that bud off from 

the cell membrane. The cycle of infection starts all over again. But 

most significantly, because the provirus has become an integral part 

of the genome of the cell, it will be inherited by every descendant of 

the original infected cell, potentially making more viruses over the 

lifetime of the organism.

1.2 � Retroviruses and the monoclonality 
of tumours

The presence of such parasitic segments of DNA will usually be 

innocuous. Much of the genome can tolerate the addition of segments 

of extraneous DNA. But in rare cases this strategy goes wrong. In the 

case of HTLV-1, the provirus makes a protein called Tax that has 

Table 1.1. Structural genes common to retroviruses

Gene Full name Function of protein products

gag group-specific 
antigen

Packages viral RNA

prt protease Processes viral proteins
pol polymerase A multi-functional protein with 

endonuclease, RNA-dependent 
DNA polymerase (that is, reverse 
transcriptase) and RNA-degrading 
activities

env  
  

envelope  
  

A viral membrane protein that mediates 
viral adhesion to cells; suppresses 
immunity
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the potential to perturb the mechanisms by which a cell regulates 

its replication. The disruption of regulatory circuits in an infected 

cell may cause that cell and its descendants to start dividing in an 

aberrant way, generating an expanding population of progressively 

more abnormal cells. In this context of abnormal proliferation, other 

genetic mutations may accumulate until eventually, decades after 

the original infection, a lethal leukaemia may become manifest.

Early in the infectious phase, a population of lymphocytes 

will contain a large number of distinguishable HTLV-1 proviruses. 

This is because the random nature of target site selection ensures 

that proviruses are found at myriad different insertion sites. Perhaps 

every infected lymphocyte will have its own provirus, as defined by 

the site into which it has inserted. But if one takes (say 50 years after 

the original infection) a population of leukaemic cells from any one 

patient, one will find that every leukaemic cell possess the same 

HTLV-1 provirus, as defined by one common site of insertion. This 

demonstrates that one original cell with its singular provirus initi-

ated a programme of continuous cell multiplication. With time, the 

expanding clone of cells acquired progressively more abnormal prop-

erties until it evolved into a population of cancerous descendants, all 

of which inherited the original, unique, cancer-triggering provirus 

(Figure 1.3).

Such data demonstrate that ATLs are monoclonal tumours. 

Surprising as it may seem, the catastrophic leukaemic burden of 1010 

cells originated from a single infected progenitor cell. The particular 

provirus common to all the cancer cells is the definitive marker of 

monoclonality. In biological parlance, we may say that the presence 

of a particular provirus in all the cells of a cancer is formal proof that 

these leukaemias are monoclonal, derived from a single cell. When 

we find that a single random genetic ‘mistake’ is shared by many 

cells, we may conclude that this ‘mistake’, and these cells, are cop-

ies of the unique original ‘mistake’ and altered cell. The ‘casanova 

phenomenon’ is therefore a thoroughly well-established oncological 

principle.
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Leukaemias from different patients are characterised by dis-

tinctive clonal retrovirus insertion sites. In other words, the HTLV-1 

provirus is found at a different location in every tumour. A set of tar-

get sites from leukaemic and other patients is presented in Table 1.2. 

In only one case did two HTLV-1 integration events select the same 

six-base target site (GCTAGG, indicated by asterisks). Any six-base 

sequence is itself present in the human genome in the order of a mil-

lion times, and these GCTAGG sites were located in different parts of 

the genome. It is clear that the chances of finding multiple independ-

ent insertions into the same site are pretty remote. Such data estab-

lish that HTLV-1 insertion does not strongly favour any particular 

DNA target site or sequence of bases. The retroviral integrase is pro-



50 years

lymphocyte population at infection leukaemic cell population

50 years

*

Figure 1.3.  The monoclonality of HTLV-1-induced tumours

For simplicity, each cell depicted on the left has three chromosomes 
(vertical bars), with an HTLV-1 insertion (thick horizontal bar). Many 
insertion sites are found in the population. The tumour population 
on the right is characterised by one provirus, demonstrating that all 
the leukaemic cells are descendants of one progenitor (marked by the 
asterisk).
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Table 1.2. HTLV-1 target sites

Source of DNA Target site sequence Ref.

blood cell, TSP patient
non-cancer cell, healthy carrier
ATL
non-cancer cell, ATL patient

ACATTT

ACCCGC

ACCTTT

AGCAAG

5
5
6
5

ATL
blood cell, TSP patient
ATL
non-cancer cell, ATL patient
blood cell, TSP patient
non-cancer cell, healthy carrier
blood cell, TSP patient

CAGCTG

CATATG

CCATTC

CCTCTC

CTGAGG

CTGTGG

CTTGGT

5
5
6
5
5
5
5

ATL
non-cancer cell, healthy carrier
ATL
blood cell, TSP patient
ATL
non-cancer cell, healthy carrier
non-cancer cell, healthy carrier
blood cell, TSP patient
cerebrospinal fluid, TSP patient
non-cancer cell, healthy carrier
non-cancer cell, healthy carrier

GAATCC

GAGAAC

GAGTTG

GAGAAT

GCATTC

GCTTTT

GCAACT

GCTAGG*
GCTAGG*
GGTGTG

GTTATA

6
5
6
5
7
5
5
5
5
5
5

cerebrospinal fluid, TSP patient
blood cell, TSP patient
ATL
blood cell, TSP patient
blood cell, TSP patient
non-cancer cell, healthy carrier
ATL
non-cancer cell, healthy carrier

TAAAGT

TAATAG

TAGTTG

TCAATC

TCAGTC

TCCGCA

TCTTTC

TTATGT

5
5
5
5
5
5
5
5

ATL TTATTC 5

Note: the asterisks denote the two cases where the target site base 
sequence is the same.
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miscuous in the selection of its chosen substrate. Proviral insertions 

are largely randomly distributed with respect to DNA site.

Tragic confirmation of the monoclonal nature of retrovirally 

induced human tumours has been provided by a clinical experiment 

that went wrong. Children with X-linked severe combined immuno-

deficiency lack normal immune function because their lymphocytes 

cannot develop normally. The disease arises because the children 

inherit a mutant gene that has lost the ability to produce an impor-

tant signalling molecule (the common γ subunit of the IL-2 receptor). 

These children are susceptible to infections and, without treatment, 

die in infancy. A clinical trial was conducted in an effort to rectify 

the genetic deficiency. Children were treated with a retrovirus engi-

neered to carry the needed gene, in the hope that the missing protein 

would be expressed and would support normal immune function. 

Encouragingly, the young patients showed significant improvement 

in their condition. However, several children developed leukaemias. 

The malignant cells were found to possess copies of the therapeutic 

retrovirus in their genomes. Each leukaemia was monoclonal with 

respect to the viral insertion site, and arose because the therapeutic 

virus inserted near (and deregulated) the LMO2 proto-oncogene [8].

It goes without saying that the monoclonality of tumours 

caused by retroviruses that infect non-human animals (fowl, 

rodents, cats) is also thoroughly established [9]. An example of one 

of these retroviral insertion sites is shown in Figure 1.4. It shows 

a small length of genetic sequence, 26 bases long, from the mouse 

genome. The six-base sequence …GTTTGC… (in bold and shaded) rep-

resents the target site selected by the retroviral integrase. The upper 

sequence shows the retroviral DNA insert flanked at each end by the 

…GTTTGC… target site sequence, and otherwise neatly spliced into 

the mouse genome [10]. A unique insertion event in one cell induced 

an uncontrolled programme of cell division, leading to a proviral 

copy in each of myriad descendant cells.

We can detour from retroviruses briefly. Several other human 

cancers arise when bits of viral DNA are insinuated into the gen-

omic DNA of infected cells. No other class of oncogenic virus 
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manifests the professional mutagenic sophistication of retrovi-

ruses. Nevertheless, the same logic that we have encountered with 

retrovirus-induced cancers demonstrates the monoclonality of the 

cancers induced by other classes of viruses.

Several sub-types of HPV cause cervical cancer. The random 

integration of viral DNA into cellular DNA typically occurs during 

tumour evolution. In some patients there may be complex patterns 

of disease, featuring multiple distinct foci of abnormal cells, or mul-

tiple tumours that recur over time. The question arises: have the 

multiple tumours observed in such patients arisen independently, 

or are they all derivatives of one original delinquent cell? If the dif-

ferent tumours have arisen independently, they should all possess 

distinctive viral DNA inserts. But if they are all derived from one 

cell (that is, if the multiple tumours in a patient are monoclonal), 

they should all possess the same signature viral insert representing 

one originating insertional mutagenic event.

Molecular genetic work has shown that, in most cases, the 

many tumours arising in one given patient are marked by the same 

insert of HPV-derived DNA. This is illustrated by the clinical history 



…ATTTGGCAAAGTTTGC[TGTAGT…GCTTCA]GTTTGCCCAGCTCCGT…

…ATTTGGCAAAGTTTGCCCAGCTCCGT…

retroviral insert

target
site

TSD TSD

upstream
flanking 

sequence

upstream
flanking 

sequence

downstream
flanking 

sequence

downstream
flanking 

sequence

Figure 1.4.  A retroviral DNA insert in mouse DNA [10]
Sequences represent the original undisturbed target site GTTTGC and 
the inserted provirus between target-site duplications (TSDs). In this 
and subsequent figures, target sites and their duplications are in bold 
and shaded.
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of a patient, in whom surgery for neoplastic cells in the cervix was 

followed by treatment of a series of abnormal growths arising in 

the vagina over 12 years. Each of six tissue samples subsequently 

excised from the patient yielded DNA in which viral and cellular 

DNA shared the same unique junction point. The series of tumours 

encountered in different sites of the female reproductive tract were 

all descendants of one particular cell. This progenitor cell sustained 

one random viral insertion event and was triggered into an unre-

strained and destructive mode of neoplastic growth that gave rise to 

all the lesions subsequently treated [11].

Similarly, infection with HBV is a major risk factor for devel-

oping liver cancer. The viral DNA integrates randomly into liver cell 

DNA. Multiple tumours are often found in a patient’s liver. If these 

many tumours have the same insert (same bit of viral DNA, same 

site of the cell genome), then they are derived from the one cell in 

which the unique insertion event occurred. In many patients with 

liver tumours, HBV integration sites are common to multiple tumour 

nodules, and have established that those nodules are of monoclonal 

origin [12].

In 2008 yet another agent was added to the rogues’ gallery of 

viruses that splice themselves into cellular DNA to exert oncogenic 

effects in humans. A polyomavirus was shown to be associated with 

Merkel cell carcinoma, a rare but aggressive tumour of the skin. 

Again, DNA inserts were common to all tumour cells in a given 

tumour (but distinct for different tumours), establishing that these 

tumours too are monoclonal [13].

1.3 � Endogenous retroviruses and the 
monophylicity of species

As work on infectious retroviruses gained momentum, a startling 

discovery was made. Many organisms possess retroviral DNA as an 

integral part of their genome. In contrast to infectious (or exogenous) 

retroviruses that are transmitted horizontally between cells, or 

between the individuals of a species, many retroviral DNA segments 
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are present as an intrinsic part of the genomic DNA that defines a 

species, and they are transmitted vertically from one generation to 

the next. They are transmitted in a Mendelian fashion, just as if they 

were genes, and are known as endogenous retroviruses (ERVs) [14].

ERVs enter the genomes of species by infecting germ cells – the 

cells present in early embryos and in reproductive tissues that gener-

ate gametes (eggs and sperm). Once proviral inserts are established in 

such cells, they are transmittable to future generations. With time, 

a chromosome (or part of a chromosome) bearing such an insert may 

increase in frequency (relative to the original, undisrupted length of 

chromosome) until it replaces the original in the population. At this 

stage, the ERV becomes fixed.

In the early 1980s, ERVs were discovered in the human genome. 

Their presence was first inferred from the appearance of viral parti-

cles that were seen to be budding from cells comprising reproductive 

tissues, including testicular tumours. These virus particles did not 

have the capacity to infect other cells, and thus they appeared to be 

defective. (Later research showed that human ERVs are riddled with 

inactivating mutations that preclude the production of infectious 

viruses.) Genetic analysis showed that cells producing these parti-

cles possessed messenger RNA molecules encoding the full suite of 

retroviral genes: gag, prt, pol and env [15].

True ERVs are categorised into three major groups: classes I, II 

and III. Additional retroviral DNA-like units scattered around the 

human genome also possess long terminal repeats, and are called 

LTR retrotransposons. They lack an env gene and therefore are not 

transmitted between cells. These constitute class IV. True ERVs and 

LTR retrotransposons (collectively, LTR elements) constitute 8% of 

the DNA in the human genome. This large fraction of human DNA 

is distributed around the genome in approximately 400,000 individ-

ual inserts with 350 sub-families [16]. Nearly all of these inserts are 

common to all people on planet Earth. This raises the question of 

when such lengths of retroviral DNA first entered the genome that 

we have inherited.
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A 1982 study prepared the way (as far as I was concerned!) for 

the surprising answer. A length of cloned human chromosomal DNA 

had been mapped on the basis of restriction enzyme-cutting sites (that 

provide sequence landmarks along the DNA). An equivalent piece of 

DNA cloned from the chimpanzee showed almost the same restriction 

enzyme-mapping sites, indicating that these lengths of cloned DNA 

were from the corresponding parts of the two genomes. But what is 

remarkable was that each of these segments of DNA overlapped the 

sequence of an ERV (Figure 1.5). This finding implied that the ERV 

in each of the two genomes was inserted at the same location [17]. If 

indeed it was the same insert (same class of ERV, inserted in precisely 

the same site with the same target-site duplication, and lying in the 

same direction), then we would have to conclude that both species are 

descendants of the single progenitor in which this unique insert event 

occurred. This remarkable conclusion, reflecting the way in which 

shared proviruses establish the monoclonality of tumours, was forced 

on me by every instinct inculcated by cell biological experience.
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Figure 1.5.  Cloned lengths of genomic DNA from human and chimp, 

with an overlapping ERV [17]
The thick horizontal lines represent lengths of DNA, about 8,000 
bases in length. The vertical lines represent restriction enzyme-
cutting sites, which provide a map of the DNA clones. The one 
difference between human and chimp is boxed.
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But was the ERV indeed the same one in both species? The 

definitive answer could only come from DNA sequencing studies, 

and this pioneering work preceded the high-throughput sequencing 

revolution. DNA sequencing had not been performed on these cloned 

lengths of human and chimp genome. The answer was not available. 

However, this research held out the tantalising prospect that the 

sequencing of ERV integration sites in related species might provide 

the definitive answer to the question of whether humans and chimps 

are monoclonal (as a cell biologist might express it). The word mono-

phyletic applies more appropriately to multiple species descended 

from one ancestor. The distribution of ERVs in the DNA of primate 

species could provide the ultimate statement on common descent.

Work published in 1999 settled the question of whether shared 

ERVs could demonstrate human and chimp descent from a common 

ancestor [18]. This seminal study identified those primate species in 

which each of six ERVs was present – and defined insertion sites at 

single-base resolution. The data confirmed that each of these ERVs 

is shared by humans and chimps. Indeed, each ERV is shared not 

only by humans and chimps, but also by gorillas and more distantly 

related primate species (Figure 1.6, white boxes).

Three of these ERVs were found to be shared by humans, chimps, •	
bonobos (pygmy chimps) and gorillas, but not by orang-utans or other 

primates. These ERVs entered the primate germ-line in a creature that 

was ancestral to all the African great apes, but that lived after the orang-

utan lineage had diverged from the great ape family tree.

The other three ERVs were found to be shared by humans, the other •	
apes and Old World monkeys (OWMs) but not the New World monkeys 

(NWMs). These ERVs had entered the primate germ-line in ancestors 

common to all the apes and OWMs. The NWMs had already branched 

out on a separate lineage by this time.

In Figure 1.6, the shape of the primate family tree is presupposed on 

the basis of other work. But the results of this pioneering ERV study 

firmly established the reality of the African great apes’ ancestral lin-

eage, and of the ape–OWM ancestral lineage.
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These conclusions are unambiguous, unassailable and defini-

tive: strong words in the context of a controversy that has simmered 

(at least in some quarters) for 150  years. No arcane ‘evolutionary’ 

logic was required for this interpretation. The data struck me with 

compelling force simply because I had been exposed to basic cell 

biology. The casanova phenomenon was applicable to defining rela-

tionships between species, and could demonstrate which species 

were linked by descent.

More detailed studies of particular ERV classes followed. 

Class  I ERVs include many families of endogenous retroviruses 

including ERV-H (a large family) and ERV-Fc (a small family with 

only six members in the human genome). Studies were performed to 

define the insertion sites of some of these ERVs. DNA sequencing of 

representative members of these families identified five proviruses 

that are common to the African great apes (but no other species) 

and three that are common to all the great apes (Figure 1.6, black 

boxes) [19].
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ERV-H/env59
ERV-H/env60
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ERV-H10
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ERV-H19/env62
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Figure 1.6.  The times at which 14 ERVs entered the primate germ-

line, inferred from their presence or absence in the genomes of 

primate species

White boxes [18]; black boxes [19].
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Representative insertion sites are shown for two of these ERVs 

(Figure  1.7). Both inserts are present in the genomes of humans, 

chimps, gorillas and orang-utans. These species are collectively 

known as the great apes and share a common ancestry. The high 

degree of preservation of the DNA sequences is remarkable. The pro-

viruses are located between five-base target-site duplications (ATATT 

and AAATA). The gibbon, a lesser ape, retains the undisturbed target 

site. The gibbon lineage had branched off before the retroviral insert 

was introduced into the hominoid (or ape) germ-line.

Similar studies have been performed with the Class II ERV-K 

family, of which there are some 8,000 inserts in the human genome. 

Most emphasis has been placed on a particular sub-family, desig-

nated ERV-K (HML-2). This is an interesting collection of inserts, 

in that some are found only in humans and are almost intact. These 

features indicate that they entered the human genome relatively 

recently – after the human and chimp lineages diverged from their 

common ancestor [20]. Indeed some of these human-specific ERVs 

are dimorphic in the human population with respect to presence or 



human …TTGGAAACAATATT[ERV]ATATTATGTTTTGC…
chimp …TTGGAAACAATATT[ERV]ATATTATGTTTTGC…
gorilla …TTGGAAACAATATT[ERV]ATAT GTTTGCA…
orang …TTGGAAACAATATT[ERV]ATATTATGTTTGCA…

gibbon …TTGGAAGGAATATTATGTTTGCA…

human …TTTGTTCTCCAAATA[ERV]AAATATACTATCT…
chimp …TTTGTTCTCCAAATA[ERV]AAATATACTATCT…
gorilla …TTTGTTCTCCAAATA[ERV]AAATATACTATCT…
orang …TTTGTTCTCCAAATA[ERV]AAATATACCATCA…

gibbon …TTTGTTCTCCAAATATACTATCT…

Figure 1.7.  ERVs common to all the great apes (ERV-H/env59 and 
ERV-H env60)
From de Parsival et al. (2001) [19].
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absence of the provirus, indicating that the insertion events were so 

recent that only a fraction of the human population has inherited the 

ERV. For example, the ERV-K113 provirus is present in the genomes 

of only about 16% of us; the rest of the human population retain the 

undisturbed target site (Figure 1.8, upper panel) [21]. The ERV-K106 

insert, which is fixed in the human population (we all possess it 

in our genomes), is also very recently acquired. Its long terminal 

repeats lack mutations – a sign that it was added to the genome rela-

tively recently. Some geneticists have suggested that it arose dur-

ing the history of anatomically modern Homo sapiens [22]. Perhaps 

infectious (exogenous) retroviruses belonging to this ERV-K clan are 

still lurking in some geographically isolated human populations.

Further evidence of recent HERV-K activity comes from 

the study of DNA recovered from the bones of extinct hominins. 

Fourteen ERVs have been identified in the ancient DNA of Denisovan 



…ACACAAACTCACTTACTCTAT[TGTGG…CTACA]CTCTATAATTTTCTTACACCT…

…ACACAAACTCACTTACTCTATAATTTTCTTACACCT…

ERV-K113 insert

ERV K i t

Denisovan6 …TTCCAAGAGACCAG[TGTGGGG…
Neanderthal1 …CCTACA]GACCAGCATGTCTG… 

human …TTCCAAGAGACCAGCATGTCTG…

ERV-K insert

Figure 1.8.  Recent ERV-K inserts

ERV-K113 (upper panel) is dimorphic in the human population [21]; the 
ERV-K insert (lower panel) is found in the DNA from Denisovan and 
Neanderthal individuals [23].
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and Neanderthal individuals, but they are absent from our gen-

ome. Indeed one of these ERVs is shared by these archaic humans 

(albeit recovered in fragmented form), indicating that Denisovan and 

Neanderthal populations share a common ancestor that lived after 

their lineage branched out from ours (Figure 1.8, lower panel) [23].

In contrast, the unique ERV-K105 provirus is present in the 

human genome, and in those of the two chimp species (Figure 1.9, 

upper diagram). We must conclude that these species are mono-

phyletic. Neither the ERV nor an undisturbed target site could be 

found in the genome of the gorilla, which may have undergone a large 

genetic deletion spanning the site. The time of insertion remains 

undefined in the case of this ERV.

On the other hand, ERV-K18/K110 (one of those introduced 

above, see Figure 1.6) is inserted neatly in the genomes of each of 

the four African great apes (Figure  1.9, lower diagram). As noted, 

this particular ERV entered the primate germ-line in an ances-

tor of the African great apes. The orang-utan, the Asian great ape, 

retains the undisturbed target site [18, 20]. Am I labouring the point? 



human …CTCTGGAATTC[ERV]GAATTCTATGT…
chimp …CTCTGGAATTC[ERV]GAATTCTATGT…
bonobo …CTCTGGAATTC[ERV]GAATTCTATGT…

undisturbed
target site …CTCTGGAATTCTATGT…

human …GCGGAATCTGAGAC[ERV]TGAGACAATATTTA…
chimp …GCGGAATCTGAGAC[ERV]TGAGACAATATTTA…
bonobo …GCGGAATCTGAGAC[ERV]TGAGACAATATTTA…
gorilla …GCGGAATCTGAGAC[ERV]TGAGACAGCATTTA…

orang …GCGGAATCTGAGACAATATTTA…

Figure 1.9.  ERVs common to humans and chimps (ERV-K105; upper 
diagr a m ) and to the African great apes (ERV-K18/K110; lower 

diagram ) [18, 20].
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Perhaps – but here is an elegant unambiguous demonstration of our 

evolutionary descent that arises simply from the established and 

unquestioned principles of medical genetics.

A definitive catalogue of ERV-K (HML-2) inserts that are full-

length (or nearly so) has confirmed and extended the validity of the 

primate phylogenetic tree. The results of this analysis are depicted 

in Figure 1.10, in which the number of ERVs added to the genome 

between each bifurcation is indicated in an oval [24]. These stud-

ies provide an unambiguous scheme of the relationships of the 

OWMs and the apes. ERVs of this family have been accumulating 

in primate genomes on the lineage leading from OWMs to humans, 

establishing that the Old World primates are monophyletic, all 

species sharing a particular ERV being descended ultimately from 
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Figure 1.10.  The times at which ERV-K inserts entered the primate 

germ-line, based on the species distribution of individual ERVs

A definitive catalogue of full-length ERV-K (HML-2) inserts in the 
human genome shows the number (ovals) arising at each branch 
leading to humans [24]. Data for solo LTRs are from chromosome 7 
(dark arrows), 19 (light grey arrows) and 21 (white arrows) [25].
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the single reproductive cell in which that unique insertion event 

occurred.

Supporting data were collected independently by another 

research group, who studied ERV-K inserts on selected chromosomes 

(Figure 1.10, arrows). Evidence was provided that humans share some 

inserts also with NWMs [25]. The shape of the family tree revealed 

by these analyses is congruent with that developed over the years 

on the basis of a whole range of other criteria. But even if we had 

never heard of evolution and knew nothing of taxonomy, discovery 

of the relationships established by patterns of ERV insertions would 

have compelled us to propose an evolutionary theory of common 

descent, along the lines that taxonomists have laboured to develop 

over many years.

ERVs undergo characteristic rearrangements, some of which 

arise from their distinctive organisation. These rearrangements arise 

from interactions between long terminal repeats of the same provi-

rus, or the exchange of genetic material between different ERVs. Each 

ERV carries a record of its history inscribed in its base sequence. 

These ERV- and genome-modifying events are outlined below.

A full-length ERV has two long terminal repeats, one at each 

end. When an ERV is first inserted into chromosomal DNA, its 

LTRs have the same sequence. If the chromosomal DNA loops back 

on itself, the two LTRs may align with each other, as depicted in 

Figure  1.11. When this happens, each of the two lengths of DNA 

involved may effectively break, and then rejoin with the partner 

segment present in the alignment. This process is called homolo-

gous recombination. The result of such an event is that the entire 

sequence between the breakpoints is looped out of the chromosome 

and lost, leaving one solitary chimaeric LTR.

Recombination within a single ERV occurs in contemporary 

individuals. An ERV on the Y chromosome contributes sequence 

content to a gene required for male fertility, the TTY13 gene. When 

homologous recombination events occur between the two LTRs of 

this ERV, the internal content of the ERV, including the embedded 
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portion of the TTY13 gene, is looped out and lost. The result is inacti-

vation of the TTY13 gene and male infertility [26].

During evolutionary history, ERVs commonly end up as soli-

tary LTRs. In some cases (such as ERV-K103 and ERV-K113), the 

human population is polymorphic for an insert: some of us have a 

complete provirus; others have only a solo LTR. Full-length ERV-K 

(HML-2) proviruses are outnumbered by solo LTRs by a factor of ten 

in the human genome [27]. A full-length ERV-H common to all hom-

inoid primates is present as a solitary LTR only in humans [28].

Different proviruses (that is, ERVs found at different places 

in the genome as a result of independent insertion events) of the 

same type may also align. In this case, two outcomes may follow 

the exchange of genetic material. Equal homologous recombin-

ation generates full-length chimaeric proviruses (Figure 1.12, upper 

diagram). An extensive amount of genetic material is exchanged 

between the two interacting lengths of DNA, including flanking 



full-length ERV

LTRs align, followed 
by recombination 
between strands

one LTR-equivalent + 
internal sequences are 
excised, leaving a 
solitary LTR

Figure 1.11.  Homologous recombination between the LTRs (shaded 

boxes ) of an ERV

In the middle diagram the jagged lines indicate breaks in the DNA. 
The break may be resealed by joining part of one LTR (light shading) 
to part of the other LTR (dark shading). The outcome is a solitary LTR 
and an excised loop of ERV DNA.
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chromosomal DNA that extends for an indeterminate distance 

beyond the ERV. In the absence of a compensating recombination 

event, the result would be a chromosome translocation. Unequal 

homologous recombination, say between the downstream (right-

hand or 3′) LTR of one ERV and the upstream (left-hand or 5′) LTR 

of another, leads to very distinctive products. One is a tandemly 

duplicated, three-LTR proviral structure. The other is a solitary 

LTR (Figure 1.12, lower diagram).

These processes can also be shown both on the brief timescales 

of people’s lives and on the colossal timescales over which species 

arise and diversify. Recombination between different ERVs on the Y 

chromosome, in contemporary individuals, results in the deletion of 

large expanses of intervening genetic material, and of the genes they 

contain. These events lead to loss of the ability to produce sperm 

[29]. During evolutionary history, such recombination events have 

generated extensive exchanges of chromosomal material between 

distinct loci, with concomitant reorganisation of the genome. One 



equal alignment

chimaeric recombinant ERVs

unequal alignment

tandem ERVs with a 
chimaeric LTR + 
solitary chimaeric LTR

Figure 1.12.  Homologous recombination between different ERVs of 

the same type

Equal recombination is shown in upper diagram; unequal 
recombination in lower diagram.
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such event has, for example, generated the human-specific tandemly 

duplicated provirus ERV-K108 [30].

ERVs have been involved in other types of mutational 

rearrangements. These have generated weird and wonderful deriva-

tives. Such mutational events would be expected to arise as essen-

tially unique happenings, and therefore the presence of such ERV 

derivatives in multiple species would be a further stratum of evi-

dence that those species are descended from the individual in which 

the novelty arose. For example, an ERV-H and an ERV-E have been 

joined together (as the result of a large deletion of genetic material) 

to form a chimaeric ERV. The deletion extends from the pol gene of 

the ERV-H to just downstream of the left-hand LTR of the ERV-E. 

This chimaeric ERV is found in humans, chimpanzees and goril-

las, and the ERV-H/ERV-E junction point is the same in each species 

(Figure 1.13). We conclude that humans, chimps and gorillas have 

inherited that singular ERV from the common ancestor in which the 

gene deletion event occurred. Multiple copies of this chimaera are 

also present in each species, indicating that the unique ERV-H/E has 

been ‘copied and pasted’ during subsequent history [31].

Another oddity present in our genome is the case in which 

an ERV-K provirus has undergone a genetic recombination with a 

cellular gene called FAM8A1. The result is a hybrid in which the 

ERV contains a large fragment of the FAM8A1 gene in place of a 

portion of the retroviral gene sequence. As with the ERV-H/E hybrid 

described above, the chimaeric ERV-K/FAM8A1 unit has been copied 

subsequently into a small family of ERVs. Humans share copies of 

this singular ERV-K/FAM8A1 chimaera with primates as distantly 

related as OWMs. The structure could not be found in NWMs, how-

ever, indicating that it arose in an ape–OWM ancestor [32].

These examples provide compelling evidence of common des-

cent. But one must ask whether they are representative of the 440,000 

LTR elements scattered throughout our genomes. Do anecdotal 

accounts, no matter how impressive, really tell the whole story? The 

ultimately rigorous test of the assertion that ERVs establish the truth 
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of human evolution from remote primate progenitors requires the 

sequencing of entire genomes of multiple species, and a side-by-side 

comparison of all the ERVs residing in them. This would allow every 

one of the 440,000 ERV and other LTR elements in the human gen-

ome to be checked against the equivalent sites of the genomes of 

other primates.

At the turn of the century, whole-genome comparisons sounded 

like science fiction. But technological developments have been explo-

sive. The first draft of the human genome sequence was published in 

2001  – ahead of schedule and under budget [33]. Analysis of draft 

sequences of the chimp and bonobo (or pygmy chimp) genomes fol-

lowed in 2005 and 2012, respectively [34, 35]. Early returns on the 

gorilla genome [36], and sequence analysis of the orang-utan genome 

[37] came in 2011, in quick succession. A first draft of the rhesus 

macaque (an OWM) genome came out in 2007 [38]. And, as already 



LTR gag    pol    env      LTR LTR gag     pol     env     LTR 

ERV-H …CTGCCCTCACCCTAGCTCTCCCTGACTCAT…

ERV-H ERV-E

ERV-H …CTGCCCTCACCCTAGCTCTCCCTGACTCAT…
human A …CTGCCCCCACCCTAGTCTTGGTTACCTGAC…
human B-D…CTGCCCCCACCCTAGTCTTGGTTCCCTGAC…
human E …CTGCCCCCATCCTAGTCTTTGTTCCCTGAC…
chimp A, B …CTGCCCCCACCCTAGTC  GCTTCCCTGAC…
gorilla A …CTGCCCCCACCCTAGTCTTGGTTACCTGAC…
gorilla B …CTGCCCCCACCCTAGTCTTGGTTACCTGAC…
ERV-E …ACTCGTCCTGCTACATCTTGGTTCCCTGGC… 

Figure 1.13.  Formation of a chimaeric ERV by a deletion

The junction point is identical in humans, chimps and gorillas in each 
of several copies [31]. ERV-H sequences (shaded); ERV-E sequences 
(unshaded).
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mentioned, sequences of two related archaic extinct humans – the 

Denisovan [39] and Neanderthal [40] hominins – have been added 

recently. Many more primate genome sequences are in the pipeline.

If one species had an individualistic collection of ERVs that 

bore no relation to the ERVs in supposedly related species, then 

the phylogenetic scheme would crash in a heap. This comparative 

genomic approach to delineating phylogenetic relationships is inher-

ently very susceptible to falsification  – an important criterion for 

pursuing real science. So what can be said of whole-genome compari-

sons of ERV content?

I have mentioned that there are four major classes of ERV 

and ERV-like inserts in primate DNA. In the case of three of them 

(types I, III and IV), it seems that essentially all inserts present in 

the human genome are shared by chimps and bonobos (Table 1.3). 

These types of retrovirus had stopped accumulating in the primate 

germ-line before the human and chimp lineages diverged. Only in 

the case of the ERV-K family are there human-specific members, and 

these are approximately 1% of the whole ERV-K complement [35]. We 

can be confident that even for the ERV-K population of proviruses, 

the huge majority were inserted into the primate germ-line in indi-

viduals that were ancestors of humans and the two chimpanzee spe-

cies. We can conclude on the basis of over 400,000 inserted markers 

of monoclonality that humans, chimps and bonobos are descended 

from common ancestors. Most of this lineage is shared also with 

gorillas and orang-utans. Full analysis of the orang-utan genome is 

not yet available. It seems that orang-utans have acquired some add-

itional members of the ERV-E sub-family, but otherwise have inher-

ited the same basic ERV complement that is possessed by humans, 

chimps and gorillas [37].

Even with the much more distantly related rhesus macaque 

(an OWM), initial surveys found a high degree of sharing of the ERV 

population. The one detailed human–macaque comparison currently 

available involved a selection of those ERVs that have retained both 

LTRs in both species. This analysis showed that, depending on the 
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category of ERV, between 19% and 65% of full-length ERVs and LTR 

elements are shared by these species (Table  1.3). Overall, of 3,781 

such well-preserved inserts in the human genome, 1,369 (36%) are 

present also in the macaque – the same type of ERV at exactly the 

same location in the respective genomes. This is a colossal weight 

of evidence for common ancestry of humans and OWMs [41]. One 

might also suppose that less well-preserved inserts would tend to be 

older, and that a higher proportion of them would therefore be shared 

by humans and OWMs.

1.4 � Natural selection at work: genes  
from junk

Common descent is the defining feature of an evolutionary biology. 

We have seen how the presence of particular ERVs that become the 

inherited possession of multiple species provides powerful evidence 

for this concept. A second tenet that is integral to the Darwinian 

mode of evolutionary thought is natural selection: the postulate that 

randomly arising genetic variants may provide new and advanta-

geous functions to the organisms that possess them. Such organisms 

Table 1.3. ERVs and other LTR elements in the human genome

ERV class

Total 
number 
in 
human 
genome

Proportion of ERVs (%) in

hum 
only

bon 
only

chimp 
only

bon 
and chimp 
only

hum, 
bon 
and 
chimp

hum 
and 
mac*

I 105,000 <0.1 <0.1 <0.1 <0.1 >99.9 19
II, ERV-K 4,400 1.3 0.3 <0.1 0.3 99.0 25
III, ERV-L 108,000 <0.1 <0.1 <0.1 <0.1 >99.9 44
IV, MaLR 246,000 <0.1 <0.1 <0.1 <0.1 >99.9 65

Notes: hum, human; bon, bonobo; mac, macaque. Data are largely from 
the bonobo genome analysis [35]; *full-length LTR elements in the 
human and macaque genomes [41].
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are enabled to reproduce more efficiently than those that lack the 

variant, with the result that those variants selectively increase in 

frequency in the gene pool.

ERVs provide unambiguous examples of the rags-to-riches co-

option of randomly accrued DNA sequences. When ERVs first become 

established in the DNA of their host organism, they typically offer 

no advantage to that host, and therefore natural selection does not act 

to preserve them. As a result, ERVs start to accumulate mutations, 

and degenerate into what appear to be molecular fossils. However, a 

small proportion of ERVs retain genes with open reading frames, able 

to specify the production of proteins. Many ERVs also retain genetic 

regulatory functionality within their long terminal repeats.

1.4.1 E RVs and the placenta

Complete envelope (env) gene sequences that retain the potential to 

encode functional envelope proteins have been described in 18 ERVs 

that reside in the human genome. Most of these ERVs are relative 

newcomers to the genome. Perhaps their env genes have not had time 

to decay. But some of these ERVs have resided in the primate genome 

for many millions of years [42]. For example, the unique ERV3 provi-

rus was added to the primate genome in an ancestor of all Old World 

primates (that is, of apes and OWMs) [43]. Each of the ERV-Pb1 and 

ERV-V2 proviruses took up residence in the genome of an ancestor 

of all simian primates (that is, of apes and monkeys) [44]. These viral 

envelope genes have retained coding capacity against all the odds. 

One can only assume that such intact envelope genes were retained 

under the influence of selective pressure because they have provided 

useful functions for their host animals.

A particular endogenous retrovirus of the W class (designated 

the ERV-WE1 provirus) also retains an intact envelope gene. ERV-

WE1 was spliced into the primate germ-line in an ancestor of the 

apes and OWMs. The insertion site is shown in Figure 1.14. NWMs, 

prosimians and a non-primate (the dog) retain the undisturbed, tar-

get site (CAAC or similar) [45]. Remarkably, the ERV-WE1 envelope 
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gene is active. It is transcribed into messenger RNA in placental tis-

sue. Furthermore, the messenger RNA transcript is translated into 

a protein [46].

The activity of the ERV-WE1 envelope gene has come under the 

control of an interacting network of signalling proteins. It is regu-

lated by hormones such as corticotropin-releasing hormone, which 

acts via the intracellular second messenger cyclic AMP [47]. It is 

regulated also by signals of the so-called Wingless pathway, as well 

as by the PPARγ and RXRα nuclear hormone receptors, and by a suite 

of regulatory motifs in the local DNA environment. Expression of 

the retroviral envelope protein has been thoroughly assimilated into 

the morphogenic (form-generating) control circuitry that operates 

during embryonic and fetal development [48].

The ERV-WE1 envelope protein is expressed in the outermost 

layer of the placenta. This tissue acts as a boundary between the 

blood supplies of the fetus and the mother. It is known as the syn-

cytiotrophoblast because it is a syncytium: an extended structure 

formed when the membranes of multiple cells fuse to produce a sin-

gle mega-cell containing large numbers of nuclei. Both the envelope 

protein and the cellular receptor to which it binds are expressed also 

on the cytotrophoblast cells that fuse to form the syncytium [49]. It 

seems that the envelope protein (which enables retrovirus particles 



human …CAATTATCTTGCAAC[ERVWE1]CAACCATGAGGGTG…
chimpanzee …CAATTATCTTGCAAC[ERVWE1]CAACCATGAGGGTG…
gorilla …CAATTATCTTGCAAC[ERVWE1]CAACCATGAGGGTG…
orang …CAATTATCTTGCAGC[ERVWE1]CAATCATGAGGGTG…
gibbon …CAATTATCTTGCAAC[ERVWE1]CAACCATGAGGGTG…

marmoset, NWM …CAATTATCTTGCAACCATGAGGGTG…
spider monkey …CAATTATCTTGCAACCATGAGGGTG…
lemur, prosimian …CCACCATCTTGCAAATATGAGGGTG…
dog …CAACCATCTTGCAAATGTGAGAGTG…

Figure 1.14.  The insertion site of ERV-WE1 in primate genomes [45]
Sequence data are not available for OWMs.
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to stick to cells) became domesticated following endogenisation to 

enable cells to stick to each other. Such adherence is a first step in 

the cell fusion events that generate syncytia. For this reason, the 

envelope protein has been renamed syncytin-1. To test this hypoth-

esis, the syncytin-1 gene has been introduced experimentally into 

cells growing in culture, and expression of the protein promptly gen-

erated extensive fusion between cells [50].

The syncytin-1 gene has sustained various changes during its 

long residence time in primate genomes. In OWMs, it was inactivated 

by multiple damaging mutations, and cannot make a functional pro-

tein. But in apes, much of the gene has resisted amino-acid-changing 

mutations, indicating that it has been subject to purifying selec-

tion. In other words, gene sequences have been conserved – evidence 

of functionality. Moreover, the deletion of a short sequence of 12 

bases at the 3′ (right-hand) end of the gene results in the loss of four 

amino acids from the encoded protein (Figure  1.15). This deletion 

has enhanced the fusogenic activity of syncytin-1 relative to that 

of the progenitor ERV-W envelope protein – another sign of natural 



human …GCT GTA AAA CTA CAA ATG GAG CCC AAG…
chimp …GCT GTA AAA CTA CAA ATG GAG CCC AAG…
gorilla …GCT GTA AAA CTA CAA ATG GAG CCC AAG…
orang …GCT GTA AAA CTA CAA ATG GAG CCC AAG…
gibbon …GCT ATA AAA CTA CAA ATG GAG CCC AAG…

amino acid sequence       ... A   V   K   L   Q   M   E   P K...
(human)

ERV-WE1      …GCT GTA AAA CTA CAA ATN RTT CTT CAA ATG GAG CCC CAG…
consensus

amino acid       ...A   V   K   L   Q   M   V   L   Q   M   E   P   Q ...
sequence (I) (I) 
(human)

Figure 1.15.  A deletion of 12 bases (four amino acids in the encoded 

protein) that increases syncytin-1 fusogenic activity

The upper amino acid sequence (boxed; given in one-letter code) is 
that of the syncytin-1 protein; the lower sequence is that of the ERV-W 
virus envelope protein [51].

 



Natural selection at work: genes from junk 51

selection. The unique 12-base deletion has been demonstrated in six 

hominoid species and eight OWM species, and is an independent 

striking marker of common ancestry [51].

Cell fusion events in the human body are not limited to pla-

cental cytotrophoblasts. Syncytia form also in bone and muscle. 

Bone is a dynamic structure that owes its hardness to a form of cal-

cium phosphate known as hydroxyapatite. Some cells (osteoblasts) 

increase the mineral content of bone, and other cells (osteoclasts) 

dissolve the mineral during the remodelling of bone. Osteoclasts 

are multi-nucleated cells, formed by the fusion of white blood cells 

known as monocytes. Syncytin-1 and its receptor are expressed as 

osteoclasts are formed, and these proteins are actively involved in 

the cell fusion process. Finally, cells called myoblasts fuse to form 

muscle fibres, and syncytin-1 has been implicated also in this pro-

cess [52]. All this represents an impressive reformation of manners 

by an erstwhile pathogenic protein.

ERV-FRD is another ancient provirus. It is present in the 

genomes of all apes and monkeys, and so has been inherited from 

a simian ancestor. Its envelope gene is also intact and expressed 

in placental tissue. The ERV-FRD envelope protein (renamed syn-

cytin-2) is expressed in cytotrophoblast tissue, and its receptor in 

the syncytiotrophoblast layer [53]. Syncytin-2 induces cell fusion, 

and so may contribute to the formation and maintenance of the syn-

cytiotrophoblast. But syncytin-2 may perform an additional role. 

Retroviral envelope proteins possess a domain that acts to suppress 

the immune system. Syncytin-2 may retain this function, and so 

may contribute to the remarkable phenomenon by which the mother 

does not reject her immunologically distinct fetus [54]. And on the 

theme of immune suppression, the envelope proteins from ERV-WE1 

and from one or more ERV-K proviruses (also present in cytotrophob-

lastic cells) may also suppress immunity [55].

It is not easy to acquire experimental support for the hypothesis 

that retroviral envelope proteins have been recruited (or exapted) to 

perform essential roles in human development. One cannot perform 
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experimental manipulations on syncytin activity in human pregnan-

cies. But, remarkably, species belonging to other mammalian orders 

have also acquired ERV envelope genes that function in placental 

development. The retroviruses involved are different from those 

that are found in primates. The ERVs providing the envelope/syn-

cytin proteins are found at different sites of the respective genomes. 

The ERV genes have been co-opted independently. Other mammals 

that have acquired their own retrovirally encoded syncytins include 

mice, guinea pigs (with relatives such as the capybara, chinchilla 

and Brazilian porcupine), rabbits and also carnivores [56].

ERVs peculiar to sheep and to cattle also encode envelope 

proteins that are expressed in the placenta. In these cases, how-

ever, the exapted proteins appear to function differently from the 

syncytins [57].

Such non-human organisms are amenable to experimental 

manipulation. Mice have been generated in which either the syncy-

tin-A or the syncytin-B gene has been deleted by homologous recom-

bination. Fetuses lacking syncytin-A are severely abnormal. The 

syncytiotrophoblast layer does not form properly, vascularisation is 

abnormal, fetal growth is suppressed, and the pups do not develop to 

term. The absence of syncytin-B has less severe consequences, but 

syncytialisation is still abnormal. Deletion of both genes results in 

death of the pups [58]. It may be concluded that a gene that was once 

part of the infective apparatus of a potentially pathogenic retrovirus 

(unquestionably junk) is now an essential mediator of placental 

development (unquestionably part of the riches of a species’ genetic 

endowment).

Sheep demonstrate the interesting situation in which the 

Jaagsiekte sheep retrovirus exists in both exogenous (infectious) and 

endogenous (inherited) forms. The exogenous forms are frankly path-

ogenic (oncogenic) viruses of veterinary and economic importance. 

However, at least one of the endogenous versions produces envelope 

protein at early stages of embryonic development. Scientists have 

experimentally suppressed the production of this envelope protein 
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in pregnant ewes. This manipulation causes placental abnormali-

ties, leading to abortion of the lamb [59]. The Jaagsiekte retrovirus, 

currently circulating between infectious and endogenous pools, has 

given rise to at least one ERV that is the source of a domesticated 

envelope gene now providing an essential function to the sheep. The 

recruitment of a viral gene into an essential developmental gene is 

a genetic rags-to-riches story. It exemplifies the efficacy of natural 

selection [59].

But in fact there are experiments in humans – the tragic exper-

iments of nature – that provide associations between abnormal syn-

cytin expression and placental malfunction. About 6% of human 

pregnancies are associated with conditions called pre-eclampsia 

(characterised by placental malfunction and high blood pressure) 

and intrauterine growth restriction (failure of the fetus to thrive). 

These problems arise from abnormalities in placental, particularly 

syncytiotrophoblast, development. Such placental dysfunction has 

been correlated with decreased expression of syncytin-1 and syncy-

tin-2, and of other retrovirally derived envelope proteins. The less 

syncytin-1 and -2 are present, the more severe is the disease [60]. 

Fetuses with the trisomy 21 (Down’s) syndrome also show abnor-

malities in placental function, aberrant cytotrophoblast fusion and 

altered patterns of expression of syncytin-2 [61].

It may be concluded that, in at least two cases, ERVs resident 

in the genomes of simian primates, including humans, have con-

tributed their envelope genes to the functioning of their host organ-

isms. Natural selection has retained and tweaked their function, 

particularly in placental tissue, and they are now essential for our 

development.

The placenta varies greatly in structure between different 

groups of mammals. The exaptation of viral genes to form syncytin-

1 and -2 indicates that placental development in the simian primates 

has biochemical features that are dissimilar to those operating in 

other placental mammals. But the placenta has a history that is 

much longer than that of the simian primates. The origins of the 
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placenta must have involved some mechanisms that are common to 

all placental mammals. This early history features ERV-like class IV 

elements (the LTR retrotransposons).

A small family of such elements within genomes as diverse 

as those of humans, mice and sheep has been identified. They are 

exceedingly ancient; long terminal repeats and target-site duplica-

tions long ago decayed beyond recognition. These LTR elements (of 

the Ty3/Gypsy class) lack env genes, and it is the gag and pol genes 

that have resisted decay through the aeons of their sojourn in mam-

malian genomes. The persistence of the gag and pol genes evinces 

acquired functionality [62].

One such gene, now named PEG10, is expressed in various tis-

sues. The mammalian PEG10 gene even retains a behavioural quirk 

that is testimony to its LTR retrotransposon provenance. During 

synthesis of the protein, the PEG10 messenger RNA requires an 

adjustment of the ribosome to maintain the appropriate reading 

frame – just as it does in the case of the original LTR element [63]. 

PEG10 function appears to be essential for the development of the 

placenta. When the gene is inactivated in mice, the placenta fails to 

develop normally, and the embryo dies. Decreased PEG10 expression 

correlates with low birth weight in humans [64]. The gene is not 

detectable in the platypus, but is present in marsupials and placental 

mammals. This distribution indicates that the original LTR elem-

ent inserted into mammalian DNA in an ancestor of marsupial and 

fully placental (eutherian) mammals [65].

A second retrotransposon-associated gene, PEG11 (also known 

as RTL1), is expressed in the placenta. Knock-out experiments in 

mice and clinical syndromes in human beings indicate that abnormal 

expression of this gene has severe consequences. Over-expression 

leads to placental hypertrophy, under-expression results in placental 

hypoplasia, and knock-out is lethal [66]. The gene is present only in 

placental mammals. Degenerated remnants of the original LTR ele-

ment are detectable in marsupial DNA, but not in platypus DNA. 

It appears that the LTR element from which the PEG11 gene was 
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derived inserted itself into the DNA of a eutherian–marsupial ances-

tor, but did not retain protein-coding function in the marsupial lin-

eage and, in the absence of any selective pressure, decayed into a 

barely recognisable genetic relic [67].

The means by which complex organs have evolved are obscure. 

The placenta is an interesting test case, as it arose only in mammals. 

The placenta is a rudimentary structure in marsupials, and variable 

in different groups of eutherians. Thousands of genes are involved 

in the development of the placenta. In the early stages, these genes 

are typically ancient (in that they are present widely in eukaryotic 

organisms) and have roles in basic metabolic processes and growth. 

Altered regulation of pre-existing genes seems to have been a major 

factor in early placental development. But during the more advanced 

stages of placental function, novel genes generated by duplication 

of existing genes, with subsequent divergence of function, seem to 

be involved [68]. In addition to these, the exaptation of ERV-derived 

proteins has had a vital role in the evolution of placental form and 

function [69].

1.4.2 E RVs that contribute to gene content

ERVs and other LTR elements have contributed to the protein-coding 

content of genes in ways additional to those discussed above. In the 

human genome, 50 protein-coding exons are derived from LTR elem-

ents. One of these exons is in the IL22RA2 gene. The product of 

this gene acts as an inhibitor of a signalling molecule (or cytokine) 

involved in the control of inflammation. The piece of DNA repre-

senting the LTR agent was added to the primate genome in an ape–

OWM ancestor, and subsequently underwent an AT → GT mutation 

(generating a functional donor splice site needed for exonisation) in 

a great ape ancestor. The functional consequences of exonisation 

are not known, but the altered protein is made in – surprise! – the 

placenta [70].

One more example will suffice. Periphilin is an insoluble 

protein that contributes to the structure of skin. It is produced in 
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keratinocytes as they differentiate, and it contributes to the way they 

ultimately harden to form the tough (cornified) layer that makes us 

waterproof. An ERV-M resides in the right-hand (3′) end of the gene. 

This element was inserted into the periphilin gene in an ancestor 

of the simian primates. It acquired the ability to contribute to gene 

content in an ancestor of the great apes [71]. It is clear that ERVs have 

helped to make us what we are. Our retroviral heritage has had a tan-

gible impact on our human shape and physiology.

1.5 � Natural selection at work:  
regulatory networks

The apparent complexity of organisms is poorly correlated with 

the number of protein-coding genes they possess. We humans have 

fewer protein-coding genes than the water flea. What seems to be 

more significant for complexity is the degree of sophistication of the 

mechanisms by which those genes are regulated. ERVs and other 

LTR elements possess their own regulatory elements, located in 

the long terminal repeats. These motifs include promoters (which 

recruit the enzymes required to transcribe genes), enhancers (which 

bind regulatory proteins required to modulate the rate of transcrip-

tion) and polyA sites (which terminate transcription). Just as some 

envelope and gag genes have, against all odds, retained coding cap-

acities for proteins that have become essential for our viability, so 

many regulatory elements in LTRs have resisted degeneration and 

have been integrated into cellular regulatory networks.

The ERV-9 clan are long-term residents of primate genomes. 

Essentially all are shared by humans and chimps. Several instances 

of these, common to all the great apes including humans, possess 

LTRs that exert regulatory functions on genes that may be more 

than 40,000 bases downstream [72]. An ERV-L (inherited by all Old 

World primates) provides a promoter for a gene (β3GAL-T5) involved 

in the synthesis of carbohydrate chains in the colon [73]. A variety 

of ERVs and LTR elements have also been recruited to control genes 

that function in the development of the placenta. Table 1.4 shows a 

 

 



Natural selection at work: regulatory networks 57

Table 1.4. Genes expressed in the placenta and controlled by ERVs

Gene Protein Function ERV type Age of ERV Ref.

PTN Pleiotrophin Regulates growth and 
angiogenesis; fetal 
trophoblast and 
mesenchyme

ERV-E 
chimaera

No later 
than 
African 
great ape 
ancestor

74

INSL4 Insulin-like 
protein

Regulates early 
placental 
syncytiotrophoblast 
morphogenesis

ERV-K Old World 
primate 
ancestor

75

EDNRB Endothelin 
receptor

Constricts blood 
vessels, raises blood 
pressure

ERV-E No later 
than Old 
World 
primate 
ancestor

76

IL2RB IL-2 
receptor B 
subunit

Activates T and NK 
cells (in immunity); 
fetal trophoblast

THE1D No later 
than 
simian 
ancestor

77

PRL Decidual 
prolactin

Role at maternal–fetal 
interface?

MER39 Primate–
rodent 
ancestor

78

NOS3  
  

Nitric oxide 
synthase 
3

Dilates blood vessels  
  

ERV-I, 
LTR10A  

Not stated  
  

79  
  

selection of such genes, all of which specify the production of pro-

teins that are involved in signalling between cells, and which are 

major players in the regulation of cell function.

The regulation of genes that control other genes is of special 

interest. The famous TP53 gene is much beloved of cancer biolo-

gists because it is a vital tumour suppressor gene. It encodes the 

p53 protein, which regulates cellular energy usage, and orchestrates 

responses to stressful conditions. This protein makes the executive 

decision about whether an injured cell attempts repair, exits the cell 
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division cycle or undergoes suicide. One of the ways by which the 

p53 protein enforces its decision is to occupy characteristic binding 

sites on DNA and to activate associated genes. In the human gen-

ome, some 1,500 LTRs provide potential p53-binding sites. Indeed 

more than one-third of all p53-binding sites are located within ERVs. 

It seems that intensive ERV bombardment of the primate genome, in 

an era when OWMs were diverging from NWMs, has reconfigured 

the p53 regulatory network [80].

A relative of p53 is p63. A unique form of p63 is produced in 

the cells that give rise to sperm. p63 gene transcription is itself initi-

ated in an ERV9 insert, present only in the great apes. The encoded 

protein acts to induce suicide in progenitors of sperm cells that have 

sustained genetic damage. Thus a once-disruptive ERV is involved in 

quality control in the male germ-line [81].

A bioinformatic analysis of the human genome has identified 

50,000 ERV promoters at which transcription is initiated. At least 

100 of these drive the transcription of nearby genes [82]. The effects of 

such ERV promoters on gene expression are typically mild, providing 

subtle influences on gene expression. In some cases, however, ERVs 

may strongly influence the tissue(s) in which an associated gene is 

expressed. In these cases, ERVs often activate placenta-specific gene 

expression [83].

1.6 � Are there alternative interpretations  
of the data?

The presence of ERVs has established beyond doubt that humans 

have evolved from ancestors shared with chimps and bonobos. More 

remotely in time, we share ancestors with gorillas, then (progressively 

further back) with orang-utans, gibbons, OWMs and NWMs. These 

are astonishing results that could not have been imagined before the 

genomics revolution of the last few years. But (at least from the per-

spective of a cell biologist) the genetics revolution has closed the file 

on the question of our phylogenetic roots, just as it has closed the file 

on many criminal investigations that would have been unsolvable a 
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generation ago. Darwin knew no genetics, but it is genetics that have 

clinched his case. The casanova phenomenon provides an evidential 

basis for primate evolution of unprecedented detail.

Are there alternative explanations of the data that might under-

mine these conclusions? In discussion with other people, I have been 

able to conceive of only three counter-claims through which these 

findings could be questioned. It might be suggested, firstly, that 

ERVs insert randomly, but fortuitously produce consistent phylogen-

etic trees. Secondly, that ERVs do not insert randomly, but necessar-

ily enter DNA at specified sites that are correlated with other indices 

of genetic similarity. Thirdly, that ERVs are not retroviral, but are 

functional sequence motifs inherent to the genomes in which they 

occur. We will consider these in order.

Firstly, is it plausible to suggest that the retroviral insertion 

pattern is wholly random but just happens to coincide with a pattern 

indicating that certain species are descended from a common ances-

tor? A chance pattern of insertions into the genomes of each of a 

large panel of pre-existing species could never generate the consistent 

phylogenetic tree that is apparent from ERV distributions, and that 

is also generated on the basis of many other features. Full genome 

analyses allow the full complement of 440,000 ERVs and LTR ele-

ments to be used as phylogenetic markers. And this large number 

of inserts behaves consistently. More than 99% of these inserts are 

common to all of the five species of great apes. Occasionally, dele-

tions remove large segments of DNA including the ERVs contained 

therein, but such deletions can be positively identified. Apart from 

these occasional events, we may conclude that if we share a particu-

lar ERV with NWMs, we will also share it with OWMs. If we share 

an ERV with OWMs, we will also share it with gibbons and the other 

great apes. And that is what is observed.

Nevertheless, there are rare exceptions that are discordant 

with the standard phylogenetic tree (as depicted, for example, in 

Figures  1.6 and 1.10). The ERV-K-GC1 insert is present in chimps 

and gorillas but absent in humans (who show the undisturbed target 
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site along with orang-utans; Figure 1.16, upper diagram) [84]. Such a 

pattern is not expected, given that humans and chimps share a more 

recent common ancestor than does either species with gorillas.

The basis for this apparent anomaly is integral to the theory. 

Every retroviral insertion event generates a unique provirus. If this 

occurs in the germ-line, the new provirus may be passed on to future 

generations. Over many generations, copies of the chromosome 

bearing this particular insert may increase in frequency (usually by 

random drift) until they totally displace the original (ERV-lacking) 

chromosome from the population or species. At that point, the ERV 

is said to be fixed, and any species arising from this population will 

inherit that ERV. This is what is normally observed, and accounts for 

the unambiguous pattern described hitherto.

But if speciation occurs rapidly relative to the time required by 

an ERV to become fixed, then a parental species may diverge into two 



inserted and noninserted sites coexist

insert lost

bonobo …TGAATGATTAT[ERV]ATTATGATGTC…
gorilla …TGAATGATTAT[ERV]ATTATGATGTC…

human …TGAATGATTATGATGTC…
orangutan …TGAATGATTATGATGTC…
macaque …TGAATGATTAC GTC…

human

chimp

gorilla

orang

ERV-K-GC1 insert

inserted and noninserted sites coexist

noninserted site lost

Figure 1.16.  An ERV common to bonobos and gorillas (ERV-K-GC1) [84]
Shown are the insertion site (upper diagram); and the explanation for 
the phenomenon (lower diagram). The insert is absent (thin lines), 
co-exists with the original undisturbed site (thick dashes) or is fixed 
(thick lines).
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(or more) new species at a time when copies of the ERV-containing 

chromosome constitute only a fraction of the total number of copies 

of that chromosome. If speciation occurs when an ERV is unfixed 

(such that the chromosomes with and without the insertion co-

exist), then the ERV can be randomly lost or fixed in each diverging 

lineage. This is known as incomplete lineage sorting, and may pro-

duce anomalous trees.

The finding with ERV-K-GC1 indicates that this particular 

insertion event occurred near the time when the human, chimp 

and gorilla lineages were branching from the ancestral population 

(Figure 1.16, lower diagram). In this situation, both ERV-integrated 

and pre-integrated alleles were present as the ancestral population 

diverged. The integrated allele was lost from the human lineage, but 

independently fixed in the chimp and gorilla lineages. These data 

suggest that the gorilla, chimp and human lineages diverged closely 

in time. This conclusion is confirmed by incomplete lineage sort-

ing of other genetic markers in the African great ape genomes (see 

later). And the availability of the gorilla genome sequence in 2012 

established the reality of incomplete lineage sorting in the African 

great apes on a genome-wide basis [85]. Thus the ERV-K-GC1 insert 

breaks the expected pattern in a way that provides further insights 

to our evolutionary history. Incomplete lineage sorting is not seen 

at most branching points of our primate history, indicating that the 

gorilla–chimp–human branching point was an unusually close near-

trifurcation.

We now address the second issue: could retroviruses specific-

ally target particular sites of the genome, so that they insert non-

randomly, leading to an insertion pattern that merely parallels the 

closeness with which genetic sequences are related to each other? This 

suggestion flies in the face of a vast amount of clinical and experi-

mental experience, which stresses that infectious retroviruses are 

insertional mutagens. This genome-disrupting effect cannot be dem-

onstrated with human ERVs, which no longer produce active retro-

virus; but in mice, ERVs (including LTR elements) are highly active, 
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and their insertional events are responsible for a staggering 10% of 

mutations in the germ-line. They also frequently cause mutations in 

somatic cells, which can result in cancers (particularly leukaemias) 

[86]. ERVs that actively generate progeny are ruthless mutagens.

Indeed, the random nature of the retroviral insertion event 

has been exploited experimentally to mutagenise genomes with 

the purpose of discovering genes that, when damaged, act to 

drive cancer development [87]. These strategies of gene discovery 

work only because the retrovirus inserts into chromosomal DNA 

and alters gene expression indiscriminately throughout the gen-

ome. Biotechnologists widely use retroviral insertional mutagen-

esis because this technique provides an unbiased way of targeting 

unknown genes, of interfering with their activity, of revealing the 

fact of their existence and of disclosing their function.

The genome is a big place. We have mentioned how children 

with genetic disease have been treated with therapeutic retrovi-

ruses, and how some of them subsequently succumbed to leukaemia. 

Scientists concerned about the potential of therapeutic retroviruses 

to cause cancer have wondered whether incoming retroviral DNAs 

target particular regions of the genome. To investigate the distribu-

tion of insertion sites, they mapped the locations of 572 proviruses 

in blood cells from a group of treated children. They considered that 

a particular region of the genome was preferentially targeted by 

inserting retroviruses if any two inserts were found within 30,000 

bases of each other; or if three inserts were found within a window 

of 50,000 bases; or if four inserts were found within 100,000 bases; 

or if five to nine inserts were found within 200,000 bases [88]. These 

great expanses of genome indicate that, in living organisms, rela-

tively close neighbours can be very distant. Multiple independent 

insertions into the same sites in different cells are very unlikely.

We have commented on how HTLV-1 target sites lack sequence 

specificity (Table  1.2). Similarly, ERV-K target sites show a con-

spicuous lack of consistency. In several studies, no two cases were 

found to have identical target sites. Even the length of the target site 
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varies, with most being six bases long, but a minority being five-base 

sequences (Table 1.5). The ERV-K endonuclease is as promiscuous as 

that of HTLV-1. Shared ERVs do not arise because of specific target-

ing of particular sequences.

Even though the genome is so vast, is it possible that insertion 

sites could become saturated, so that later insertions would be forced 

into a shrinking pool of available sites? The short answer is no: the 

more ERVs there are in the genome, the more sites there are for entry, 

because incoming ERVs happily insert into pre-existing ones. One 

example will suffice. An ERV-H has been shown to lie within the 

5′ (left-hand) LTR of an ERV-K. The target site and its duplications 

(CTAAG) indicate that this was a standard retroviral endonuclease-

mediated event, and the identical ERV-within-an-ERV sequence is 

present in humans, chimps and gorillas, indicating that the ERV-H 

insertion occurred in an ancestor of these three species [96].

We now come to the third question. Is it possible that ERVs 

merely resemble retroviral DNA but are really distinct entities, per-

haps involved ab initio in some essential function (such as gene regu-

lation)? We have mentioned those species (such as mice and sheep) in 

which pathogenic infectious retroviruses are generating endogenised 

derivatives in an ongoing process. And, conversely, active ERVs are 

releasing infectious retrovirus. One strain of pedigree mouse has no 

functional ERVs in its genome. But if antibody-mediated surveillance 

is suppressed, the swapping of genetic material between these silent 

ERVs generates active, infectious, lymphoma-inducing retrovirus [97].

Both ancient ERVs and proviruses generated by recent retro-

viral infection are flanked by telltale target-site duplications. These 

demonstrate that ancient ERVs and new proviruses were spliced 

into DNA by the same endonuclease-mediated mechanism. An 

ERV is not merely a static segment of DNA. Rather, inscribed in its 

sequence is a record of the biochemical mechanism by which it first 

became part of the genome. ERVs are highly reliable phylogenetic 

markers because they arose through retroviral process, a stereotyp-

ical sequence of genetic events. They display their history.
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Table 1.5. ERV-K target sites

Identity of ERV-K
Target site 
sequence Ref.

ERV-K101
ERV-K109
recombinant ERV-K at c11q12
cell culture, rejuvenated virus
ERV-K103
ERV-K-GC1

ACCCAG

ATATGC

ATCATT

ATCTCT

ATGGGG

ATTAT

89
89
90
91
89
92

ERV-K104
cell culture, rejuvenated virus
ERV-K115
cell culture, rejuvenated virus
ERV-K113
recombinant ERV-K at c3p25

CAGAAC

CCTGCC

CCTTT

CTATG

CTCTAT

CTTGGT

89
91
93, 94
93
93, 94
90

recombinant ERV-K at c3p25
ERV-K105
Denisovan6/ Neanderthal1
cell culture, rejuvenated virus
recombinant ERV-K at c19p13(b)
recombinant ERV-K at c19p13(b)
ERV-K106
ERV-K102
cell culture, rejuvenated virus
ERV-K108
cell culture, rejuvenated virus

GAAAGT

GAATTC

GACCAG

GAGGAT

GAGGGG

GCTGTG

GGCTGG

GGGATG

GGTGGC

GGTTTC

GTGCCT

90
89
95
91
90
90
89
89
93
89
93

cell culture, rejuvenated virus
Denisovan2
recombinant ERV-K at c19p13(a)
ERV-K110
recombinant ERV-K at c11q12
recombinant ERV-K at c19p13(a)

TACAAC

TACGCC

TCCCAG

TGAGAC

TGGATT

TGTAAT

91
95
90
89
90
90

Denisovan3 TTACCA 95

c, chromosome; p and q, short and long chromosome arms, respectively
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The ancient ERVs that infected cells at the start of simian 

history and proviruses generated by recent infection have the same 

genetic organisation. ‘Individual ERVs are present in a form that is 

indistinguishable from the proviruses that result from retroviral 

infection of somatic cells’ [98]. One must allow, of course, that ERVs 

get tatty with age, as we all do. Old ERVs and new proviruses pos-

sess long terminal repeats (containing regulatory sequences) and 

the common set of structural genes (gag, prt, pol and env). The LTR 

elements have the same layout but lack internal genes such as the 

env gene. The consistent features of ERV sequences indicate that 

they are retroviral genomes and function as insertional mutagens 

by nature.

The oldest ERV-Ks and the most recently arising (human-only) 

ERV-Ks have the same structural organisation. Scientists have com-

pared the sequences of some of the younger, better preserved ERV-Ks 

to infer the sequence of the original infective retrovirus. They have 

then used established molecular biological techniques to generate 

retroviral DNA clones in which all of the identified mutations in 

the structural genes were removed, so regenerating normal proteins. 

Revivifying potentially pathogenic viruses that have existed only in 

fossilised form for aeons is a brave experiment! The rejuvenated ret-

roviruses were found to infect cells in culture, and freshly inserted 

proviruses formed six-base target-site duplications typical of those 

of ERV-K [99].

The envelope gene of the human-specific ERV-K113 provirus 

(Figure  1.8) has been experimentally regenerated by removing the 

mutations that have accumulated in it. The encoded envelope pro-

tein has been synthesised. It shows the features typical of a con-

temporary retroviral envelope protein, including sites required for 

proteolytic processing and glycosylation [100].

Retroviral gag proteins are required for the maturation of new 

virus particles. They are cleaved by viral proteases into smaller units 

(the matrix, capsid and nucleocapsid peptides). The original ERV-K 

gag gene has been recreated in the laboratory, and the gag protein 
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synthesised from it. Precisely the expected events have been repli-

cated in cultured cells using the artificially regenerated ERV-K gag 

and prt (protease) genes [101].

The long terminal repeat sequences contain modules that 

regulate the transcriptional activity of the provirus. In the case of 

ERV-K retroviruses, these LTR sequences are about 970 bases long. 

Figure 1.17 shows the LTR sequences of ERV-Kcon, the experimen-

tally rejuvenated virus that has infectious activity in laboratory 

experiments; of ERV-K106, a provirus found only in humans and a 

recent addition to our genome; and of ERV-K110, a provirus shared 

by all the African great apes (Figures  1.6 and 1.9). Their overall 

organisation and base sequences are strikingly similar. It is totally 

implausible to suggest that the human-only ERVs are retroviral but 

the shared ERVs are some eukaryotic regulatory sequence. If the 

human-specific ERV-K106 is an authentic retroviral insert, so is the 


Figure 1.17.  Sequences of the 5′ LTR of three ERVs [102]
The ERVs are (from top to bottom): ERV-Kcon (experimentally 
rejuvenated); ERV-K106 (human-specific); and ERV-K110 (human 
sequence, African great ape-specific). Variable bases are indicated by 
grey lettering. Regulatory sequences are underlined (glucocorticoid 
receptor-binding element) or shown against a dark background 
(core enhancer, TATA box, GC boxes and polyA signal). Bent arrows 
indicate transcription start and stop sites.
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African great ape-specific ERV-K110. They invaded primate DNA in 

the same way. And ERV-K110 happened to do so in an African great 

ape ancestor.

We can conclude that ERVs are authentically retroviral, and 

retroviruses have always been insertional mutagens. No precursor 

sequence that might be construed as a ‘normal’ genetic regulatory 

element has been identified. ERVs are fossils of ancient retroviral 

invasions, randomly added to primate DNA, and magnificent mark-

ers of evolutionary history. Indeed, the discovery that portions of 

many ERVs now perform functional roles in our genome is testi-

mony to the opportunistic capacity of natural selection to recruit 

potentially pathogenic DNA into performing life-sustaining roles. 

We reiterate that humans share ancestry with chimps, gorillas, 

orang-utans, lesser apes, OWMs and NWMs.

Retroviruses are specialists at inserting their genetic mate-

rial into that of cells. Another class of RNA virus, the bornaviruses, 

locate their genetic material in the nuclei of infected cells, but lack 

the enzymatic machinery to insert it into the host’s chromosomal 

DNA. However, bornavirus sequences may be inserted fortuitously 

into cellular DNA. Four such sequences have been found in human 

DNA – and all are shared with primates as distantly related as the 

NWMs, indicating that a series of insertion events occurred in the 

DNA of ancestors of simian primates [103].

More recently, segments of DNA representing a class of viruses 

known as parvoviruses have also been found to be widely dispersed 

in animal genomes. In particular, one segment of parvovirus DNA, 

present in the ninth intron of the limbin gene of humans, is also 

present in the genomes of all other tested primates, and of non-primate 

mammals as well (carnivores, horses, cattle and dolphins) [104]. The 

simplest interpretation is that this unit of parvoviral DNA was 

spliced into a genome that was ancestral to all these mammals. The 

unscheduled additions of bornavirus and parvovirus gene sequences 

to primate DNA provide independent confirmation of the power of 

insertional mutagens to establish phylogenetic relationships.
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The same principle is at work in ongoing clinical stud-

ies. Human herpesvirus-6 is a virus that causes (generally) mild 

infections in children. It may insert its genome into the telomeric 

DNA of chromosomes in germ cells. From thence, the viral DNA 

is transmitted to future generations. In any one family, all mem-

bers have the viral genome inserted at the same site. In other words, 

a cohort of people with the same viral DNA insert will be family 

members [105].

1.7 � Conclusion: a definitive retroviral 
genealogy for simian primates

The monoclonal nature of leukaemias entails that all the cells in the 

tumour that share a particular provirus are descended from the one 

progenitor cell in which that provirus was spliced into the genome. 

The monophyletic nature of species entails that all the species that 

possess a particular provirus in their genomes are descended from 

the one species (indeed the one reproductive cell) in which that par-

ticular ERV was spliced into the genome. The one difference is that 

in a leukaemia, a provirus inserts into a somatic cell and induces 

that cell into an unrestrained programme of cell division. But during 

evolution, a provirus inserts into a germ cell, which has unlimited 

proliferative potential (over potentially myriad generations of organ-

isms) as an inherent part of its nature.

There are no disagreements regarding the use of unique provi-

ruses to demonstrate that tumours are monoclonal. No-one would 

suggest that the provirus integration pattern randomly gives the 

illusion that all the cells are descended from one progenitor. Nor 

would anyone suggest that, in a leukaemia, all the proviruses are in 

the same site of the cells’ genomes because those insertion sites are 

non-random (that particular sites are specifically selected). No can-

cer researcher would suggest that the proviruses in a leukaemia are 

normal cellular regulatory elements, or that they are derived from 

normal cellular regulatory elements. 
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In the same way, the distribution of ERVs in multiple species 

cannot randomly generate a pattern that consistently suggests certain 

species are descended from a common ancestor. Nor does the con-

sistency arise from selective insertion at particular sites. And ERVs 

are in no sense normal eukaryotic regulatory elements, or derived 

from such. ERVs are precisely retroviral sequences containing retro-

viral genes, spliced into genomes using retroviral strategies.

So there is compelling evidence establishing the monophylicity 

of simian (anthropoid) primates. ERVs common to all simians – apes 

including humans, OWMs and NWMs  – include ERV-Pb1, ERV-V, 

ERV-FRD and some with affinities to the ERV-K class. The ultimate 

experiment is being extended. Sequencing of the genomes of NWMs 

(such as that of the marmoset) should be expected to provide many 

further examples of ERVs in NWMs that are orthologous  – ultim-

ately derived from one unique ancestor  – with ERVs found in the 

human genome.

Many of the ERVs that survive in our genomes have contrib-

uted parts of their sequence to provide us with essential functions. 

All ERVs were viral DNA when they inserted into the genomes of 

primate cells. But now many of their genes are essential for human 

development. The syncytin-1 and -2 genes are classical examples. 

And many ERVs have provided regulatory sequences that help con-

trol other genes. It has been fashionable in the past to assume that 

ERVs are simply ‘junk’. But biological systems have a knack of appro-

priating spare bits of DNA and putting them to new uses. Many ERVs 

have been exapted to provide essential functions.

The ERV-like LTR elements have not featured widely hitherto. 

Most of these are exceedingly ancient. All are common to humans 

and chimps, and the great majority to humans and OWMs. The 

PEG10 and PEG11 genes, derived from LTR elements, are orthologous 

in species as diverse as humans, mice, cows and wallabies. Portions 

of these elements have been conserved through mammalian evolu-

tion because they have come to fulfil essential roles in their hosts.
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In Chapter 1, retroviruses and LTR retrotransposons were discussed 

together because they possess long terminal repeats (LTRs): sequences 

that mediate regulatory functions. These agents generate new copies 

of themselves using a back-to-front RNA-to-DNA copying step 

(hence the retro prefix). They insinuate these new DNA copies into 

the genomes of their host cells. And they share the property of being 

able to replicate in germ cells, so that new copies are transmitted to 

future generations. Each new ERV and LTR retrotransposon becomes 

a marker of a family lineage.

But they differ in their life cycles. Retroviruses possess an 

envelope gene that enables them to act as true infectious agents. 

Retroviruses have the capacity to invade cells that are different from 

the cell that produced them. Each new retrovirus may be domiciled 

as a provirus in a foreign genome. In contrast, LTR retrotransposons 

lack envelope genes and the capacity for transmission between cells. 

They are intracellular parasites. They are ‘copied and pasted’, via an 

RNA intermediate, to new sites only in the same genome.

LTR retrotransposons are not alone in the way they indulge 

in secretive, genome-modifying activity. Our genomes have been 

colonised by an extremely diverse and prolific community of par-

tially autonomous segments of DNA. These bits of DNA multiply 

haphazardly without consideration of the integrity of the genome 

that harbours them. They are known collectively as transposable 

elements (abbreviated as TEs hereafter), mobile elements or (more 

colloquially) jumping genes. They are identified as discrete units 

of DNA sequence that are present as many copies widely distrib-

uted throughout genomic DNA. For this reason, they are also called 

2	 Jumping genealogy
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repetitive elements. They clutter up the genome as they replicate, as 

illustrated by the progressively disrupted sentences below.

Segments of DNA called TEs replicate haphazardly.

Segments of DNA called TEs replicate haphaTEzardly.

SegmTEents of DNA called TEs repTElicatTEe haphaTEzardly.

The pattern by which TEs disperse throughout the genome is similar 

to that by which dandelions disperse through the lawn. The gen-

eration of a daughter TE is an elaborate, lawful process (as is the 

production, dissemination and germination of a dandelion seed). 

But TEs (and dandelions) plant their progeny at random in their 

respective media.

Individual TEs may disrupt genes and cause disease. They may 

also acquire functional roles. Or their presence may be completely 

innocuous. Similarly, dandelions may be pests (if they grow on golf 

courses). They may also be co-opted to a gardener’s advantage, to 

make salad and tea (the leaves), coffee (the roots) or wine (the pet-

als). Or the presence of dandelions may go unnoticed. But any harm-

ful effects or beneficial functions possessed by TEs (or dandelions) 

have no necessary connection to the fact that, when they insert into 

genomes (and germinate in lawns), they select the spot on which 

they alight largely at random. This random process makes TEs bril-

liant markers of common ancestry, because if two cells, organisms 

or species have a TE at the same place in their genomes, one may 

conclude that the randomly germinated, but shared, TE was present 

in a common ancestor.

TEs are classified into their various families and sub-families 

on the basis of their archetypal DNA sequences. The two broad-

est categories of TEs may be distinguished by their strategy of 

replication [1].

The first group of TEs replicate via an RNA intermediate and use •	
a reverse transcriptase enzyme by which they generate new DNA 

copies of themselves. This is the copy-and-paste strategy as already 
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described for retroviruses and LTR retrotransposons. These agents 

are the retrotransposons (sometimes abbreviated to retroposons) or 

retroelements. We will focus on these in what follows.

The second category encompasses the heterogeneous group of •	 DNA 

transposons. These agents do not replicate via an RNA intermediate. 

Rather, they encode an enzyme known as a transposase that enables 

them to ‘cut and paste’ themselves, in the form of a mobile segment of 

DNA, around the genome of the host cell.

Each of these groups may also be subdivided on the basis of their 

gene content. Some types of TEs possess one or a few genes that are 

required for their propagation. Such TEs are said to be autonomous. 

Their origins are lost in deep antiquity. They include the famous 

LINE elements.

Other families of TEs lack genes that encode proteins. They 

proliferate only by co-opting the proteins made by autonomous 

elements. These freeloading TEs are said to be non-autonomous. 

Each family of non-autonomous TEs propagates by exploiting the 

molecular toolkit of a particular family of autonomous TEs. Many 

non-autonomous TEs originated as copies of conventional genes 

that do not, of course, transpose, and that typically encode small, 

non-protein-coding RNA molecules with housekeeping functions. 

Copies of these progenitor genes accumulated personality-changing 

mutations that generated descendants with mobile behaviour. Such 

TEs include the Alu and SVA elements of primates [2].

More than 1,000 different types of TE have been catalogued 

in the human genome. Analysis of these provides a graphic impres-

sion of the vast history over which our genome has been formed. 

Newly arising TE copies freely insert into older, pre-existing ones. 

It is thus possible to infer the relative ages of TEs by observing 

which TEs are found inserted within others. And if families of TEs 

were active at particular periods of the formative history of our 

genome, then TEs belonging to relatively recent families of TEs 

should be found inserted into TEs representing relatively old fami-

lies (Figure 2.1).
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A computational study of the human genome, dubbed TE 

defragmentation, involving 300,000 clusters of TEs-within-TEs and 

19% of the genome, has established the relative ages of 360 families 

of TEs. This approach has been validated by the observation that 

individual TEs of families identified as being ancient tend to have 

accumulated many mutations; individual TEs of families found to 

be recent have accumulated fewer mutations and are much closer to 

the family ‘type’ sequence [3]. The successive waves of expansion of 

hundreds of different TE families demonstrate that our genome is 

the end result of a vast history of genome formation.

2.1  The activities of retroelements

Most retroelements in our genome are heavily mutated in compari-

son to the family archetypal sequence, indicating that they were 

inserted into the genomes of our forebears a long time ago. They 

are genomic fossils that have lost the capacity to copy and paste 
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Figure 2.1.  An example of a TE-within-TE cluster [3]
TEs are represented as boxes and the surrounding genomic DNA as 
a line. An ancient L2 element was the first TE present at this locus. 
Subsequently, the locus was disrupted by MER63 and L1MB3, Tigger1, 
L1PA8A and AluY elements. Not to scale. 
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themselves. Their degenerating remains attest to their erstwhile 

careers as ancient colonisers of genomes. But others have accumu-

lated fewer mutations relative to the family archetype and appear 

to be recently acquired denizens of genomes. Some of these are still 

engaged in their genome-modifying pursuits. Three types stand out 

for their current activity in the human genome.

2.1.1  LINE-1 elements

The autonomous LINE-1 elements possess a two-gene set that ena-

bles them to complete their copy-and-paste cycles. They are 6,000 

bases long if full-length, although the majority of inserts in our 

DNA are truncated; that is, a variable portion of the 5′ (left-hand) end 

does not get copied during the haphazard insertion process. More 

than 500,000 copies are distributed around the human genome, and 

at least 80–100 of these retain the potential to transpose; that is, to 

spawn daughter elements. LINE-1 elements comprise a staggering 

17% of our DNA [4].

Sequence analysis of LINE-1 elements shows that they may 

be classified into multiple distinguishable subgroups. Some 25 sub-

families are shared with other primates (and are called L1P sub-

families, where L1 stands for LINE-1, and P stands for primate). Most 

of these sub-families represent a single lineage, in which one sub-

family generates the next by the stepwise accumulation of character-

istic DNA mutations. More ancient LINE-1 sub-families are present 

both in primates and widely in other mammals, and are called L1M 

elements (where M stands for mammal). And different subgroups of 

L1M elements may be distinguished and designated as (for example) 

L1MB and L1ME [5]. The temporal succession of LINE-1 sub-families 

may be illustrated by the defragmentation study described above 

(Figure 2.2) [6].

L1PA elements frequently insert into and disrupt L1MB and 

L1ME elements. L1MB elements frequently disrupt L1ME (but never 

L1PA) elements. L1ME elements never disrupt elements of either of 

the other sub-families. The history of our genome, then, has included 
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waves of replication of distinct LINE-1 sub-families. Inserts of the 

L1ME type were the first of the three sub-families to colonise pri-

mate genomes, but due to the haphazard way of replicating them-

selves, eventually ran out of active members and became extinct. 

Their degenerating inserts lie scattered through the genome. They 

were followed by an era during which L1MB elements were the 

active group, and these in turn were superseded by the still-active 

L1PA elements.

LINE-1 elements replicate (copy and paste) themselves within 

genomes using a mechanism that is a collaborative effort [7]. Both 

the host cell and the LINE-1 element contribute enzymes needed for 

replication. The process starts when the cellular enzyme RNA poly-

merase II transcribes an RNA copy from the parent LINE-1 element 

(Figure 2.3, step 1). The RNA copy has a long run of ‘A’ bases added 

to its terminus. (This is a standard way of tagging RNA transcripts 



L1MB

L1ME

oldest youngest

L1PA

relative order of addition of TE subfamilies
100 200 300

Figure 2.2.  The relative ages of 35 LINE-1 sub-families, based on the 

hierarchical way in which sub-families of TEs insert into each 

other [6]
Numbers on the horizontal axis indicate the temporal order in which 
TE families were active, from 1 (the oldest studied) to 360 (the most 
recent). The horizontal lines indicate the relative time span over 
which the sub-family was active; short vertical lines indicate the 
median age of individual elements of each sub-family.
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in cells, and is called polyadenylation. The run of ‘A’ bases is known 

as a polyA tail.) This RNA is transported into the cytoplasm, where 

it directs the synthesis of the enzymes required for the TE-specific 

functions (step 2). In the case of LINE-1 elements, one of these 

enzymes has DNA-cutting (endonuclease) and reverse transcriptase 

functions.

The endonuclease selects a target site and generates staggered 

incisions, one on each strand, separated by several base pairs (the 

first cut on the lower strand is shown as step 3). The insertion mech-

anism then proceeds by a process known as target-primed reverse 

transcription.

The RNA copy of the retroelement base pairs at its 3•	 ′ (right-hand) end, 

by its polyA tail, to a few bases at the lower cut site, so it is positioned to 

act as a template for RNA-dependent DNA synthesis. The retroelement’s 



1. RNA 

2. protein
synthesis

3. endonuclease

4. reverse transcriptase

5. DNA polymerase 

TE

6. overhang fill-in

Figure 2.3.  The copy-and-paste cycle of a LINE-1 retrotransposon

A resident TE is transcribed into an RNA copy, from which proteins 
are made (left-hand side). A new DNA site is targeted, the DNA cut, 
a first DNA strand copied from the RNA, and the second DNA strand 
copied from the first. Representations include double-stranded DNA 
(paired lines), LINE-1 element DNA (thick lines), RNA (dotted line), 
and target-site duplications (dotted boxes).
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reverse transcriptase copies a first DNA strand (the lower strand) from 

this RNA template (from right to left; step 4).

A cellular DNA polymerase copies the second (upper) strand of DNA •	
using the newly synthesised lower strand as a template (proceeding from 

left to right; step 5). By this stage, the original RNA template has done 

its job and is degraded.

Cellular enzymes make the final connections between the newly •	
synthesised DNA and the contiguous chromosomal DNA termini (step 

6). The result is a new element, permanently spliced into chromosomal 

DNA. Because the original nicks are staggered (up to 25 bases apart), 

generating single-stranded lengths on either side of the incoming 

element, and because these are filled in on both sides of the new element, 

target-site duplications are formed. Target-site duplications are thus a 

telltale signature of the covert operation of retroelement endonucleases.

If the new TE has completed the process successfully, it can then act as a •	
template to start the process all over again.

2.1.2  Alu elements

The non-autonomous Alu elements are the second type of jump-

ing gene currently modifying the human genome. These lack the 

enzymes required for transposition, and consequently copy and 

paste only when they can commandeer the enzymatic machinery 

donated by obliging LINE-1 elements. Alu elements are about 300 

bases long, and have replicated prolifically to 1,100,000 copies in our 

genome. The number of those that possess the capacity to transpose 

is undefined but greatly exceeds the number of active TEs of all other 

classes [8]. They comprise 11% of our DNA. Alu elements originated 

from a conventional gene known as the 7SL RNA gene.

Alu elements are found only in primates. Computational anal-

yses of Alu sequences, as well as Alu-within-Alu analyses, have been 

used to sub-classify the Alu elements in the human genome, and to 

work out the relative times at which each sub-family was active. 

Several intermediate forms bridge the progenitor 7SL RNA gene and 

true Alu elements. True Alu elements are classified into AluJ (the 

oldest), AluS (intermediate in age) and AluY sub-types. These in turn 
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are divisible into more than 200 sub-families. Older Alu element 

sub-families have generated newer ones by a complex pattern of 

branching and diversification [9].

2.1.3  SVA elements

A third type of TE, the non-autonomous SVA element, is much less 

abundant than LINE-1 and Alu elements. However, SVA elements 

deserve mention because they are also currently active in the human 

genome. These TEs are a strange hybrid of three different progeni-

tor sequences that appear to have been cobbled together from bits 

of genetic debris. They consist of a length of sequence derived from 

an ERV-K, a variable number of copies of a short tandemly repeated 

sequence, and a fragment of Alu element.

There are approximately 3,000 SVA elements in the human 

genome. They are represented by six sub-families, four of which are 

found only in apes, and two of which are human-specific [10].

2.2  Retroelements and human disease

We are generally unaware of the covert operations of these various 

TEs in our cells, or of the way they undermine the stability of our 

DNA. But RNA copied from TEs is present in various normal tissues 

and organs of the human adult. LINE-1 and Alu elements are tran-

scriptionally active in ovary and testis, in stem cells and in nerve 

cells in the brain. Indeed retrotransposition in brain cells is wide-

spread. LINE-1 and Alu elements frequently disrupt protein-coding 

genes. The consequences of such somatic cell mutagenesis for nor-

mal brain function or for the development of neurological diseases 

or cancer is not known [11].

RNA copies of Alu elements are present in the retinal pigment 

epithelium of the eye. The accumulation of these RNA molecules 

is harmful, and they are usually degraded. As people age, the RNA-

degrading mechanisms in retinal cells may become inefficient. Alu 

transcripts accumulate to undesirable concentrations, activating 

inflammatory responses, which, over the long term, inflict all sorts 
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of injury upon the surrounding tissue. The result is age-related mac-

ular degeneration, the insidious and inexorable loss of vision that 

affects millions of older people [12]. Perhaps the build-up of Alu RNA 

will be implicated in the development of other inflammatory dis-

eases of hitherto mysterious aetiology.

The LINE-1 endonuclease causes DNA breaks, which are both 

toxic for cells and mutagenic. This latter effect implies that they 

are potentially cancer-causing. The action of this endonuclease can 

also induce apoptosis, a form of cell death in which damaged cells 

commit suicide, a response that protects the organism from cells 

that might manifest potentially disruptive behaviour. In addition, 

damage mediated by this enzyme can lead to cell senescence, a 

permanent loss of the ability of cells to replicate. Indeed the LINE-

1-encoded endonuclease can wreak havoc on the genome just like 

other (external) DNA-damaging agents [13].

Our genome is not an ordered or static book of instructions. 

If we use the book metaphor, our genome should rather be thought 

of as a book in which particular paragraphs can unpredictably 

and haphazardly replicate themselves into moveable copies that 

reinsert into the pre-existing text on any page. It’s just too bad if 

the reinserted paragraphs scramble the existing text. The reader 

will have to be alert to mysterious paragraphs that are interspersed 

throughout the original text anywhere in the book, with no regard 

for context.

The random activities of LINE-1 and their dependent Alu and 

SVA agents have been studied under artificial conditions in cultured 

cells. These in vitro experiments have confirmed that the LINE-1-

derived endonuclease and reverse transcriptase machinery is needed 

for the multiplication of Alu and SVA elements [14]. The mechanism 

by which LINE-1 elements transpose has been investigated also in 

transgenic mice using engineered versions of the LINE-1 agent. This 

work shows that the overall strategy of replication is sufficiently well 

understood to be modified predictably by experimental manipula-

tion. The experimentally determined patterns of new insertion are 
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wholly consistent with prior experience, indicating that these agents 

act as insertional mutagens [15].

Disease-causing retrotranspositional events have been docu-

mented in somatic cells; that is, in cells that do not contribute to 

the germ-line. Such newly arising inserts cannot be transmitted to 

future generations. The result is sporadic (non-inherited) disease. An 

early example of such an insertion event was found in a case of colon 

cancer, in which a fragment of a LINE-1 element, 750 bases long, 

was inserted into a protein-coding exon of the APC gene. The result 

of this insertion was the inactivation of the APC gene, a classical 

tumour suppressor gene that regulates the proliferation and differen-

tiation of colonic epithelial cells, and which is inactivated (by a great 

variety of mutations) in 80% of all human colon cancers. Loss of 

APC gene function initiates the series of cellular changes that may 

ultimately lead to colon carcinoma. The insertion site with target- 

site duplications is shown in Figure 2.4 (top).

When the rearranged APC gene in the cancer cell DNA was 

characterised, only one DNA rearrangement was apparent. The pres-

ence of a single abnormality in multiple cancer cells is consistent 

with the interpretation that a unique LINE-1 insert (that arose in 

one cell) was characteristic of all the neoplastic cells in the result-

ing cancer. In other words, the multi-million cancer cell population 

was monoclonal, derived from the one founder cell in which, decades 

earlier, the LINE-1-mediated mutagenic event had occurred [16].

If cancers can arise as a result of retrotransposition, it seems 

also that rampant retrotransposition can arise as a result of cancer. 

Jumping gene activity seems to be rife in the permissive environ-

ment of cancer cells, at least in carcinomas, that are derived from 

epithelial tissues. Perhaps the luxuriant activity of TEs in cancer 

cells contributes towards the notorious tendency of such cells to 

generate new, increasingly aggressive variants [17].

Retrotransposition events occur also in germ-line cells. Such 

events generate genomic novelties that are transmitted to suc-

ceeding generations. The activities of TEs have been followed in 
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human populations, particularly as large-scale sequencing has ena-

bled researchers to catalogue and compare the TE complements in 

entire genomes of multiple individuals. It is obvious that in human 

genomes, a very large number of TE inserts are polymorphic. That 

is, each of these inserts is present in only a proportion of the human 

population. Such TEs are responsible for a great amount of the gen-

etic variation that exists between people and that contributes to 

our diversity. New TEs are being added to the human gene pool at 

a steady, measurable rate. The rate of accumulation of TEs has been 

estimated as one new insert in every 100 births for LINE-1 elements, 

one new insert in every 20 births for Alu elements and one in every 

900 births for SVA elements [18].

New retroelements in the germ-line may make their presence 

known with devastating impact. A new element may insert itself 

into an important gene, and thereby disrupt or destroy the func-

tion of that gene. The retroelement’s presence is disclosed by the 

appearance of a heritable genetic disease. Clearly, LINE-1, Alu and 

SVA elements are insertional mutagens of current clinical signifi-

cance. Researchers have catalogued TE inserts that are very rare in 

the human population (allele frequency <5%), which must have been 

added to the gene pool relatively recently. They have shown that 

one-third of all such inserts occurred in introns, and 0.9% disrupted 

exons [19]. It has been estimated that up to 0.3% of all new instances 

of human genetic disease are caused by these agents. The diseases 

they have induced include haemophilia, cystic fibrosis, Duchenne 

muscular dystrophy, Dent’s disease, β-thalassaemia and various 

cancers [20].

An early study implicating the insertion of a TE in heritable 

disease featured a young man with type 1 neurofibromatosis, a 

syndrome that includes neurofibromas – benign tumours of nerve 

sheaths in the peripheral nervous system. An Alu insertion into the 

NF1 tumour suppressor gene was found in normal blood cells of the 

patient (Figure 2.4, second from top). This indicates that the patient 

had inherited the disrupted NF1 gene and, with it, the predisposition 
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to disease. Neither parent showed the mutation, indicating that the 

insertion event was a new mutation, perhaps arising in the father’s 

germ cells, and thence transmitted to his son. The presence of this 

Alu insert disrupted processing of the NF1 gene transcript. This led 

to the production of an aberrant messenger RNA, and a scrambled 

NF1 protein [21].

Some mutations may be well established in families. An eye 

disease called autosomal dominant optic atrophy involves dam-

age to the OPA1 gene. In one family possessing this condition, the 

mutation has been identified as an Alu insertion. Eighteen members 

of this family, spanning several generations, were shown to have the 

same mutation. That is, they possess in their genomes the same Alu 



insert …GGAATTAAGAATAATG[TGCATGTGTC…AAAAA]GAATAATGCCTCCAGT…

normal human DNA …GGAATTAAGAATAATGCCTCCAGT…

insert …ATGTTTTTTTTTT[TTTTTT…CCGGCC]ATGTTTTTTTTTT…

normal human DNA …ATGTTTTTTTTTT…

insert
…AATTATAACTTTTTAAAATTTTT[TTTTT…CCGGCC]AACTTTTTAAAATTTTTACA…

normal human DNA      …AATTATAACTTTTTAAAATTTTTACA…

insert …TTTAACATTCTCTGGC[TGTCTTCGAC…AAAAA]ATTCTCTGGCCGCCTT…

normal dog DNA …TTTAACATTCTCTGGCCGCCTT…

Figure 2.4.  Insertion sites of disease-causing TEs

From top: a LINE-1 element in the APC gene of cells of a colon 
cancer [16]; an Alu element in the NF1 gene of a person with 
neurofibromatosis [21]; an Alu element in the OPA1 gene in a family 
transmitting optic atrophy [22]; and a LINE-1 element next to the 
MYC proto-oncogene in CTVT cells [28]. Target sites are in bold 
and shaded.

 



Retroelements and human disease 83

element (lying in the same orientation), in the same location, with 

the same target-site duplication (Figure  2.4, third from top). This 

insert links all the family members who possess it to the one ances-

tor in which the Alu element was generated [22].

Harmful mutations, including retrotransposon insertions, may 

spread surreptitiously through unsuspecting communities. They 

may eventually be present in people who do not realise that they 

are related. Some people in a community in Japan possess a unique 

SVA insertion into the fukutin gene. The result is the incapacitating 

condition known as Fukuyama-type congenital muscular dystrophy. 

This particular mutation was found in 15 of 2,814 Japanese people, 

but not in any of 969 Chinese or Mongolian people [23]. In northern 

Japan, a genomic rearrangement in the HLA-A region (which con-

trols immune responses), caused by an SVA insertion, was found in 

three families with no known connections [24]. A community in 

central Portugal harbours a low-frequency Alu insertion at position 

156 of the BRCA2 breast cancer susceptibility gene [25]. In France, a 

condition called lissencephaly type II is caused by an Alu insertion 

into the POMT1 gene [26].

Each of these mutations arose, perhaps a few thousand years 

ago, in one individual, and has subsequently been spreading through 

the population. There are several strands of evidence for the dissem-

ination of such founder mutations. The affected populations are lim-

ited to circumscribed geographical areas. Each TE insertion is found 

in a relatively homogeneous genetic environment. That is, it is part 

of a conserved haplotype: since the TE was inserted, the surround-

ing chromosomal DNA has not had time to be shuffled by recom-

bination. A common haplotype indicates that the TE came from a 

single source. And of course each mutation is essentially unique: ‘an 

insertion shared between two humans at exactly the same genomic 

location with identical target site duplications is testimony to an 

inherited insertion and a common ancestor’ [27]. The ‘casanova phe-

nomenon’ applies to the study of genetic disease.
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2.3  Retroelements and primate evolution

At this point we must address some of the questions that we asked 

of ERVs. Over what span of time have LINE-1, Alu and SVA elements 

been accumulating in the genome that we have inherited? In what 

species other than humans are they found? And if they are found in 

other species, do we and these other species share particular unique 

inserts? This is an important issue, because if we do share particular 

instances with other species, we would have to conclude that we 

and those other species had inherited each of those inserts from the 

ancestor in which the shared TE was generated.

2.3.1  LINE-1 elements

This book is about human evolution. But man’s best friend is said to 

be the dog. I introduce this section on LINE-1 elements by consider-

ing an anecdote from the canine world.

In the Prologue, I described an infectious cancer, the canine 

transmissible venereal tumour (CTVT). A number of genetic mark-

ers have established that CTVT is clonal: various forms of this 

tumour, wherever they may be found around the world, have arisen 

from one progenitor cell. One of these markers is an inserted canine-

type LINE-1 element that spliced itself into dog DNA just upstream 

(to the left) of an important proto-oncogene. It appears that the for-

eign length of DNA deregulated the proto-oncogene, and contrib-

uted to the abnormal growth we recognise as a tumour. The LINE-1 

element is bracketed by perfect target-site duplications (Figure 2.4, 

bottom), and is common to all CTVT cells. It has never been found 

in any other source of dog genomic DNA [28]. It is a perfect marker 

of monoclonality (or, if we think of the CTVT as a new obligate para-

site of dogs, of monophylicity). In other words, all CTVT cells have 

been produced from the one cell that sustained the insertion event.

Does our genome contain particular LINE-1 elements that are 

present also in the genomes of other species? An early study identified 

over 70 relatively young LINE-1 elements in the human genome. The 
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authors set out to discover whether any of these elements were pre-

sent in the genomes of other hominoid species. Many cases of shared 

elements were identified. Humans share many ‘young’ LINE-1 inserts 

with chimps, others with chimps and gorillas, and others with chimps, 

gorillas and orang-utans (Figure 2.5, open boxes) [29]. The shape of the 

family tree (that is, the pattern of phylogenetic relationships) estab-

lished using LINE-1 inserts is precisely the same as that obtained 

using ERV inserts. The presence of particular LINE-1 elements in dif-

ferent primate species establishes that humans, humans and chimps, 

the African great apes, and the great apes are all monophyletic groups. 

Each is derived from a lineage of common ancestors.

Whole-genome sequencing provides the ultimate test of com-

mon descent. Comparison of all the LINE-1 inserts in the genomes 
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chimp

bonobo
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L1Hs (4)

L1PA2 (2)
L1PA3 (4)

L1PA2 (6)
L1PA3 (39)
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Figure 2.5.  The times at which LINE-1 inserts entered the primate 

germ-line, inferred from their presence or absence in the genomes 

of primate species

LINE-1 elements, open boxes [29]; chimaeric inserts with both 
partners indicated, grey boxes [31]. Numbers in brackets indicate the 
number of individual inserts mapped.
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of humans and other primates is required to establish that the 

inserts selected for study (see above) are representative of the whole 

population. Of the approximately 600,000 LINE-1 elements in the 

human genome, all but 2,000 are shared with chimps and bonobos. 

This means that, as with ERVs, over 99% of LINE-1 elements in our 

genome have orthologous counterparts in the genomes of the two 

chimp species (Table 2.1). Similarly, the human genome shares all 

but 1,860 LINE-1 elements with the gorilla genome. And the orang-

utan genome contains only 5,000 LINE-1 elements that are unique 

to the orang-utan. The rest (a huge majority) are shared.

The only exceptions to the consistent phylogenetic tree are that 

a number of L1PA2 and L1PA3 elements are present only in gorillas 

and chimps or humans. This reflects incomplete lineage sorting, due 

to the closely timed branching of the gorilla, chimp and human lin-

eages. It corroborates the evidence provided by ERV-K-GC1 (Chapter 1) 

that these three groups all diverged over a short time period [30].

In addition, distinct types of LINE element (LINE-2 and LINE-3) 

are known to be particularly ancient on the basis of the TE defrag-

mentation approach (described earlier). They are present at high copy 

numbers in primate genomes. Essentially all of these are shared with 

both chimps (Table 2.1) and OWMs. This means that every individual 

Table 2.1. Total and shared TEs in the human genome [30]

LINE class

Total 
number 
in 
human 
genome

Proportion of LINE elements (%) in

Human 
only

Bonobo 
only

Chimp 
only

Bonobo 
and 
chimp 
only

Human, 
bonobo 
and 
chimp

LINE-1 626,000 0.2 0.1 0.1 0.1 >99
LINE-2 302,000 <0.1 <0.1 <0.1 <0.1 >99.9
LINE-3 37,000 <0.1 <0.1 <0.1 <0.1 >99.9
Alu 731,000 0.7 0.1 0.1 0.1 99
MIR 393,000 <0.1 <0.1 <0.1 <0.1 >99.9
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insert belonging to these families was already resident in primate 

DNA before the chimp–human and macaque lineages diverged. LINE 

elements provide evidence of common descent that is as consistent 

and compelling as that provided by ERVs and LTR elements.

Some LINE-1 elements possess idiosyncrasies that enable them 

to act as particularly potent markers of phylogenetic relationships. 

On rare occasions during the LINE-1 retrotransposition process, the 

reverse transcriptase enzyme acts promiscuously. It disengages from 

its partner RNA molecule, which it has been copying into the DNA 

daughter element as is customary, and attaches itself to some other, 

randomly selected RNA molecule. The reverse-transcribed product is 

a two-component element that includes portions of the LINE-1 tran-

script and an innocent bystander RNA. Sometimes two bystander 

molecules may be involved. They are conjoined at a particular point in 

the sequence of each molecule – the site at which the template switch 

occurred. The completed insert lies at a randomly selected point in the 

genome. Such hybrid elements, generated in a compounded molecular 

lottery, are exquisitely specific markers of family connections.

Dozens of chimaeric retrotransposed inserts have been char-

acterised in human DNA. Most are shared with other primate spe-

cies. Examples are shown in Figure 2.5 (grey boxes). The U3-mRNA 

hybrid insert is shared by humans and all tested species including 

New World monkeys. This one unique insert demonstrates that 

humans and NWMs are descended from the unique common ances-

tor in which the unique insert was generated. We anthropoid (or sim-

ian) primates are products of the single reproductive cell in which 

this freak two-part insert was assembled. We are a monoclonal (in 

cell biological parlance) or monophyletic assemblage of species [31].

One of these curious hybrid inserts has itself spawned a small 

family in primate genomes. The common structure consists of 

a small nuclear RNA designated U6 (or U6 snRNA) attached at a 

unique point to a segment from a protein-coding gene (an intron of 

a gene encoding a zinc finger protein). Of the seven members of this 

family, all are shared with chimps and six with orang-utans. And 
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two are shared with lemurs, which are prosimians [32]. This indi-

cates that all primate species comprise one great clone.

An even more unusual element exists in the β-globin gene 

locus. This is a three-component insert, consisting of 476 bases of a 

LINE-1 element, spliced together with another transcript that is itself 

a hybrid of an ERV-9 LTR (40 bases) and flanking cellular sequences 

(also 40 bases). This insert, with its unique target-site duplication, 

was formed by an unrepeatable sequence of genetic happenstance, 

a concatenation of singular events, and is found in humans and the 

two chimp species [33]. Other apes and OWMs retain the undis-

turbed target site (Figure  2.6). Molecular process has generated a 

unique genetic fingerprint. Stronger evidence for a human–chimp 

common ancestor is barely imaginable.

2.3.2  Alu elements

The ongoing accumulation of Alu elements in genomes has pro-

gressively modified the way in which those genomes function. Alu 



cellular 
DNA

40 bases

human …ATCACCCCTAATCACCCCTA…
chimp …ATCACCCCTAATCACCCCTA…
bonobo …ATCCCCACTA ATCCCCACTA…

ERV-9 
LTR

40 bases

truncated 
LINE-1

476 bases   

three-part insert

bonobo …ATCCCCACTA ATCCCCACTA…

gorilla …ATCCCCACTA…
orang …ATCCCCACTA…
gibbon …ATCCCCACTA…
macaque …ATTGCCACTA…
baboon …ATTGCCACTA…

Figure 2.6.  A tripartite insert in the β-globin gene locus of 

humans and the two chimp species [33]
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elements affect gene transcription. High densities of Alu elements 

also destabilise gene loci, predisposing nearby genes to disruptive 

rearrangements. Researchers have set out to define the times in 

history at which certain Alu elements were added to the primate 

germ-line, leading to innovations in gene regulation or to elevated 

propensities to develop genetic diseases.

Some Alu insertion events occurred during an epoch of genetic 

history that was particular to humans. The ACE gene, encoding the 

angiotensin-converting enzyme, has an important role in regulating 

blood pressure, electrolyte concentrations and cardiovascular func-

tion. An Alu insert is found in intron 16 of the ACE gene, and this 

is polymorphic: some people possess the insert, whereas the rest of 

the human population, as well as chimps and gorillas, retain the 

undisturbed pre-integration site (Figure 2.7, upper diagram). The ten-

base target-site duplications (GTGACTGTAT), and the original target 

site sequence (GTGACTGTAT) are perfectly conserved [34]. The insert 

is present in essentially all ethnic groups, albeit at varying frequen-

cies, and so entered the human germ-line before humans were dif-

ferentiated by current conceptions of race. There is ongoing interest 

regarding whether the presence of the Alu element affects the risk 

of developing cardiovascular diseases. Latest results suggest that 

the possession of this particular Alu insert is associated with lower 

levels of angiotensin-converting enzyme activity, and with lower 

blood pressures in children, especially in those who had low birth 

weights. This element, a relative newcomer to the human genome, 

may reduce the risk of cardiovascular disease [35].

Another Alu element participates in rare DNA rearrange-

ments involving the HPRT gene. Inactivation of this gene is associ-

ated with the Lesch–Nyhan syndrome, a condition in children that 

is characterised by gout, mental retardation and a tendency to self-

mutilation. This insert is shared by humans, chimps and gorillas, 

while orang-utans and OWMs retain the original, undisturbed target 

site (Figure 2.7, lower diagram). The target site and its duplications 

(GAATGTTGTGA) are perfectly preserved [36]. This insert dates from an 
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ancestor of the African great apes, and its presence suggests the pos-

sibility that these species might share a tendency to undergo disease-

generating Alu-mediated rearrangements at the HPRT locus.

The presence of multiple Alu elements at the MLL gene in 

humans predisposes that locus to damaging rearrangements and to 

the development of leukaemias. One of these inserts is present in all 

the great apes. OWMs retain the undisturbed target site (Figure 2.8). 

This Alu element was spliced into the primate genome in a great ape 

ancestor. A second Alu element located near the MLL gene is present 

in apes and OWMS, establishing the monophylicity of this wider 

group of species [37]. Perhaps all species possessing these inserts 

share a tendency to developing MLL aberrations and leukaemias. 

Data on this question are not available, and high densities of Alu 

elements near any gene in any species may well contribute to a ten-

dency to delete (or duplicate) parts of genes.

A summary of the data arising from this remarkable research 

project is shown in Figure 2.9. It indicates the times at which 22 Alu 

elements, each identified by the associated gene, entered the primate 

genome en route to humans. And it demonstrates powerfully that 



human1
…ACATAAAAGTGACTGTAT[Alu]GTGACTGTATAGGCAGCA…

human2 …ACATAAAAGTGACTGTATAGGCAGCA…
chimp …ACATAAAAGTGACTGTATAGGCAGCA…
bonobo …ACATAAAAGTGACTGTATAGGCAGCA…
gorilla …ACATAAAAGTGACTGTATAGGCAGCA…

human …AAAA  GAATGTTGTGA[Alu]GAATGTTGTGATAAAAGG…
chimp …AAAA  GAATGTTGTGA[Alu]GAATGTTGTGATAAAAGG…
gorilla …AAAA  GAATGTTGTGA[Alu]GAATGTTGTGATAAAAGG…

orang …AAAAGAGAATGTTGTGATGAAAGG…
baboon …AAAAGAGAATGTTGTGATGAAAGG…
rhesus macaque …AAAAGAGAATGTTGTGATGAAAGG…
lion-tailed macaque …AAAAGAGAATGTTGTGATGAAAGG…

Figure 2.7.  The insertion sites of an Alu element in the ace gene 
(upper diagram) [34] and the HPRT gene (lower diagram) [36]
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human …AAAAAAGTAGCC[Alu insert]TAGCCTGTTTCT…
chimp …AAAAAAGTAGCC[Alu insert]TAGCCTGTTTCT…
gorilla …AAAAAAGTAGCC[Alu insert]TAGCCTGTTTCT…
orang …AAAAAAGTAGCC[Alu insert]TAGCCTGTTTCT…

baboon …AAAAAAGTAGCCTGTTTCT…
rhesus macaque …AAAAAAGTAGCCTGTTTCT…
lion-tailed macaque …AAAAAAGTAGCCTGTTTCT…

human …AGAATTATAATACTTTTTCA[Alu]AATTATAATACTTTTTCAGA…
chimp …AGAATTATAATACTTTTTCA[Alu]AATTATAATACTTTTTCAGA…
gorilla …AGAATTATAATACTTTTTCA[Alu]AATTATAATACTTTTTCAGA…
orang …AGAATTATAATACTTTTTCA[Alu]AATTATAATACTACTTCAGA…
baboon …AGAATTATAATACTTTTTCA[Alu]AATTGTAATGCTACTTCAGA…
rhes macaque …AGAATTATAATACTTTTTCA[Alu]AATTGTAATGCTACTTCAAA…
lion-t macaque …AGAATTATAATACTTTTTCA[Alu]AATTGTAATGCTACTTCAGA…

reconstructed target site …AGAATTATAATACTTTTTCAGA…

Figure 2.8.  The insertion sites of two Alu elements in the MLL gene [37]
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Figure 2.9.  The distribution of a selection of Alu elements in 

primate genomes [38]
Ticks and circles represent the presence and absence, respectively, of 
particular inserts. Their shading corresponds to the shading of the 
boxes and arrows, which indicate when the various Alu elements were 
added to the primate germ-line.
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the African great apes are monophyletic, as are the great apes, and 

Old World primates (apes and OWMs) [38].

The whole-genome sequencing era has provided scope for sys-

tematic surveys of selected Alu sub-families in multiple species. 

Two sub-families that have arisen relatively recently (AluYe5 and 

AluYd3) have expanded during hominoid history, and the distribu-

tion of individual inserts in the genomes of different species has pro-

vided a definitive outline of hominoid relationships (Figure 2.10). A 

total of 45 inserts are shared by the African great apes, for example; 

and each one of these inserts entered the primate germ-line in an 

African great ape ancestor. Thirty-eight are shared by all the great 

apes (but by no other species); and 65 by the apes [39].

Only one discordant result was observed: an AluYe5 element 

present in gorillas and humans but not chimps. The distribution 

of this element reflects the now-familiar phenomenon of incom-

plete lineage sorting at the human–chimp–gorilla divergence. We 
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Figure 2.10.  The distribution of a selection of young Alu elements 

in primate genomes [39]
Numerals represent the number of elements that arose at each branch 
of the phylogenetic tree. The origins of the individual founders of the 
Ya5, Yb and Ye5b5 sub-families are indicated [41].
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encountered this near-trifurcation with the ERV-K-GC1 provirus, 

and some L1PA2 and L1PA3 elements. It has been evinced also by 

an Alu element found in a chromosome 21 survey [40]. However, 

the single ambiguous element identified in the studies depicted in 

Figure  2.10 may be compared with seven AluYe5 inserts that are 

shared by humans and chimps to the exclusion of gorillas, emphasis-

ing that humans and chimps represent sister clades, derived from a 

progenitor that lived after the gorilla lineage diverged.

Two sub-families (AluYa5 and AluYb8) are responsible for 

most of the new Alu elements that have arisen in the human genome 

since the human lineage separated from that of the chimp. Unique 

founder elements of these currently expanding sub-families are pre-

sent in the genomes of every species of ape, and must have arisen in 

the genome of an ancestor of all apes (see also Figure 2.10). The single 

Alu element that founded the small Ye5b5 family is restricted to the 

genomes of great apes, and generated a few descendants in the orang-

utan genome and one in the human genome. Thus elements may 

remain quiescent for millions of years before they retrotranspose to 

spawn daughter elements [41].

Whole-genome sequencing has allowed side-by-side comparisons 

of the Alu elements in human and chimp genomes. Of the 1,100,000 

Alu elements in our genome, all but 7,000 are shared with chimps 

and bonobos. That is, approximately 99% of the Alu elements in our 

genome are shared with both chimp species, and must have resided in 

the germ-line of the most recent human–chimp ancestor. Only a few 

thousand Alu elements in the human genome are absent from the 

gorilla genome (and vice versa). This indicates that the African great 

ape ancestor also possessed 99% of the Alu elements that the extant 

species possess. Given that the orang-utan genome has a mobile elem-

ent content that is similar to ours, including more than a million Alu 

elements, and that only 250 Alu elements are unique to orangs, the 

vast majority of Alu elements must be shared by us and orang-utans, 

the most distantly related great ape. Early analyses indicate that most 

Alu elements are shared with OWMs (Table 2.1) [42].
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Other non-autonomous families of retrotransposons have also 

been exhaustively compared by computational surveys of sequenced 

genomes. The young and still-active SVA elements are present both 

as human-specific inserts and as inserts shared by other hominoids. 

In fact, 60% of the SVA elements are unique to the human genome, 

and 40% are shared with chimps. No SVA elements are found in 

OWMs, but approximately 100 precursor retroelements, consisting 

only of the tandem repeat component, are found in OWMs, and most 

of these are present also in human DNA [43]. The mammalian-wide 

interspersed repeat (MIR) elements are an abundant class of non-

autonomous element (dependent on LINE-2 activity for their prolif-

eration). They are also ancient, as essentially all inserts are shared by 

humans, bonobos and chimps (Table 2.1) [44].

We can gain an impression of the way that TEs have accu-

mulated in primate genomes from representations of the TE land-

scape around individual genes (ASPM and BRCA1) in multiple 

species (humans, chimps, gorillas, orang-utans and macaques). The 

great majority of TEs associated with these genes – LINE-1, LINE-2, 

LINE-3/CR1, Alu, MIR, LTR elements and DNA transposons – are 

common to all five species, demonstrating that the genomes of apes 

and OWMs share a vast formative history, largely complete by the 

time of the last common ancestor of apes and OWMs. The only 

exceptions are a few Alu inserts and a few Alu element deletions fol-

lowing non-allelic homologous recombination events. Now envisage 

another 21,000 genes, and the vast tracts of intergenic space, all con-

taining a similar patchwork of (relatively old) shared and (relatively 

recent) lineage-specific TEs, and marvel at the historical record of 

genome formation thereby disclosed [45].

But several questions remain. Firstly, could Alu elements be 

used to show whether humans, Old World monkeys and New World 

monkeys have a common ancestor (that is, whether the simian pri-

mates are monophyletic)? The answer is an unambiguous ‘yes’, as 

exemplified by the Alu insert depicted in Figure 2.11. Some of the 

target-site duplications on the right of the insert are somewhat frayed 
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because of the large time span that has elapsed since this Alu insert 

was spliced into the primate germ-line. Nevertheless, the Alu insert 

is clearly present at the same unique site in every species tested, 

from human to marmoset – a NWM. The conclusion is made more 

compelling because of the number of species included in the study 

(nine) and the length of the target site (16 bases) [46].

Secondly, what is the relationship between the three major 

groupings of the primate order? These are represented by the simians 

(humans, other apes and monkeys) and the two prosimian groups 

(tarsiers and the loris/lemur group). These three trajectories branched 

out during the earliest phase of primate history. Each of the three 

possible sequences of branching for simians, tarsiers and lemurs has 

been postulated at different times. The issue remained unresolv-

able until a genome-mining expedition identified four Alu elements 

that were shared by simians and tarsiers but were absent from the 

genomes of lemurs, which preserved the unoccupied target site.

The DNA sequence around one of these inserts is shown in 

Figure 2.12 [47]. In the simians, the right-hand target-site duplication 

has decayed with the passage of time. The target-site duplications 

found in the tarsier are highly similar to the left-hand target-site 

duplication preserved in the simians, and to the unoccupied pre-



apes
human …TAAAGATATGAGTTTT[Alu]TAATAATACAAGTTTT…
chimpanzee …TAACGATACGAGTTTT[Alu]TAATAATACAAGTTTT…
gorilla …TAACGATACGAGTTTT[Alu]TAATAATACAAGTTTT…
orangutan …TAACGATACGAGTTTT[Alu]TAATAAT  GAGTTTT…
gibbon …TAACGATACGAGTTTT[Alu]T ATAATACAAGTTTT…
OWMs
baboon …TAATGATAAGAGTTTT[Alu]TAATAATACAAGTTTT…baboon …TAATGATAAGAGTTTT[Alu]TAATAATACAAGTTTT…
rhesus macaque …TAATGATAAGAGTTTT[Alu]   TAATACGAGTTTT…
barbary macaque …TAATGATAAGAGTTTT[Alu]   TAATACGAGTTTT…
NWM
marmoset …TAATAATACAAGTTTT[Alu]TA TAACACAAATTTC…

reconstructed target site …TAATAATACAAGTTTT…

Figure 2.11.  The insertion site of an Alu element present in all 

simian groups (apes, OWMs, NWMs) [46]
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integration site preserved in the lemur, galago and guinea pig (a 

rodent). This, and independent work with a suite of TEs (MER45C, 

FLAM-A, L1MEc, FAM and MLT1C elements) [48], has established 

that simians and tarsiers are sister clades and monophyletic.

Thirdly, can it be shown whether all primate species are 

descended from a single ancestor? Early searches through available 

genome sequence databases found several TEs that are shared by all 

primates from humans to lemurs: these include a LINE-1 element, a 

MER element and a free left Alu monomer (a FLAM element, which 

represents an intermediate stage in the evolution of the 7SL RNA 

gene into a fully fledged Alu element) [49].

Later systematic searches though expanding sequence data 

sets found that 4 of 1,569 Alu elements residing in the human gen-

ome were present also in lemurs, suggesting that 0.25% of Alu elem-

ents in the human genome are orthologous with elements in the 

lemur genome [50]. A search for monomeric Alu elements (ancient 

progenitors of the typical dimeric Alu element) revealed that 29 of 

1,404 inserts were shared by all primate groups, including lemurs 

and bushbabies [51]. And two very ancient LINE elements, designated 

L3b and Plat_L3, have been shown to be the common possession of 

each of 18 primate species, including lemurs [52]. We conclude that 



human …AAAA GAACCAGTGGG[Alu]AAAA AAAACA  GGG…
macaque …AAAA CTACCAGTGGG[Alu]AAAA AAAAAA  AGG…
douc langur …AAAA GAACCAGTGGG[Alu]AAAA AAAAAA  GGG…
woolly monkey …AAAAAGAATCAGTTGG[Alu]AAAA AAAAAA  GGG…
marmoset …AAAAAGAATCAGCTGT[Alu]AAAA AAAAAA  GGG…
tarsier …TAAG GAACCAGTGGC[Alu]AAAA GAACCAGTGGG…tarsier …TAAG GAACCAGTGGC[Alu]AAAA GAACCAGTGGG…

ruffed lemur …ACAG GAAGCAGTGGG…
thick-tailed galago …AAAA GATTCAGTGGG…
guinea pig …GAAA GAGCCAGTGG …

reconstructed target site  …AAAA GAACCAGTGGG… 

Figure 2.12.  The insertion site of an Alu element (Alu-C9) in simians 

(apes, OWMs, NWMs) and tarsiers [47]
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all living primates are descended from the one reproductive cell in 

which each of the particular transposition events occurred.

Fourthly, are colugos (flying lemurs) properly classified as pri-

mates? The classification of colugos reflects a long history of uncer-

tainty. However, the lack of Alu elements and of other DNA markers 

identified above has established that they are not true lemurs and are 

not primates. Colugos in fact belong to the order Dermoptera. We 

have defined the limits of the primates [53].

2.3.3  Retroelements and phylogeny: validation

The DNA extractable from a hair or a drop of blood embodies the 

digitised genetic information that delineates the route of our evo-

lutionary history via populations of extinct primates. But one issue 

must first be addressed: what is the likelihood that two TEs of the 

same type would independently insert into the same DNA site in dif-

ferent species? The independent acquisition of a particular character 

in multiple lineages is called homoplasy. This phenomenon com-

promises the power of evolutionary studies based on morphology. 

Similar structures can evolve independently in distantly related 

organisms, because similar selective pressures generate similar 

adaptations by convergent evolution. When this happens, it can be 

inferred quite erroneously that the multiple organisms have inher-

ited their shared traits from the same ancestor. Analogously, inde-

pendent insertions into the same site (insertion homoplasy) would 

limit the use of TEs as markers of common ancestry. Some types 

of TEs do possess mechanisms for selecting certain genomic sites 

for insertion. However, LINE-1 elements and their non-autonomous 

hangers-on (Alu and SVA elements) are the TEs of relevance to us. 

They have sloppy insertion-site preferences [54].

Can insertion hotspots generate insertion homoplasy, and so 

account for the distribution of TEs in primate species? Computational 

surveys of TEs that have inserted into pre-existing TEs indicate that, 

in general, new insertions occur randomly into DNA. However, a 
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large number of insertion hotspots have been identified in the human 

genome. Such hotspots are sites into which new insertions occur at a 

higher frequency than would be expected on a purely random basis. 

Hotspots are sites into which new insertions occur preferentially but 

not exclusively. It follows that the presence of hotspots cannot con-

strain different species to independently generate the same pattern 

of insertions. For example, Alu elements show a tendency to insert 

into pre-existing Alu elements to the right of a sequence of ‘A’s at 

base 133. But this tendency cannot generate consistent insertion pat-

terns. Firstly, an incoming Alu element (say in a hominoid ances-

tor) would have a million resident Alu elements to choose from. 

Secondly, the Alu hotspot is only one of many hotspots present in 

TEs. And, thirdly, hotspots comprise only a fraction of all potential 

insertion sites [55].

Consider an analogy: the location of car accidents. Such events 

occur randomly due to factors such as excess speed, alcohol-induced 

misjudgements and driver inattention. If the location of every car 

accident that had happened in Cambridge over the last decade was 

marked on a map, certain locations would be overrepresented. These 

sites are hotspots for car accidents. They might include certain inter-

sections and blind corners. But accidents that occur at hot-spots are 

still accidents. If you had two maps of Cambridge, and each map pro-

vided the same locations for a hundred car accidents, you would con-

clude that the maps are copies of the same set of data. The existence 

of hotspots cannot independently replicate an identical distribution 

of accidents in each of two (or more) consecutive years. Similarly, 

TE insertions at hotspots remain a subset of all insertions. They are 

essentially random events, and cannot account for the consistent 

pattern of shared insertions between species.

Hotspot considerations may be illustrated by insertional muta-

genesis of the NF1 gene in neurofibromatosis type 1. A search for 

mutations has indicated that 0.4% of all NF1 mutations are retro-

transposition events. In one study, 18 TE insertion mutations were 

identified in unrelated people, and six of these were clustered in a 
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region of 1,500 bases. Three insertion sites were each used twice. 

The NF1 gene represents a remarkable hotspot. But the huge majority 

of people who do not suffer from neurofibromatosis lack new inser-

tions in this gene; and of people with the syndrome 99.6% appear to 

lack insertions. The NF1 locus is a hotspot, but this cannot entail 

that insertions must be found there. And of the three sites that were 

targeted twice, all could be shown to be independent events for one 

or more of the following reasons: the target-site duplications were 

of different lengths, the initial cleavage events were on opposite 

strands of the DNA, or Alu elements of different sub-families were 

involved [56]. Study of an insertion hotspot in mice ruled out any 

homoplasious insertions that might have confounded phylogenetic 

inferences [57].

The hotspot issue is so important for phylogenetic analysis 

that exhaustive studies looking for insertion-site homoplasy have 

been performed. Five hundred LINE-1 elements that belong to sub-

families peculiar to the human genome were selected. The insertion 

sites in the human genome were characterised. The corresponding 

sites in the genomes of other primate species, from chimps to pro

simians (galagos) were then investigated. The question asked was: 

in any of the other species had any LINE-1 element inserted into 

any of the 500 sites? The answer was ‘no’. There was not a single 

case in which a LINE-1 element peculiar to another primate lineage 

shared the same insertion site as one of the human-specific elem-

ents. Insertion-site homoplasy is too infrequent to be detected [58].

Similar studies have been performed on Alu elements. The 

insertion sites of ‘young’, human-specific Alu elements have been 

investigated in a representative selection of other primate species. 

In no case was an Alu element characteristic of sub-families belong-

ing to those other species found in the same site as the human 

insert. Independent insertions into the same site occur too infre-

quently to be identified [59]. It has been concluded that ‘no instances 

of insertion homoplasy in hominids have been recovered from the 

analysis of >2,500 recently integrated human Alu insertions’ [60]. 
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Insertion-site homoplasy occurs too infrequently to complicate 

evolutionary studies.

Two primate species independently acquire TEs at the one inser-

tion site only as a rare event, below the level of detection. It follows that 

the probabilities of independent insertions of TEs into the same sites 

of three or more species are progressively more remote. We can also 

test predictions based on these shared insertions. If a TE is shared by 

humans and (say) one OWM species, then we can predict that this TE 

originated in a human–OWM ancestor, and will be shared by humans 

and all OWM species. Results to date demonstrate that this is the case. 

Shared TEs are potent markers of common descent. The only way of 

denying this is to suggest that transposable elements do not transpose; 

or that insertional mutagens do not insert or are not mutagenic; or that 

TEs that are actively transposing at present are fundamentally differ-

ent entities from TEs of the same families that are shared by multiple 

species. We would have to posit that the defined classes of TEs are not 

the entities that all workers in the field consider them to be.

Certain rare events may complicate phylogenetic analyses 

based on TE insertions. The phenomenon of incomplete lineage 

sorting has already been encountered. Gene conversion is a phenom-

enon in which a variable length of genetic sequence from one elem-

ent is substituted for the equivalent length of DNA sequence in a 

related element. This changes the sequence of internal regions of 

Alu elements, and so does not alter the Alu presence/absence pat-

tern in species. It is apparent only by DNA sequencing, which also 

reveals the extent of the converted sequence. It is of little signifi-

cance to the derivation of phylogenetic relationships. Finally, exact 

deletion of Alu elements occurs at a low frequency. Such deletions 

occur by homologous recombination between identical target-site 

duplications that are at least ten bases long [61]. These events do not 

occur at sufficiently high frequencies to undermine TE-based phy-

logenies. TEs are thus essentially homoplasy-free characters. They 

provide the compelling evidence for descent-with-modification of 

which Darwin could not even have dreamed [62].
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Hitherto we have focused on humans as the reference organism 

and have established the monophylicity of humans with other hom-

inoid primates (apes), with anthropoid primates (apes and monkeys) 

and ultimately with all primates. This anthropocentric strategy has 

been necessitated by the research emphasis on humans. It is thus 

important to stress that the phylogenetic relationships of gibbons, 

OWMs, NWMs and prosimians [63–6] have also been resolved by 

the patterns of the distribution of Alu elements particular to those 

taxa. Each of these groups is monophyletic, and their phylogenetic 

radiations have been deduced [67].

One spin-off of such work is that panels of selected Alu elements 

permit the classification of primate tissue without the need for other 

morphological or biochemical data [68]. If you find a tuft of hair, or 

a bit of bone, in the back of someone’s truck, it is now a straightfor-

ward matter to extract the DNA and determine, using selected Alu 

inserts, what species it represents. Are you dealing with a kidnap-

per or a poacher? TEs provide unique species markers, and this is a 

reflection of their power in defining evolutionary relationships.

2.4 � More ancient elements and mammalian 
evolution

The mammals are divided into three groups. Mammals that are 

nourished before birth through a placenta connected to their moth-

er’s uterus lining constitute the Eutheria. This term is derived 

from the Greek terms eu- (true or well-formed) and theria (wild ani-

mals or beasts). We have placed ourselves, somewhat immodestly, 

among the real beasts. In addition to these are the marsupials (the 

Metatheria; or loosely, the other beasts) and egg-laying monotremes 

(the Prototheria; which, it seems, have not attained true beasthood).

The Eutheria include many orders, and hundreds of spe-

cies, which differ radically in size and shape. What is our evolu-

tionary relationship with this spectacular diversity of real beasts? 

Considerations of size and shape may be of limited assistance. A 

more recent, and widely used, method of generating phylogenetic 
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trees is to align DNA sequences from multiple species and compu-

tationally determine their degrees of relatedness. These statistical 

methods can generate misleading results, but increasingly extensive 

data sets have yielded progressively more reliable phylogenies. Such 

analyses since 2001 have indicated that eutherian mammals are 

classifiable into three major divisions, each of which is composed of 

an astonishing diversity of forms. These have the impressive names 

listed below [69].

First, there are the Boreo(eu)theria, or the northern real beasts. 

Their phylogenetic origins are associated with the ancient boreal 

(northern) landmass. The northern real beasts themselves fall into 

two major subdivisions:

•	 Euarchontoglires are of special interest to us, although this clumsy term 

reflects a haphazard etymological history. The word incorporates the 

components eu- (true), archonta (ancestor of humans and other primates) 

and glires (Latin for dormouse). This group includes five orders: primates, 

flying lemurs (Dermoptera), tree shrews (Scandentia), rabbits and their 

friends and relations, and rodents. For simplicity I will refer to it as the 

primate–rodent group.

•	 Laurasiatheria, or the Laurasian beasts, are believed to have arisen in 

the ancient Laurasian landmass of North America and Eurasia. These 

include cattle and whales, horses and rhinos, carnivores, bats, moles and 

hedgehogs.

Second, Afrotheria, or the African beasts, are associated with 

origins in Africa. They include elephants, manatees and aardvarks.

Third, Xenarthra are associated with South America. Their 

defining feature is the possession of xenos (strange) arthra (joints). 

These include sloths, armadillos and anteaters.

Should we have any faith in taxonomic divisions that are 

not readily apparent from the study of anatomical features? Can 

such arcane statistical approaches, understood only by the expert, 

really be trusted to provide a valid picture of phylogenetic divi-

sions? Are humans really related to mice? And, if so, are we more 

closely related to mice than we are to dogs or horses? Here one may 
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think wistfully of the way in which TEs have demonstrated how 

humans, apes and monkeys have developed as successive sub-clones 

within the primate clone, and wonder whether a suite of comparable 

genetic markers could ever resolve the more distant relationships 

between mammals.

2.4.1	 Euarchontoglires: the primate–rodent group

We have considered the fact that the human genome possesses over 

1,000 types of TE, and that some of these are very ancient. Members 

of these older classes are heavily mutated and no longer possess the 

capacity to transpose. These include the LINE-2 elements, which 

once copied and pasted as autonomous agents, and the mammalian-

wide interspersed repeats (or MIR elements) that co-opted the LINE-2 

enzymatic machinery to transpose. Essentially all LINE-2 and MIR 

inserts in our genomes were domiciled in the primate genome before 

the hominoid–OWM ancestor lived. As the genomic revolution 

gained momentum, TE data started to appear that provided evidence 

for human and rodent relationships within a primate–rodent clone.

An early study identified two elements (an MLT1A0 and a 

LINE-1 insert) that are shared by primates (humans, baboons) and 

rodents (rats, mice) but not by mammals classified as Laurasiatherians 

(cats, dogs, cows, pigs). The insertion site of the MLT1A0 element is 

shown in Figure 2.13. The target site and its duplications are recog-

nisable, although they have become ragged with the passage of stu-

pendous amounts of time. Nevertheless some reconstructive work 

shows that the dog retains the original target site (GTCAT). Sequence 

conservation on both sides of the target site (extending beyond that 

depicted) is apparent for all eight species. Conversely, two elements 

were identified that are shared by cats, dogs, cows and pigs, but not 

by primates and rodents [70]. Collaborating data were at hand. Several 

MIR elements were identified in the genomes of humans and repre-

sentative rodents (rats, mice and guinea pigs) [71]. More than 300 MIR 

elements have been exonised – that is, MIR sequences have been co-

opted into segments of genes (exons) that are destined for assembly 
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into mature transcripts. Many of those most strongly exonised are 

shared by primates and rodents [72]. Such MIR elements date from no 

later than the last common ancestor of primates and rodents. These 

findings vindicate the thesis that Euarchontoglires (the primate–

rodent group) and Laurasiatheria are real categories.

Following the publication of the human and mouse genome 

sequences, computational studies have identified large numbers of 

TEs that are shared by the two species. In particular, the genomic 

locations of many old LTR and LINE-1 elements, as well as LINE-2 

and MIR elements, are correlated in the two species. In a DNA seg-

ment encompassing 1 million DNA bases from the two species, 13 

LINE-2 and 30 MIR elements were shown to be shared, or ortholo-

gous, inherited from the ancestor in which each element entered the 

DNA. Those TEs that are shared by both species have arisen from 

insertional mutagenic events and originally lacked functional cap-

acity. It is likely that they have been maintained by selection, sug-

gesting that they now perform useful functions [73].

The branching pattern within the Euarchontoglires has been 

elucidated. Computational searches have identified five TEs that are 



MLT1A0 transposable element TGTCTTAGT…ACCATAGCA

human …CCTATAAATCATT TTTAGT…ACCACTGCAGTCACCTTAGAGG…
baboon …CTTGTAAATAATT TTTAGT…GCCACTGCAGTCACCTTAGAGG…
mouse …CCTG                 …ATCATAGCTGTTGTCTCAG   …
rat …CCTGCAAGCCACTGTCTTAGT…ATTACAGCTCTTGTTGCAGAAG…

cat …C TAAAAGCCATCTTAGAAT…
dog …C GAAAAGTCATCTTAGAGT…
cow …CTTATACATCATCTTAGAGG…
pig …CCTGTACATCATCTTAGAGG…
reconstructed target site …CCT?TAAGTCATCTTAGAGG…

Figure 2.13.  The insertion site of an MLT1A0 element in primates 

and rodents but not Laurasiatherian species [70]
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shared by primates and tree shrews, and in one case, by the flying 

lemur. These are all absent from rodents. On the other hand, nine 

TEs were found to be shared by rodents and rabbits, but are absent 

from primates [74]. Primates, tree shrews and flying lemurs form 

one monophyletic group; rodents and rabbits comprise another. But 

ultimately, we and the mice in the garden share many TEs, each of 

which arose in the genome of a Euarchontoglires ancestor.

2.4.2 � Boreoeutheria: incorporating the primate–rodent  
group and the Laurasian beasts

The next issue that demands attention is whether Euarchontoglires 

and Laurasiatheria share TE inserts that would necessarily entail 

their derivation from the same ancestral stock. Early returns for the 

PRKAG3 locus in humans, mice and pigs showed an abundance of 

ancient TEs. Approximately 50% of the LINE-1 elements and 80–5% 

of LINE-2 elements in the human sequence are found in the same 

position in the pig sequence. There is also considerable sharing of 

individual LTR, MIR and MON elements, and of DNA transposons. 

Each shared element is testimony to a single insertion event that 

occurred in a Boreoeutherian ancestor of humans and pigs. Of 

course, many more recently acquired elements are scattered along 

each genome sequence, and frequently insert into the older ones. 

Such ‘young’ TEs in one species always lack similarly located coun-

terparts in the other species, and were inserted into the respective 

genomes after divergence of the lineages leading to human and pig. 

The lack of matching partners in the case of the ‘new’ elements dem-

onstrates the significance of finding matching ‘old’ elements in the 

genomes of different species [75].

Our genome contains a large number of DNA segments that 

are highly conserved among the diversity of beasts that constitute 

Boreoeutheria. These segments do not have protein-coding function, 

and are probably gene-regulatory modules. An early survey of such 

conserved DNA modules, at least 50 bases long, found that more 

than 10,000 of them originated as parts of TEs. These included LTR, 
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LINE and MIR elements as well as DNA transposons [76]. Four years 

later, a similar analysis of the genomes of 29 eutherian mammals 

revealed that the number of conserved DNA modules originating 

from TEs was in fact 280,000. Such randomly accrued TE sequences 

have been preserved because they have acquired new uses [77].

Multi-species genome database searches have described in 

detail several well-preserved TEs that corroborate the common 

ancestry of Euarchontoglires and Laurasiatheria. The insertion site 

of a L1MB3 element is shown in Figure 2.14. Humans share this par-

ticular element with cows, horses, cats, dogs, bats and shrews. The 

undisturbed (albeit somewhat degenerated) target site is discernable 

in elephants and armadillos. Humans and bats are descended from 

the single reproductive cell in which the unique insertion event 

occurred. People may query how the echolocatory system of bats 

evolved; but there is no doubt that bats evolved from ancestors that 

lacked this capacity – ancestors that we share [78, 79].



Euarchontoglires
human …ATG ACCAGGAAACTTTT[L1MB3]TA CCAGGAA ACTTTTGG…
flying lemur …ATG ACCAGGAAACTTTT[L1MB3]TA CCAGGAA ATTTTTCG…
tree shrew …ACA ACCA      TTTT[L1MB3]TA TCAGGAA AATTTTGC…
mouse …  A TCTGTGAAG TTT [L1MB3]TC CCTGTGA AGTTTTGA…
rabbit …ATG GCCAGGAAACTTT [L1MB3]TA CAAGGAACATTTTTTT…
Laurasiatheria
cow …ATC ACCAGGAAACTGTG[L1MB3]TC TCAGGAA ACTTCTGG…
horse …ATT TCCAGAAAACTTTT[L1MB3] CCAGGAA AGTT TGG…
cat …ATTAACTGGGAAACTTTT[L1MB3]TA CCAGGAA ACTTTTGG… 
dog …ATTAACTGGGAAACTGT [L1MB3]TA CCAGGAA ACTTATGG…
bat …ATT ACCAGGATACTTTT[L1MB3]TA CCAGGAA ACTTTTGG…bat …ATT ACCAGGATACTTTT[L1MB3]TA CCAGGAA ACTTTTGG…
shrew …ATT GCCAGGAAACTTTT[L1MB3]CAACCAAAAA ACTTTTAG…

Afrotheria
elephant …ATTACCTGGAAACTTTTGG…
manatee …ATTACCTGGAAACTTCTGG…
hyrax …ATTACTTGGAAACTTTTGG…
tenrec …   AC TG AAA       … 
Xenarthra
armadillo …GTTA     AAACTTGT  …

reconstructed target site …ATTACCTGGAAACTTTTGG…

Figure 2.14.  The insertion site of an L1MB3 element in 

Euarchontoglires and Laurasiatherian species [79]
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2.4.3  Eutheria

The search for shared TEs has taken us back to the base of the euther-

ian radiation. Dare we ask whether all eutherian mammals (that is, 

the real beasts that nourish their fetuses through a placenta) share 

an even older subset of TEs? Are we Boreoeutherians derived from 

ancestors shared with Afrotheria and/or Xenarthra? An answer is 

at hand. As an illustrative example, an ancient MIR element in an 

intron of the β-fibrinogen gene has been identified in the genomes of 

22 species (Figure 2.15). The target site and its duplications are iden-

tifiable as the five-base sequence TTACT. That sequence is retained in 

one of the target-site duplications of eight species (from each of the 

three super-orders) and can be obtained by a one-base change in 18 

other cases. We share this ancient TE with elephants [80]. Another 

MIR element that has been recruited into the genetic machinery 



human … AATATTTTT[AATAGCTACC … TTGAGCACAG]TTACTT…
chimp … AATATTTTT[AATAGCTACC … TTGAGCACAG]TTACTT…
mouse …GAATGTTCTA[AACAACTGCC … TATAGCACA ] ACTT…
rat …GAGTCCCCCA[CACAACT    …
rabbit …TAAGGCTGAA[AACAACTACC … TAGAACACAT]TTA TT…
whale …TAATGTGATT[AGTGACTCTC … TTGAGCACAG]TTACT …
cow …AAACATGACT[AGTGACTCTC … TTGAGCACAG]TTAGTT…
pig …GACGAGGATG[AGGAACTGTC … AGTTGCA TC]TTACTT…
horse …TAATGTTATT[AACAACTGTC … TAGAGCACAG]TTACTT…
Asiatic golden cat…TCATGTTATT[AATAGCTATC … GAGAGCACAT]TTCCCT…
Pallas’s cat …TCATGTTATT[AATAGCTATC … GAGAGCACAT]TTCCCT…
domestic cat …TCATGTTATT[AATAGCTATC … GAGAGCACAT]TTCCCT…
masked civet …TGTTGTTATT[AATAACTCTC … TAGA CACA ]TTCCCT…

E

L masked civet …TGTTGTTATT[AATAACTCTC … TAGA CACA ]TTCCCT…
grey wolf …TCATGTTATT[AATGACAATC … TACAGCACAA]TTGCTT…
brown bear …TCGTGTTACT[YATAACTATC … TAGAGCACAG]TTACCT…
raccoon …TCATGTTATT[GATAACTGTC … TAGAGCACAG]TTACCT…
marten …TCATGTTATT[GATAACTGTC … TAGACCACAG]TTACCT…
sea lion …TCATGTTATT[GATAACTGTC … GAGAGCACAG]TTACCT… 
pangolin …TGATGTTACT[AATAACTATC … TAGAACACAG]TTAATT…
bat …   TATTGTC[AGTAACTCTC … TAGAACACTC]TCACCT…
mole …CATGGAGGAC[AGCAAACAGC … GGGGGCACGG]TTGCTT… 
elephant …TACAGTCATT[AATAACCAGC … TAAATCA  G]TTACTT…

possible target site …TAATGTTACTT…

L

A

Figure 2.15.  The insertion site of a MIR element in intron 7 of the 

β-fibrinogen gene [80]
E, Euarchontoglires; L, Laurasiatheria; A, Afrotheria.
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that boosts expression of the TAL1 gene (active during blood cell 

stem cell development) is also shared by humans and elephants (but 

not marsupials) [81].

A LINE-1 element shared by representatives of all three euther-

ian super-orders is shown in Figure 2.16. The nine-base target-site 

duplication has undergone multiple substitutions, but may be recon-

structed as TGTTAATC-, the last base being uncertain. The uninter-

rupted pre-integration site is present in the opossum (a marsupial). 

This insert is one of at least five identified by the two surveys 

described above [82]. Humans, mice and armadillos represent an 

extended and divergent clone. We are all ultimately derived from the 

one reproductive cell of a eutherian progenitor into the genome of 

which one particular LINE-1 element insinuated its piece of DNA.

Scientists have developed software that aligns homologous 

sequences from multiple species and reconstructs the ancestral 

sequence from which all were derived. They have subsequently 

scanned these reconstructed sequences for the presence of TEs. This 

procedure has been performed on a DNA segment of 1,870,000 bases 

surrounding the CFTR gene. (Damage to this gene underlies cys-

tic fibrosis, a disease particularly common in people of European 

descent.) DNA sequences subject to this analysis were taken from 

18 Boreoeutherian species and the armadillo, a representative of 

Xenarthra. The reconstructed ancestral sequence was found to 



human …TAAA ATTTAGTGT[LINE-1]TGTTAATTTTTCTAC AT…
mouse …TACCACG TATTAATCT[LINE-1]TGCTAATTTTTT AT…
dog …TAAAATACTAAGTAGTGC[LINE-1]GGTTCATTTTTGTAC AT…
tenrec …TACAATGTCAGCCAACCC[LINE-1]TATGAACTCCGTTTGTGT…
armadillo …AACA TGTTAATCT[LINE-1]TGTTAATCACATGTACAT…armadillo …AACA TGTTAATCT[LINE-1]TGTTAATCACATGTACAT…

opossum …AAAAA TGCTAATCAGATTTTTGT…

reconstructed sequence          A AA----TGTTAATC---TTT-- TAAA
GCT

Figure 2.16.  The insertion site of an LINE-1 element in 

representatives of each of the eutherian super-orders [82]
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possess a large number of very old TEs that had degenerated to such 

an extent that they were not recognised by computer searches of 

any one of the sequences on its own. Conventional scans of the 

human region showed that L2 and MIR elements occupied 46,200 

and 34,700 bases, respectively; scans of the reconstructed sequence 

found an additional 15,300 and 5,600 bases occupied by TEs of these 

two families. This procedure operates on the assumption that there 

is in fact an ancestral sequence, and its success in identifying TEs 

that are invisible to conventional analysis establishes its validity. 

One such marginally discernable TE was spliced into the DNA of an 

ancestor shared by humans and armadillos [83].

But some unfinished business remains. What is the order 

of branching of the three super-orders that constitute Eutheria? 

Inconsistent data had been obtained [84]; perhaps TE analysis had 

reached its limit. This conundrum initiated a new search for inform-

ative TEs that would resolve the deepest branching of Eutheria. And 

the results were unexpected. All three branching patterns were 

strongly supported. Many TEs were identified (9 and 25 in two inde-

pendent studies) that indicated that the Xenarthra lineage branched 

off first (and that Boreoeutheria and Afrotheria were derived from 

an ancestor that lived subsequent to this event; see Figure 2.17 for 



human …ACATTAAAAATAAAAAGACCC[L1MB8]AAAAATTAAAAAGCTACCTT…
chimp …ACATTAAAAATAAAAAGACCT[L1MB8]AAAAAGTAAAAAGCTAACTT…
macaque …ACATTAAAAATGAAAAGATCT[L1MB8]AAATATTGAAAAGCTGCCTT…
rabbit …ACATTAAAAATGAG [L1MB8]AAAAATG CAGAGCACTTTT…
dog …ACATTAAAAATGTG AGAGCT[L1MB8]AAATATGAAAGAGATGTCTT…dog …ACATTAAAAATGTG AGAGCT[L1MB8]AAATATGAAAGAGATGTCTT…
elephant …ACATTAAAAATGAA ACAGCT[L1MB8]TTTGTAAATTGAGTTGCTCT…
tenrec …ACATTAAAAATGAA ACAGCT[L1MB8]AAAAAGAAGAAAGTTGTTTT…

armadillo …ACGT AAACATGAA AGAGCTGTCAT…
sloth …ACATTAAAAATGAA AGACCTCTCAT…
opossum …TCAGTAAAATTAGA AGTATCTTTCT…
reconstructed target site AAAAATGAA AGAGCT

Figure 2.17.  An L1MB8 insert dating from a Boreoeutheria–

Afrotheria (human–elephant) ancestor [86]

 



Jumping genealogy110

an example). A comparable number of inserts (5 and 22 in the two 

studies) showed that Afrotheria branched off first (Figure 2.18). And a 

similar number (8 and 21) indicated that the Boreoeutherian lineage 

was the first to diverge [85, 86].

We should recognise such anomalous patterns as indicating 

incomplete lineage sorting. A considerable number of ancient TEs 

were in a polymorphic state when the pioneers of the three super-

orders started to go their separate ways. This indicates that the basal 

radiation of the eutherian mammals was a trifurcation, a three-

way split. From this it was hypothesised that eutherian mammals 

in Africa, in the Eurasian–North American continent and in South 

America were separated almost contemporaneously by continental 

drift that disrupted the Gibraltar and Brazilian bridges. As the con-

tinents slipped apart, the loss of gene flow gave rise to Afrotheria, 

Boreoeutheria and Xenarthra. Be that as it may, the bottom line is 

that humans share multiple clonal markers (and therefore ancestors) 

with elephants and sloths.

Who could have anticipated that the study of clonal markers 

could illuminate cell lineages so removed from the study of lym-

phocyte or tumour cell clones? TEs have provided a detailed and 

compellingly supported outline of eutherian evolution. A summary 

of the studies described hitherto is given in Figure 2.19.



…AGAGAAAAAGAAATGAGCAATTAAT[L1MB]TAAAAATGAGCAAAGGACCTGAGTC…

human …AGCATTAAAACAATGAGTAATCAAT[L1MB]AAGAAAGGAACAATAGACCTGAGTC…
chimp …AGCATTAAAACAATGAGTAATCAAT[L1MB]AAGAAAGGAACAATAGACCCGAGTC…
macaque …AGCATTAAAACAATGAGTAATCAAT[L1MB]AAGAAAGAAACAACAGACCCGAGTC…
rabbit …AGCTTAAAAAT  TAACCAATTAAT[L1MB]AAGAAATGAACAACAGACAAAAGTC…
dog …AATAGT AAGAAGTGGGCAATTAAT[L1MB]AAGAAATGAACAATAGACCTGAGTC…
cow …AGTAGCAAAAAAATGAGTAATTAAC[L1MB]AAGAAATGAACAATAGATCTGTGTC…
armadillo

elephant …CT CATGAAAGAAATGAGCAATTGATTTGAATCT…
tenrec …CTGCATGAGAGAAACAAGCCACTAATCTGAATCT…
reconstructed target site AAGAAATGAGCAATT ATG

A

Figure 2.18.  An L1MB insert dating from a Boreoeutheria–

Xenarthra (human–armadillo) ancestor [86]
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2.4.4	 Mammals

There remain two more orders that have not been incorporated 

into the TE-generated mammalian phylogeny. The most remotely 

related extant mammals are marsupials (such as the opossum) and 

monotremes (such as the platypus). Might TEs provide signposts 

regarding the monophylicity of all mammals? Aeons have elapsed 

since these lineages branched from our own, during which non-

essential DNA will have decayed into oblivion. So if we share TEs 

with opossums or platypuses, we would expect to find them only 

in a form in which they are preserved as components of genes or 

regulatory modules.

We have in fact encountered such co-opted markers. Ty3/Gypsy 

retrotransposons have been exapted to support placental function 
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Figure 2.19.  A phylogenetic tree of mammals constructed from TE 

insertions

Numerals indicate the number of studied TEs inserted at each stage of 
phylogenetic development. Numbers of TEs from paired independent 
studies are shown. (B,A)X indicates that Boreoeutheria and Afrotheria 
are sister groups and Xenarthra branched out first [87].
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(see Chapter 1). These TEs gave rise to the PEG10 and PEG11 genes. 

Each was inserted into a reproductive cell from which both euthe-

rians and marsupials are descended. PEG10 was transmogrified into 

a protein-coding gene in both marsupials and eutherians, but PEG11 

degenerated in the former group and persists as a protein-coding gene 

only in the latter.

MIR elements have been recruited as transcribed components 

of many genes. One MIR element has been assimilated into the 

NTRK3 gene, and another into the Zfp384 gene. We possess these 

elements in common with opossums (but not with platypuses). They 

thus date from a eutherian–marsupial ancestor. We share an element 

in the ZNF639 gene with opossums and platypuses (but not with 

chickens) [88]. And a related CORE-SINE element is part of a highly 

conserved enhancer that drives expression of the POMC gene that 

encodes a set of hormones and the neurotransmitter β-endorphin. 

This TE also dates from an ancestor we share with platypuses. (A 

variety of other ancient elements also drive the POMC gene [89].) 

Indubitably, we share a common ancestor with platypuses. The 

monophylicity of all extant mammals is hereby established. These 

and further instances discussed below are included in the summary 

(Figure 2.19).

Subsequent evidence has only supported this conclusion. 

Scientists scrolling through genome databases have discovered 

particularly ancient TEs. Many contain sequences that are highly 

conserved between distantly related species. These TEs are strongly 

represented in conserved non-coding elements. They have survived 

and resisted changes in sequence – they are under purifying selec-

tion – because they have been domesticated to fulfil regulatory or 

structural roles. They are also signatures of very ancient evolutionary 

connections. Five of these fascinating TEs are introduced below.

MER121 elements are present as 900 copies in the human genome. •	
A substantial proportion (82%) of the individual elements are highly 

conserved in humans, rodents and dogs, and most (68%) are conserved 

also in marsupials [90].
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LF-SINEs were discovered as a class of TE in the genome of the •	
coelacanth: a deep-sea lobe-finned fish. The acronym LF-SINE stands 

for lobe-finned fishes (or living fossil)-short interspersed elements. 

There may be 100,000 copies in the coelacanth genome, some of which 

retain target-site duplications. The human genome possesses 245 LF-

SINE elements. Nearly all of these are shared with other eutherian and 

marsupial mammals, including one exonised into the PCBP2 gene. At 

least some elements predate the divergence of amphibians from reptiles, 

birds and mammals (amniotes). One of these acts as an enhancer of the 

ISL1 gene [91].

EDGR-LINE sequences were discovered in the tuatara genome. The •	
acronym stands for endangered LINE, reflecting the fact that the 

history of this class of TE might not have been known if the endangered 

tuatara had become extinct. Eighteen instances of this class of TE were 

subsequently found as conserved elements in mammalian genomes, at 

least 12 of these being common to humans and platypuses [92].

Several hundred AmnSINE1 elements are scattered around the human •	
genome. Humans share at least 130 of these with opossums and more 

than 40 with platypuses. A couple are found at orthologous locations in 

the chicken genome [93]. Two of these ancient AmnSINE1 sequences are 

present in highly conserved non-coding elements linked to the FGF8 

and SATB2 genes, which are active in mammalian brain development. 

Perhaps AmnSINE1 exaptation, innovations in brain development and 

emergence of mammals are closely linked [94].

MER131 elements were discovered only when the genome of the short-•	
tailed opossum was sequenced. This genome is TE-rich, and analysis 

led to the discovery of 83 new families of TEs that are represented in 

amniotes (terrestrial tetrapods: mammals, birds and reptiles). Of 516 

MER131 elements in the human genome, 280 are conserved in opossum. 

Of the 68 most-highly conserved elements, 38 elements were found to 

have orthologues in chicken [95].

Studies of the XIST gene identified a LINE-3 element that resides 

at orthologous positions in the genomes of mammals and of chick-

ens. Ancient LINE-3 elements are another resource for identifying 

really distant relatives [96]. Indeed a large number of highly con-

served elements are shared by us, other mammals and birds, and are 
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comprised (at least in part) of ancient TEs. More than 100 families of 

TE are involved [97].

Sequencers have their eyes on the genomes of 10,000 verte-

brate species. Analysis of the genome of the lizard Anolis carolin-

ensis identified multiple families of ancient TE (recently active in 

lizards but long extinct in mammals) that are recognisable in our 

genome as conserved non-coding elements. Thirty of these elements 

are present in conserved non-coding elements common to all mam-

mals. The time when such TEs actually entered the vertebrate germ-

line may be considerably earlier than the last common ancestor of 

mammals. Eleven of these exapted elements are clonal markers of 

the mammal–bird–reptile (amniote) clade [98].

2.4.5  TE stories on other branches of the tree of life

This survey has necessarily been anthropocentric. We have con-

sidered TEs currently recognisable in the human genome, whether 

possessed only by one individual, or shared by all mammals, or by 

all amniotes. But TEs are ubiquitous. The genomes of all organisms 

seem to have their own communities of resident TEs. Such TEs are 

being used to disclose the phylogenetic development of other taxa.

The rodents comprise 40% of all mammalian species. TE anal-

ysis has elucidated the relationships between mice, guinea pigs and 

squirrels. Retrotransposons peculiar to lagomorphs have revealed 

how rabbits, hares and pikas are connected. Statistical approaches, 

such as the aligning of DNA sequences, had yielded hopelessly con-

tradictory results. Both groups are monophyletic [99].

TEs have served to tease out an early Laurasiatherian history 

marked by extensive incomplete lineage sorting and by gene transfer 

between nascent, but still interbreeding, species. An initial burst of 

rapid speciation led to a network of relationships, not a bifurcating 

tree [100].

Until recently, whales were classified in an order of their own, 

Cetacea. A surprising result shattered this old understanding. A set 

of TEs was found to be shared by whales and hippos. This discovery 
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was the first (and sufficient) indication that whales and hippos 

evolved from a common ancestor. Whales were promptly incorpo-

rated into the order Cetartiodactyla alongside even-toed ungulates 

(which includes hippos, pigs, giraffes, deer, sheep and cattle) [101]. 

Within the Cetartiodactyla, TEs have clarified whale and dolphin 

relationships. A retrotransposon insert that is a specific marker of 

baleen whales led to the loss of enamel-capped teeth [102]. Similar 

analyses in ruminants have demonstrated that giraffes have evolved 

from an ancestor shared with sheep and deer. There is no doubt that 

the giraffe evolved from short-necked forebears, even if the mechan-

ism requires clarification [103].

The distribution of TEs has elucidated Afrotherian, and 

Xenarthran phylogeny [104]. Ancient TEs have demonstrated that 

the marsupials of Australia and South America have emerged from 

the same stock. Common marsupial origins evince an early history 

on the ancient southern landmass of Gondwanaland [105].

TE analysis has been applied productively to the phylogeny of 

galliform birds (chickens, quail and peafowl), to penguins [106], and to 

the passerine birds (loosely, perching and songbirds, which comprise 

most avian species), parrots and falcons. And TEs also show that all 

living birds – from hummingbirds to ostriches – are monophyletic [107]. 

The great majority of TE insertions in birds reflect phylogenetic rela-

tionships unambiguously. One study involving 66 insertions identified 

two sites that might have been independently targeted in different taxa 

(although in one of these the TEs were oriented differently), and two 

sites where exact deletion of a TE seems to have occurred [108].

TEs have provided a definitive classification of the cichlid fish 

of the African Rift Lakes, of which a large number of species have 

appeared with spectacular rapidity. One might expect that incom-

plete lineage sorting would be rife in this situation of explosive spe-

ciation – and indeed it is. Nevertheless, geneticists have learned to 

live with incomplete lineage sorting [109].

Anatomists have struggled doggedly for centuries, construct-

ing taxonomies on the basis of the morphology of living and fossil 
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species. In the last few decades, geneticists have discovered that 

organisms may be characterised by their own intricate barcodes – 

assemblages of TEs stitched into their genomes. The morphologists 

did a pretty good job, hampered as they were by the complexities of 

convergent evolution. However, of very recent years, they have been 

greatly assisted by the advent of TEs, which are close to being ideal 

phylogenetic markers.

2.5  Exaptation of TEs

Primate genomes have been invaded and expanded by millions of 

segments of DNA in the form of LTR, LINE-1, Alu and SVA elements. 

The genomes of mammals share the DNA footprints of more ancient 

invasions by LINE-2, LINE-3 and MIR elements, as well as a rich 

diversity of DNA transposons. To what extent has the accumulation 

of TE-derived DNA served as raw material to provide new functions 

to the host organisms? TEs that are harmful reduce the viability of 

their host organisms. TEs that perform no function would tend to 

degenerate and disappear with time. TEs remaining in our genomes 

are to some extent a selected group. Surviving TEs were once sum-

marily dismissed as ‘junk’. But that prejudicial assessment failed to 

take into consideration the extraordinary proclivity of organismic 

systems to co-opt unclaimed expanses of DNA.

TEs have been entrained to contribute to genetic function in 

many ways. Three are described below. Firstly, TEs have provided 

DNA sequences out of which new genes have been formed. Secondly, 

they have added variety to pre-existing genes by providing new 

exons. As noted, they have been exonised. And, thirdly, they have 

complexified genome function by donating segments of DNA that 

have been co-opted into regulatory circuitry.

These genome-constructing consequences of TE activity are 

the outcome of familiar genetic processes. Repeatedly, TEs have 

been transformed, under the constraining influence of natural selec-

tion, from randomly firing units of mutagenic DNA (that were of 

no use to the organism in which they were generated) into modules 
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possessing genetic functionality (that have contributed to the viabil-

ity of that organism’s descendants).

2.5.1  Raw material for new genes

Alu elements have contributed new genes to our genome. A classi-

cal example is the BC200 gene (later renamed BCYRN1). This arose 

from an Alu element that spliced itself into the genome of an ances-

tor of the apes and monkeys. This Alu element spawned a multitude 

of daughters (some 200 are scattered around the human genome), 

but itself became domesticated into a gene that currently functions 

in anthropoid primates. The BCYRN1 gene generates an RNA tran-

script that is not translated into a protein (that is, the transcribed 

RNA is non-coding). This RNA molecule is expressed in the brain, 

particularly in neurons, and is part of a molecular complex that con-

trols protein synthesis in dendrites. It may function in the control of 

neuronal plasticity, an integral part of learning and memory. This is 

a huge makeover for what was once a parasitic piece of DNA [110].

An Alu-derived gene family has been described. A primitive 

Alu element (of the FLAM_C sub-family) was transformed by a ser-

ies of mutations into an ASR element (in an ancestor of apes and 

monkeys) and thence into a family of CAS elements (in an Old World 

primate ancestor). Subsequently, a CAS element underwent two 

small duplications to generate a first snaR gene in an ancestor of the 

African great apes. This progenitor was copied many times by being 

embedded in sequentially duplicated segments of DNA, generating 

families of snaR genes in African great apes. The duplicated units 

are marked by fragments of a gene that resided near the original 

FLAM_C element, by a LINE element and by other Alu elements. 

The snaR genes are transcribed into small RNA molecules that, 

like BCYRN1, do not encode proteins. They may regulate protein 

synthesis [111].

The PMCHL1 and PMCHL2 genes were assembled from sev-

eral segments of genetic flotsam, one of which was an Alu elem-

ent. These genes were created in a stepwise fashion that spanned 

 

 



Jumping genealogy118

several branch points of the primate family tree. Events included the 

copying of part of a precursor gene together with the insertion of an 

Alu element (in an Old World primate ancestor), the recruitment of 

downstream exons by mutations generating splice sites (in a hom-

inoid ancestor), and gene duplication (in a human–chimp ancestor). 

These genes are active in the testis and fetal brain, and also encode 

non-coding RNA transcripts [112].

Finally, several Alu elements collaborated to form the FLJ33706 

gene, including one that was spliced into the primate germ-line in 

an ancestor of apes and monkeys, and that much later provided a 

protein-coding sequence. The gene came to acquire protein-coding 

capacity only on the lineage leading specifically to humans, when 

two critical enabling mutations occurred. First, a pre-existing TAG 

stop codon, which prevented production of a protein, mutated into 

an amino-acid-specifying TGG codon. Secondly, one base (a ‘G’) was 

deleted. This frameshift mutation created an open reading frame, 

a DNA sequence that specifies an amino acid chain of sufficient 

length as to generate a functional protein. The human-specific pro-

tein is expressed by neurons in the brain, and the gene is linked to a 

marker for nicotine addiction [113].

2.5.2  Raw material for new exons

Protein-coding genes generally consist of discontinuous segments 

of DNA that are destined to become parts of messenger RNA tran-

scripts (called exons), separated by intervening sequences that 

are spliced out and discarded during the processing of transcripts 

(called introns). One gene may generate multiple messenger RNA 

species because various combinations of exons may be selected 

during RNA processing. The strategy by which one gene generates 

diverse messenger RNA species increases the complexity of genetic 

function.

In the human genome, TEs have been recruited repeatedly into 

genes as novel exons. TE sequences occur in 4.4% of all gene tran-

scripts, and in 0.5% of all DNA sequences coding for proteins [114]. 
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The mechanisms by which TEs have been exonised have been eluci-

dated for several examples (Table 2.2).

The survivin gene provides an example. The splice sites 

required for incorporation of the Alu sequence into the messenger 

RNA product were present from the time of insertion. The acceptor 

splice site was present in the left-hand target-site duplication, and 

two possible donor splice sites were present in the Alu element itself, 

yielding two differently sized Alu-derived exons (Figure 2.20). This 

suggests that the Alu element could have been exonised immedi-

ately upon entry into the survivin gene [116]. In other cases, series of 

mutations were needed to incorporate TE sequences into exons.

A survey of 330 Alu-derived exons has shown that most are 

minor components of gene output. However, six cases were described 

in which Alu-derived exons are present in all transcripts arising from 

their respective genes. Initially, exonisation may occur inefficiently 

and be of minor consequence but, with time, natural selection may 

Table 2.2. Examples of genes containing exonised TEs

Gene TE
Lineage into which 
TE was inserted

Lineage in which 
exonisation was 
completed Ref.

leptin receptor SVA Human Human 115
survivin
PKP2B-4

Alu
Alu

Hominoid
Hominoid

Hominoid
Hominoid

116
117

MTO1–3
ADRA1A*

Alu
Alu

Old World primate
Old World primate

Old World primate
Old World primate

117
118

NARF
RPE2–1
TNFR2/

TNFRSF1B
c-Rel-2

Alu
Alu
Alu

Alu

Simian
Simian
Simian

Simian

African great ape
Great ape
Old World primate

Old World primate

119
117
120

117
SFTPB Alu Primate Human? 121
ZRANB2 Plat_L3 Primate Simian? 122

* MIR3 and L1MC5 elements common to simians were also exonised.
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lead to more efficient incorporation of advantageous TE-derived 

exons into mature transcripts [123].

2.5.3  Raw material for new regulatory modules

TEs have assumed a plethora of regulatory roles. Alu elements, for 

example, have been recruited to provide regulatory input into all lev-

els of gene expression [124]. The genomic age has made life much 

more complicated for people who study genetic function. Not long 

ago, it was thought that the small proportion of the genome that was 

occupied by protein-coding genes (1.5%) was responsible for most of 

the RNA that was transcribed. Now it is known that nearly all of 

the genome is transcribed and so performs vital (albeit diverse and 

hitherto poorly understood) roles in specifying the biological proper-

ties of organisms [125].

DNA sites mediating control of genome functions may be 

defined as sequence motifs (such as the conserved non-coding 



human …TAATCCTTACAGTGG[Alu insert]TCTTTACAGTGGATT…
chimp …TAATCCTTACAGTGG[Alu insert]TCTTTACAGTGGATT…

1 2 2B 3 3B 4

…TAATCCTTACAGTGG[Alu insert]TCTTTACAGTGGATT…
gorilla …TAATCCTTACAGTGG[Alu insert]TCTTTACAGTGGATT…
orang-utan …TAATCCTTACAGTGG[Alu insert]TCCTTACAGTGGATT…
gibbon …TAATCCTTACAGTGG[Alu insert]TCCTTACAGTGGATT…

vervet …TAATCCTTACAGTGGATT…
tamarin …TAATCCTTACAGTGGATT…
lemur …GAAT CAGTGGATT…

Figure 2.20.  Alu element exonisation in the survivin gene [116]
Numbered boxes represent exons. The dotted box indicates an 
extension of exon 2B that arose from the inserted Alu (arrow). Not 
to scale.
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elements described above) that are believed to act as enhancer and 

repressor sites. Alternatively, regulatory sites may be defined func-

tionally by their ability to bind transcription factors. These groups 

are not mutually exclusive. TEs feature in each.

Analysis of the opossum genome (published in 2007) showed 

that a large number of conserved but non-coding DNA elements 

appeared in eutherian genomes. That is, they are absent from chicken 

or opossum, but present in human plus rodent or dog. At least 16% 

of all such conserved elements (numbering 33,760) were shown to be 

formed either wholly or in part by TEs representing multiple fam-

ilies (including ERVs, LINE elements, MIR elements and DNA trans-

posons) [126]. Just 5 years later, a comparison of 29 eutherian genomes 

(published in 2012) identified 285,000 conserved non-coding elements 

that are derived from TEs. That is, at least 11% of all conserved non-

coding elements identifiable in our genome are derived from TEs. Or 

to express the relation from the perspective of the TE population: 6% 

of all TEs have acquired stable functions as shown by the fact that 

they contain sequence motifs that resist change [127].

Experimentally, regulatory DNA sequences may be identi-

fied by their sensitivity to cleavage by endonucleases. A favourite 

approach is to look for DNase 1 hypersensitive sites. Several million 

of these have been found in diverse cell types, and 900,000 have 

been located in LTR, LINE, SINE and DNA elements. There may 

be extensive overlap between conserved non-coding elements and 

DNase 1 hypersensitive sites, but the involvement of TEs in each 

emphasises the vital, life-sustaining responsibilities assumed by our 

erstwhile parasites [128].

Many of the transcripts found in human tissues are initiated 

from specific sites within TEs. The proportion of such TE-initiated 

RNA molecules varies according to the tissue: from 3% in fibroblasts, 

4% in liver, 5% in brain, to 16% in embryos. Individual TE-initiated 

transcripts tend to be expressed in particular tissues only [129].

The initiation of RNA transcription is under the control of pro-

teins that bind to DNA at specific short DNA sequences. A catalogue 
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of such transcription factor binding sequences in the human genome 

revealed that more than 4% were located, either wholly or in part, 

in TEs. These included representatives of multiple major classes of 

TEs: LTR, LINE-1, -2 and -3, Alu and MIR elements, and DNA trans-

posons. Older elements tend to be over-represented in such func-

tional motifs. They have survived in the genome because they have 

come to perform functions (transcription factor binding in this case) 

that natural selection has preserved [130].

However, Alu elements, which are primate-specific and young 

in evolutionary terms, have also contributed many short sequence 

motifs as binding sites for transcription factors [131]. In one instance, 

an Alu element situated near the gene for cathelicidin (an antibacte-

rial protein) contains an internal nine-base duplication (CGGGTTCAA) 

that created a binding site (GGTTCA … GGTTCA) for the vitamin D 

receptor. The novel vitamin-D-mediated control of cathelicidin 

arose potentially in an ancestor of apes and monkeys. It is testimony 

to our common ancestry with NWMs, and to the capacity of natural 

selection to transform randomly accreted DNA into life-sustaining 

regulatory information [132].

Particular TEs often harbour particular transcription fac-

tor binding sites. Selected studies are summarised in Table  2.3. 

Functional sites range in age from retinoic acid receptor-binding sites 

in Alu elements (most instances of which are common to Old World 

primates) to LINE-2 elements (many instances of which have been 

shown to be shared by humans and their Boreoeutherian best friend, 

the dog). Genome-disrupting jumping genes have been entrained, 

repeatedly through mammalian history, to the task of reconfiguring 

genome-orchestrating regulatory networks.

A striking example of TE-mediated genome reorganisation 

is found in the appearance of binding sites for the protein CTCF. 

Genomes contain thousands of CTCF-binding sites, and these act 

to demarcate functionally distinct regions of chromatin. These 

genome-organising motifs are up to 34 bases long, and may be either 
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lineage-specific (found only in particular groups such as rodents) or 

highly conserved in all mammals. In the former case, new CTCF-

binding domains have been generated in genomes as parts of lineage-

specific TEs. In the latter case, ancient CTCF-in-TE binding sites 

are embedded within a diversity of ancient TEs, and are common to 

Boreoeutheria. Some are common to eutherians and marsupials, and 

date from a human–opossum ancestor. A few are shared by mam-

mals and birds, and thus arose in germ cells that were ancestral to 

humans and chickens [140].

Table 2.3. TEs containing binding sites for transcription factors

TE Age of TE
Transcription 
factor(s)

Roles of regulated 
genes Ref.

Alu primate  
only

retinoic  
acid receptor

thyroid 
hormone receptor

hepatocyte nuclear 
factor 4α receptor

oestrogen receptor

development, 
differentiation

energy metabolism

development, 
liver function

female reproduction

133

p53 tumour suppression 134
MYC

Oct4

NANOG

proto-oncogene, 
cell division

maintenance of 
stem cells

maintenance of stem 
cells

135

NFκB inflammation, cell 
growth

136

heat shock factor responses to stresses 137
MER20 early 

Eutheria
progesterone-

responsive
placental 

development
138

LINE-2  early 
mammal

REST (repressor)  neural development  139  
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2.6  The evolutionary significance of TEs

Multitudes of TEs that have accumulated in our genome have been 

recruited to perform a diversity of roles. But they have done more 

than that. They have been players in reorganising the genome. And 

they have done so by participating in just the kind of reactions that 

are intrinsic to this extraordinary molecule called DNA.

This chapter concludes with some provocative hypotheses 

regarding the role of TEs in evolution. Perhaps genomes tolerate 

these endogenous mutagens over the long term because there are 

times when some genomic destabilisation is advantageous. Perhaps 

stressful environmental conditions promote TE activity as a means 

of increasing the variation upon which natural selection can act to 

facilitate adaptive responses.

2.6.1  TEs, genomic reorganisation and speciation

TEs have facilitated the reorganisation of genomes. We have con-

sidered the propensity of ERVs to undergo non-allelic homologous 

recombination involving paired LTR sequences. Such events result 

in the deletion of all the internal sequence and of one LTR-equivalent 

(Chapter 1). TEs scattered through genomes also act as substrates for 

recombination. Two TEs of the same class may undergo a recombina-

tion event, resulting in the loss of the DNA that lies between them 

as well as of one TE-equivalent. One chimaeric TE is retained.

On short timescales, recombination events, leading to the loss 

of intervening sequences, cause genetic diseases [141]. But on evo-

lutionary timescales, the same processes reorganise genome con-

tent, contributing to the transformation of the genome of progenitor 

species into those of descendant species. After the human lineage 

diverged from the human–chimp common ancestor, more than 70 

recombination events occurred between LINE-1 elements. These 

trimmed the human genome by some 450,000 bases [142]. During 

the same time period, more than 490 recombination events occurred 

between Alu elements. These excised another 400,000 bases from the 
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human genome [143]. It goes without saying that the same processes 

have taken place in the chimpanzee-specific lineage also. Some 660 

Alu-mediated deletion events have excised 770,000 bases between 

the human–chimp ancestral genome and the chimp genome [144]. 

The occurrence of such genomic changes demonstrates that human–

chimp ancestral sequences have been transformed into our own (and 

into those of chimps) by familiar mechanisms intrinsic to the nature 

of DNA. Humans and chimps are connected by a story.

The SIGLEC gene family exemplifies such molecular inter-

conversions. SIGLEC genes encode proteins (Siglecs: sialic acid-

binding Ig-like lectins) that are located on cell surfaces and that bind 

to sugar derivatives called sialic acids. Such Siglec–sialic acid inter-

actions are molecular handshakes that contribute to recognition 

between cells involved in immunity. One of the family, SIGLEC13, 

along with five Alu elements, is present in the genomes of chimps 

and OWMs, but absent in humans. En route to the human genome, 

the entire gene was neatly excised by a recombination event between 

the left-handmost Alu element and the Alu element just to the right 

of the last exon (Figure 2.21). The truncated human locus is marked 

by a chimaeric Alu element, consisting of portions of each of the two 

elements that participated in the rearrangement [145].

Recombination events involving two Alu elements may also 

generate chromosomal duplications. Alu-mediated recombination 

events have led to reiterated duplication events that have generated 

a large family of microRNA genes. Individual members are arranged 

in series, in a head-to-tail, bumper-to-bumper tandem configuration. 

MicroRNAs are powerful regulators of gene expression. They act 

upon other RNA molecules, either preventing their translation into 

proteins, or orchestrating their degradation. Alu-mediated recombi-

nation may have exerted major effects in the control of cellular behav-

iour. MicroRNAs generated from this gene cluster may function by 

suppressing genome-wide Alu retrotranspositional activity [146].

Side-by-side TEs also participate in recombination reactions 

that result in DNA inversions (rearrangements in which a segment 
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of DNA is flipped by 180 degrees with respect to the sequences on 

either side of it). Oppositely oriented Alu elements may align when 

DNA bends into a hairpin structure. This allows the TEs to undergo 

effective breakage-and-rejoining recombination. The result is an 

expanse of DNA that reads in the reverse orientation, bracketed by 

a pair of chimaeric TEs with non-matching target-site duplications 

and flanking sequences (Figure 2.22). Approximately 50 TE-mediated 

recombination inversions have occurred in humans and chimps since 

their common ancestor, and several genes have been disrupted. The 

familiar processes of TE-mediated deletion, duplication and inver-

sion may have contributed significantly to speciation [147].

The genome contains many simple sequences that are pre-

sent as repeated units. If the basic unit is composed of less than ten 

bases, such as the three-base sequence [AAG]n, the repeat is called a 



Alu-mediated
homologous 

recombination 

human

1

2

3
5
6
7

8

1

2

3
4

5
6
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8

chimp

macaque

baboon
1 2 3 4                     5  6 7        8

3
4

Figure 2.21.  Human-specific deletion of the SIGLEC13 gene by 

homologous recombination between Alu elements [145]
The diagram depicts SIGLEC13 exons (numbered grey vertical lines 
and boxes), Alu elements (triangles), LINE-1 elements (white boxes) 
and ERVs (ovals). The intermediate stage representing Alu-mediated 
homologous recombination, depicts the point at which two Alu 
elements underwent DNA breakage and exchange. The excised loop of 
DNA (upper right) was lost.
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microsatellite; if the basic unit consists of ten or more bases, the 

repeat is called a minisatellite. These repeated sequences are often 

located within TEs such as LINE-1 and Alu elements. The polyA 

tails of Alu elements may be considered to be ready-made micro-

satellites, [A]n, which can mutate readily into other microsatellite 

sequences [148].

Microsatellites tend to have high mutation rates. The number of 

repeat units changes readily. They underlie some 40 genetic diseases. 

The ability of TEs to introduce such sequences into genomes desta-

bilises them. For example, an Alu element that appeared in a simian 

ancestor (and that has been identified in the genomes of each of 18 

species of apes and monkeys) is the source of a complex microsatellite 

that is responsible for the development of the disease myotonic dys-

trophy type 2 (Figure 2.23). The microsatellite contains [TG]n, [TCTG]n 

and [CCTG]n repeats. Expansion of the latter repeat, to hundreds or 

thousands of copies, perturbs gene function and leads to disease [149].

One practical use of microsatellite sequences is in the 

identification of criminals, human remains and children’s fathers in 



TAATCAATAATCAA TCAGAGCCC TCAGAGCCC

TAATCAATAATCAA

chimp, gorilla, orang

AACTAATTAATCAA TCAGAGCCCCCCGAGACT

CCCGAGACT

human

CCCGAGACT

Figure 2.22.  Recombination between TEs in opposite orientations 

generates chromosome inversions [147]

 



Jumping genealogy128

paternity testing. All the lawyers in the world have never advanced 

a valid reason why DNA should not be used to establish relatedness 

between people [150].

2.6.2  TEs and evolvability

Genetic systems can be controlled epigenetically. That is, DNA or 

associated chromosomal proteins can be tagged by chemical signals 

(such as methyl or acetyl groups) that modulate gene activity. These 

tags are stable and heritable but are subject to regulation and are 

therefore reversible. The ability of TEs to transpose is subject to epi-

genetic control [151].

Evolutionary change is a compromise between two extremes. 

A low mutagenic burden is an advantage to the individual organism, 

because this would minimise the incidence of genetic diseases. For 

this reason, organisms possess regulatory mechanisms to suppress 



human …TATTACTGCCAG   [X …AGCC]ACTACCAATTAT   TTCT…
chimp …TATTACTGCCAG   [X …AGCC]ACTACCAATTAT   TTCT…
bonobo …TATTACTGCCAG   [X …AGCC]ACTACCAATTAT   TTCT…
orang …TATTACTGCCAG   [X …                        …
siamang …TATTACTGCCAA   [X …AGCC]ACTACCAGTTAT   TCT…
agile gibbon …TATTACTGCCAA   [X …AGCC]ACTACCAGTTAT   TTCT…
white-handed gibbon …TATTACTGCCAA   [X …AGCC]ACTACCAGTTAT   TTCT… 
rhesus macaque …               [X …GGCC]ACTCGCCATTATTTGTTCT…
bonnet macaque …               [X …GGCC]ACTCGCCATTATTTGTTCT…
De Brazza’s monkey …               [X …GGCC]ACTCGCCATTATTTGTTCT…

repeat sequence
Alu insert

De Brazza’s monkey …               [X …GGCC]ACTCGCCATTATTTGTTCT…
patas monkey …               [X …GGCC]ACTCGCCATTATTTGTTCT…
blue monkey …               [X …GGCC]ACTCGCCATTATTTGTTCT…
hamadryas baboon …               [X …GGCC]ACTCGCCATTATTTGTTCT…
mandrill …               [X …GGCC]ACTCGCCATTATTTGTTCT…
silvered lutong …               [X …GGCC]ACTCGCCATTATTTGTTCT…
hanuman langur …               [X …GGCC]ACTCGCCATTATTTGTTCT…
marmoset … ATTACTACCAATTA[XI…AGTC]ACTACCAATTAT   TTCT… 
owl monkey … ATTACTACCAATTA[XI…AGTC]ACTACCAATTAT   TTC… 
tufted capuchin … ATTACTACCAATTA[XI…AGTC]ACTACCAATTATT  TTCT… 

inferred ancestral sequence … ATTACTACCAATTAT   TTCT… 

Figure 2.23.  An Alu element common to simian primates and 

containing a microsatellite sequence (X) [149]
Also present is a small insertion (I) in NWMs.
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the insertional mutagenesis associated with TE activity. However, 

such genomic stability may be incompatible with adaptive change 

over the long term. A high mutational burden is disadvantageous 

to individuals, but promotes variation upon which natural selec-

tion can work, and hence promotes the development of adaptations. 

Under normal conditions, there may be an optimal level of TE activ-

ity that is compatible with both individual survival and lineage 

adaptability [152].

There is evidence that stress, acting through genetic or epige-

netic mechanisms, increases the ability of TEs to replicate. Forms 

of such stress might include DNA-damaging agents, heat, oxidative 

stress, inflammation or viral infection [153]. Environmental agents 

are able to co-opt a variety of classical signalling pathways by which 

they may induce L1 retrotransposition and its concomitant inser-

tional mutagenic burden. Many routes may connect the outside 

world and the hidden microworld of the genome [154].

TEs may therefore affect genome stability in a way that 

fluctuates according to environmentally imposed pressures. A 

well-adapted population of organisms may experience low levels of 

physiological stress and would have a low degree of transpositional 

activity. These conditions would engender a state of evolutionary 

stasis. On the other hand, a population of organisms confronted 

with novel or stressful environments might undergo increased 

rates of transposition, with resulting genetic instability, and a con-

comitant acceleration of evolutionary change. The result would be 

an increased frequency of harmful mutations, but also an elevated 

capacity for adaptation and speciation. Patterns of long-term stabil-

ity interspersed by bursts of active speciation are well recognised 

and have been called punctuated equilibrium [155].

The environment–epigenetics–transposition connection might 

constitute a feedback mechanism according to which selective pres-

sures elevate mutation rates and facilitate evolvability (Figure 2.24). 

Indeed, TEs may themselves modify epigenetic systems in the organ-

isms that carry them. If these hypotheses are borne out, then the 
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ubiquitous presence of TEs might be part of the essential novelty-

generating requirement that makes life possible. The randomness 

of TE behaviour might be an essential part of the adaptability and 

fecundity of life.

Human evolution over the last few million years has been pro-

found. Striking innovations in our biology include bipedality and 

the increase in brain size. It has been suggested that this rapid evo-

lution may correlate with, and may have been driven by, a high rate 

of retrotransposition [156]. John Mattick has championed the para-

digm that non-coding RNA has vital roles in the genetic regulation 

of complex organisms. He suggests that the waves of Alu insertions 

into primate genomes have provided a substrate contributing to the 

versatility of transcriptional and epigenetic regulation, necessary for 

interactions between the environment and epigenetic regulation of 

the genome, and thus contributing to the development of cognitive 

function [157].

It is generally stated that half of our genome is derived from 

ERVs and TEs. The application of more-sophisticated software that 



stasis TE activity
low

environmental change

TE activity
change

physiological stress

genetic 
genetic 
stability low TE activity

high

adaptation

natural selection

genetic 
instability

stability

Figure 2.24.  Do TEs mediate feedbacks between environmental 

stress and genetic instability? [155]
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allows the identification of more degenerated (fragmented) TEs has 

raised this estimate to two-thirds of our genome [158]. TEs have 

expanded, modified and elaborated our ancestors’ genomes at least 

as far back as genetic analysis can detect. Mattick’s revolutionary 

theorising may be generalisable over biological history.

It may be that TEs are maintained in host genomes simply 

because they are efficient parasites, and not because they confer 

evolvability on lineages of organisms. Either way, they have had a 

major role in the evolution of genetic novelty and of new species 

[159]. For our purposes, they have provided an extraordinarily com-

prehensive (and to a cell biologist, elegantly satisfying) answer to the 

questions of the fact and the route of our phylogenetic history.
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Geneticists have studied mutations intensively over the years. They 

recognise various categories and can anticipate their likely effects. 

Some mutations involve major reorganisations of the genome. 

Segments of DNA may be deleted, duplicated, inverted or exchanged 

between chromosomes. If these involve sufficiently large portions of 

chromosomes, they will be visible microscopically in mitotic chro-

mosomes. At the other extreme of the size spectrum, mutations may 

change only one or a few bases. One base may be substituted for 

another. One or a few bases may drop out of the sequence (be deleted) 

or drop in (be inserted).

The genetic code is the information system according to which 

the sequence of bases in DNA specifies the sequence of amino acids 

in proteins. The code was spectacularly deciphered in the 1960s. A 

run of three bases in DNA (a base triplet, or codon) specifies the iden-

tity of an amino acid in a protein. Three particular codons have the 

function of specifying the end of the protein-coding section of a gene 

sequence. These are called the stop codons, and are TAG, TGA and 

TAA. Any base change mutation that transforms a codon specifying 

an amino acid into a codon specifying the stop command will termi-

nate the protein. The resulting protein will lack all content between 

the stop mutation and the authentic stop codon. Such premature ter-

mination is typically disastrous for protein function.

The nature of the triplet code also means that the deletion or 

insertion of bases that are not in multiples of three will scramble 

genes by putting all the downstream triplets out of phase. Consider 

the sentences of three-letter words below, the second of which has a 

one-letter deletion:

3	 Pseudogenealogy
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The big fat dog ate the hot bun.

Teb igf atd oga tet heh otb un.

The loss of one letter reduces all subsequent text to gibberish. In 

precisely the same way, the deletion of one base (or of two, four, five, 

seven … bases) is catastrophic for protein sequence and activity. Such 

insertions and deletions (or collectively, indels) that disrupt the tri-

plet coding frame of genes are known as frameshift mutations. They 

are a familiar class of disease-causing mutations.

Other single-base changes may obliterate DNA motifs to 

which gene-regulating proteins bind. As a result, transcription from 

those genes may be suppressed. Mutations may destroy short DNA 

motifs that act as signals to direct splicing of messenger RNAs. 

These splice-site mutations will result in misassembled messenger 

RNA molecules with garbled information content. In short, there is 

an extensive catalogue of recognised mutation types, and an innu-

merable variety of possible mutations. It follows that the sharing of 

particular mutations by cells or organisms constitutes powerful evi-

dence that those cells or organisms are related: that is, that they 

have inherited their particular, distinctive mutation from the pro-

genitor in which the mutation occurred. This is the situation we 

have described as the casanova phenomenon.

Mutations indicate lines of descent. The logic of this statement 

may be illustrated from the history of Charles Dinarello, a scientist 

who was instrumental in the discovery of interleukin-1β (IL-1β), a 

cytokine that regulates inflammation. He submitted a manuscript, 

which contained the sequence of the IL-1β gene, to the prestigious sci-

entific journal Nature. The editor of the journal sent the manuscript 

for review to scientists working for a biotech company. The biotech 

scientists told the editor that the manuscript was not worth publish-

ing, and then proceeded to use Dinarello’s sequence in a report of 

their own, which they submitted for publication (successfully) to the 

same journal, Nature. Dinarello had done the work. Others got the 

credit. Cunning indeed.
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But then Dinarello discovered that his original IL-1β gene 

sequence contained seven errors – and that all of those errors were 

present in the sequence that the biotech scientists had claimed as 

their own. The presence of the same few errors in Dinarello’s and 

the biotech company’s gene sequences proved that one sequence had 

been copied from the other. The biotech scientists had appropriated 

Dinarello’s data. The conclusion was unavoidable. The company did 

not even go to court, but agreed to pay out $21,000,000. If the origi-

nal IL-1β sequence had been fully correct, the theft of Dinarello’s 

data would not have been apparent [1]. Singular mistakes in manu-

scripts establish lines of descent.

A mutation that arose as a one-off event in a single cell, but is 

present in many descendants, is known as a founder mutation. In 

human populations these genetic markers can often be recognised as 

singular mutations embedded within a DNA sequence environment 

(the haplotype) that is relatively homogeneous compared with the 

same genetic locus found in the rest of the population. The shared 

mutation-plus-haplotype reflects the unique source of the mutation. 

Examples affecting humans are found in many people who suffer 

from iron-overload disease, sickle-cell anaemia and haemophilia [2].

A founder mutation underlies blue eye colour. The OCA2 gene 

has a vital role in determining the colour of our eyes. It stretches over 

more than 345,000 bases of DNA, and specifies a protein that helps 

control the production of a brown pigment called melanin. Blue-eyed 

people first appeared in human history as a result of a base substitu-

tion mutation in a regulatory element that controls the activity of 

the OCA2 gene (Figure 3.1). The equivalent DNA sequence is shown 

for nine other mammals. The central six-base TAAATG sequence 

highlights a protein-binding site that controls OCA2 gene activ-

ity, and is invariant except for blue-eyed people, who have a TAAGTG 

sequence. Blue-eyed people from Denmark, Turkey or Jordan have 

the same mutation in the same haplotype. All are descended from 

the one individual in whom the A-to-G mutation occurred, approxi-

mately 10,000 years ago [3].
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3.1 � Mutations and the monoclonal  
origins of cancers

Cancers arise when proto-oncogenes are mutated into deranged onco-

genes, and when tumour suppressor genes are mutated into oblivion. 

Such mutations may occur spontaneously, or following, exposure to 

ionising radiation, ultraviolet radiation or chemicals, such as oxi-

dants generated during long-term inflammatory conditions, hydro-

carbons in cigarette smoke, fungal toxins in food or heavy metals in 

industrial air.

Regardless of the source, mutations arise randomly. A practi-

cally infinite number may affect the genes targeted in cancer – espe-

cially the tumour suppressor genes. If a particular mutation initiated 

oncogenic development, it would be present in every cell that was 

subsequently generated. Shared mutations demonstrate that cancers 

are monoclonal. This principle may be illustrated by the multiple 

cancers that may arise in the urinary systems of some individ-

uals. These cancers may occur at the same time or in chronological 

sequence. Oncologists have asked whether these multiple tumours 

arise independently of each other (in which case each tumour might 

be expected to possess its own characteristic set of mutations) or 



…GAGCATTAAGTGTCAAGT…
…GAGCATTAAATGTCAAGT…
…GAGCATTAAATGTCAAGT…
…GAGCATTAAATGTCAAGT…
…GCGTATTAAATGTCAAAT…
…GCGTATTAAATGTCAA  …
…GCACGCTAAATGTCAAGT…
…GCATGGTAAATGTCAAGT…
…GCATGTTAAATGTCAAGT…
…GCATGTTAAATGTCAAGT…

Figure 3.1.  The mutation responsible for blue eyes [3]
The protein-binding site is shaded. All bases that are the same as 
those from brown-eyed humans are in bold. The A-to-G mutation 
is arrowed. Dark circles represent brown (pigmented) eyes; the light 
circle represents blue eyes.
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whether they are all spawned by one progenitor tumour cell (in 

which case all tumours would share the mutations that give rise to 

the first malignant cell).

In the case of tumours in the bladder, a convenient tumour sup-

pressor gene is at hand. This is the famous TP53 gene that encodes 

the p53 protein. TP53 is frequently mutated in bladder cancer, and 

sustains an extensive range of mutations in bladder cancers from 

different patients. Studies of TP53 mutations have shown that, in 

individual patients with multiple tumours arising in lymph nodes, 

kidney, bladder or ureter, all of the tumours have the same muta-

tion. This demonstrates that the multiple tumours are monoclonal, 

derived from the one delinquent cell in which the mutation arose [4]. 

Perhaps tumour-initiating cells spread locally through the plane of 

the epithelium, or over long distances via the hollow interior of the 

bladder and its associated ducting [5].

Studies of kidney cancers show how tumour development 

is branching (not linear), how all the cells that possess a particu-

lar mutation may be seen as descendants of the one founding cell 

in which that mutation occurred, how the succession of sub-clones 

may be delineated by a succession of new mutations, and how a 

single gene can be found to be independently mutated in different 

clones (Figure 3.2) [6].

Cell lineages in the colon have been studied intensively. The 

colon is lined by tiny glands called crypts. The cells populating each 

crypt are typically monoclonal, derived from one active stem cell 

that resides at the base. The study of unique mutations, appearing in 

mitochondrial DNA, has shown that single crypts may divide into 

paired crypts, and eventually into patches of crypts, all of which 

are tagged by the same mutation, and are therefore clonally related. 

Local spread of single clones of cells occurs in colon epithelial tissue 

that is morphologically normal [7].

The colon may degenerate into a chronic inflammatory 

condition called ulcerative colitis, in which long-term bombardment 

with damaging forms of oxygen wreaks havoc upon DNA. Abnormal 
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crypts appear over extended areas of epithelium, and multiple 

tumours may emerge. Are these monoclonal or do they represent 

the growth of independently altered cells? Mutational analyses have 

shown that, in many cases, multiple altered crypts and tumours share 

mutations, indicating that one mutated stem cell had generated the 

expanding field of (monoclonal) progeny. In one case, a patient with 

ulcerative colitis developed two different sorts of cancer: a rare neu-

roendocrine carcinoma and several adenocarcinomas. Both types of 

cancer had the same TP53 mutation, evidence that they were derived 

from the one altered stem cell. However, widely separated zones of 

the colon epithelium possess different mutations, indicating that 

clones of altered cells also arise independently [8].

Colorectal cancers arise from the expansion of one malignant 

clone, and progressively develop into multiple sub-clones, defined 

by the sequential appearance of new mutations. The appearance of 

new mutations distinguishes malignant cell populations from their 

benign precursors, and may allow discrimination between metastatic 
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Figure 3.2.  Clonal origin of a kidney cancer, and derivative sub-

clones [6]
Mutant genes that define clonal development are indicated.
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tumours and the primary tumours from which they were derived. 

Multiple metastases may share the same new mutations, indicating 

that the metastases were derived from one aggressive sub-clone [9].

The DNA sequencing revolution has allowed tracking of 

mutations to elucidate clonal development in cancers as diverse as 

B-cell chronic lymphocytic leukaemia, breast cancer, liver cancer 

and pancreatic cancer. The sequential appearance of new mutations 

shows that tumour progression involves a linear succession of one 

clone by another, as well as branching patterns and the production 

of clonal dead ends [10]. Whole-genome sequencing of multiple indi-

vidual cells from single tumours indicates that progenitor clones 

may generate distinctive sub-clones that are defined by multiple 

idiosyncratic genetic markers. Cancer cell populations with transi-

tional collections of genetic markers are not detectable. Tumours 

thus seem to evolve in a stepwise manner via transitory ‘missing 

links’ – intermediate sub-clones that are rapidly replaced by much 

more populous and enduring descendent sub-clones. Cancers may 

develop by punctuated clonal expansion [11].

Mutational analyses of tumours have confirmed and extended 

the postulate of the clonal evolution of cancer, proposed by P C 

Nowell in 1971. Clonal populations of cells in cancers can be identi-

fied on the basis of shared mutations, and their evolution generates 

the same sorts of patterns as are seen with populations of organisms 

over evolutionary time. The cancer genome is an archaeological 

record of the sequence of genetic changes that have accumulated as 

the cancer has developed. ‘Oncogenealogies’ and ‘tumour suppressor 

genealogies’ provide detailed histories of tumour evolution. Cancer 

cell biologists must think in a Darwinian fashion [12].

3.2  Old scars on DNA

Every nucleated cell in our bodies contains approximately 2 metres 

of DNA. A microlitre of blood, with 5,000 white blood cells sus-

pended in it, contains 10 kilometres of DNA. Our genomes are com-

posed of 46 DNA molecules, each of which is packaged in proteins 
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to form a chromosome. DNA molecules vary in length from 1 to 8 

centimetres. Such extremely delicate threads can be broken – say by 

a wayward high-energy photon – and the cell may die. The induction 

of DNA breaks creates a cellular emergency. Cells have elaborate 

means of recognising and repairing double-stranded breaks.

One of these repair mechanisms is called non-homologous end-

joining (NHEJ). This process rejoins broken DNA ends, but inexactly. 

The stitched-up break might be held together by extraneous segments 

of DNA, usually copied from a site nearby on the same chromosome, 

but sometimes copied from anywhere else in the genome. The repair 

site may have lost some of the original base sequence, either when 

the injury happened or during trimming of the loose ends by exo-

nucleases. And a few bases may have been inserted that were not 

copied from any DNA template (so-called non-templated bases) [13]. 

In a repair-or-die emergency, the DNA repair machinery cannot be 

too fastidious. Any one double-stranded DNA break spliced together 

by NHEJ generates a unique mutational fingerprint that would pro-

vide a perfect marker of monoclonality in the descendants of the 

damaged cell.

3.2.1  Classical marks of NHEJ

Random DNA breaks followed by repair by NHEJ can occur in any 

cell – including those of the germ-line. If that is the case, we will 

have inherited recognisable scars scattered throughout our genomes, 

representing repair events that occurred in the bodies of our fore-

bears. Scientists have scrolled though genome databases to search for 

segments of DNA that bear the fingerprints of DNA repair patches. 

The key indications are that a piece of DNA has been copied from 

one site into another, concomitantly with losses and gains of bases 

at the recipient site.

Many such repair patches have been found. Some of these 

scars have been found only in humans, and one of these is poly-

morphic – that is, in some people the relevant DNA site is intact, 

while in others the sequence has been disrupted and a DNA bandage 
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has been interpolated. Remarkably, other repair jobs are shared by 

humans and chimps. One of these is shown in Figure 3.3 (upper dia-

gram). The original, undisturbed sequence in the macaque genome is 

shown. However, in humans and chimps this sequence is disrupted, 

and an extensive length of foreign DNA (starting ATCTT …) has been 

imported to join the ends. Six randomly inserted filler bases (GCTTCC) 

are present on the left-hand side of the break, and two bases (GC) have 

been deleted from the right-hand side. This example provides com-

pelling evidence that humans and chimps share a common ances-

tor. Moreover, 36 other examples of shared repair patches linking 

humans and chimps to a common ancestor have also been found.

Hundreds of such DNA scars have been identified (Figure 3.3, 

lower diagram). Some are shared by humans, chimps and orang-

utans, but by no other species (142 in total). These scars arose in a 

great ape ancestor. Others are shared by apes and OWMs, but by no 



break point

donor DNA
non-templated

…ATCTT…TTTGTGG…

human …TCTACAAAAAATGCTTCCATCTT…TTTGTGG AAGAATTAGC…
chimp …TCTACAAAAAATGCTTCCATCTT…TTTGTGG AAGAATTAGC…

macaque …TCTACAAAAAATGCAAAAATTAGC…
(undisturbed sequence)

GC deletion

break point

human
chimp
orang
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mouse, cow, dog

22

389
219
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Figure 3.3.  Scars representing DNA repair by NHEJ [14]
An example is shown (upper diagram). The length of DNA copied 
from elsewhere is indicated by white lettering starting ATCTT… on a 
dark grey background. Evolutionary stages at which NHEJ markers 
arose (lower diagram). Numerals indicate the number of repair sites 
identified.
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other species (219). Each of these dates from an ape–OWM ances-

tor. Many are common to all anthropoid primates (389). And some 

scars in our DNA are shared with mice, cows or dogs. These repre-

sent a relatively well-preserved selection of sites that have survived 

the vast tracts of time since the Euarchontoglires and Boreoeutheria 

ancestors lived [14].

The distribution of shared repair patches generates a phyloge-

netic tree that is congruent with that generated from ERV and ret-

rotransposon insertions. NHEJ and retrotransposition are wholly 

independent processes, and so provide wholly independent signa-

tures that illuminate our evolutionary past.

Our genomes possess a second class of small DNA duplication. 

Some 2,500 short lengths of DNA, 25–100 bases long, have been 

duplicated and inserted into new sites that are scattered around 

our genome. More than 90% of these duplications are shared with 

chimps. This general class of duplication is present in plants and 

animals, and may represent another (as yet undefined) mechanism 

of DNA break repair. It provides further evidence that humans and 

chimps share common ancestors [15].

3.2.2  LINEs and Alus

If a cell has a DNA break that urgently requires repair, any source of 

DNA that connects the loose ends could be co-opted. Cells in culture 

have been shown to acquire new LINE-1 inserts in a way that has 

nothing to do with the standard mechanism of retrotransposition. 

The LINE-1 endonuclease is not needed, and no target-site duplica-

tions bracket the insert. Rather, these anomalous LINE-1 sequences 

are associated with deleted or randomly inserted (non-templated) 

bases. It seems that cells, faced with the prospect of DNA break-

induced death, readily use parasitic DNA to cobble repair patches 

together [16].

Scientists have searched the human genome for recently formed 

patches occupied by bits of LINE-1 sequence. (The criterion for being 

recently formed is that the LINE-1 elements have sequences that 
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are very close to that of the standard type.) Twenty-one such LINE-1 

elements were discovered, of which 14 instances were shared with 

chimps [17]. A similar search was conducted for Alu elements that 

manifest the properties of repair patches, and that are limited to 

great ape genomes. Thirteen such atypical Alu elements were found 

in the human genome. Four are specific to humans, one is shared by 

humans and chimps, and eight are shared by humans, chimps, goril-

las and orang-utans. These numbers represent only a selection of the 

most-recent (least-diverged) retrotransposon-derived DNA patches 

in our genome [18].

DNA breaks are random and potentially catastrophic. NHEJ 

functions under urgency to rejoin the broken DNA ends. The molec-

ular details of the NHEJ mechanism are yielding to stringent molec-

ular analyses, which have revealed that the telltale messiness of the 

repair patch is inherent to the repair system. Random breaks are 

fixed by the desperate co-option of any available DNA, including 

bits of retrotransposon-derived sequence. Such patches are sufficient 

evidence of great ape monophylicity.

3.2.3  Numts

Other exotic sources of DNA may be appropriated to hold chro-

mosome ends together. Medical geneticists investigating a family 

with an associated mental disorder discovered that the condition, 

tracking through successive generations, was carried by a particular 

chromosomal translocation (an exchange of portions of two differ-

ent chromosomes). Translocations occur when two DNA breaks are 

mis-repaired by sticking the wrong ends together. When the junction 

of one of these translocations was sequenced, a length of mitochon-

drial DNA (41 bases long) was found at the breakpoint [19]. A frag-

ment of the tiny chromosome located in a mitochondrion had been 

used to repair a chromosome break in the nucleus.

A second case implicating mitochondrial DNA as a molecu-

lar Band-aid also involved a mental retardation disease, lissenceph-

aly. The DNA insertion was found in a child, but in neither parent, 
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indicating that it had arisen afresh, probably in the germ cells of a 

parent. A length of mitochondrial DNA (130 bases from the ATP8 

and ATP6 genes) had been spliced into exon 2 of the PAFA1B1 gene. 

One base (a ‘C’) was lost at the insertion site, and two non-templated 

bases (TT) added – features typical of NHEJ [20].

Bits of mitochondrial DNA are found in the nuclear genomes 

of nearly all organisms, whether fungi, plants or animals. They are 

part of the DNA that characterises each species. It is likely that 

they were inserted into chromosomal DNA as fragments directly 

derived from mitochondrial DNA, and their chromosomal loca-

tions have the hallmarks of NHEJ products. These repair patches 

are called nuclear sequences of mitochondrial origin, abbreviated to 

numts (pronounced new-mites). They are also called mitochondrial 

pseudogenes, because they look like mitochondrial genes but are in 

fact non-coding derivatives thereof, spliced into nuclear genomic 

DNA [21].

The number of numts in the human genome varies accord-

ing to the stringency of the criteria used to find them. Values have 

ranged from 211 to more than 1,200. Current compilations enumer-

ate approximately 600. The smallest numt included in the catalogue 

is 31 bases long, and the longest is 14,904 bases long – almost the 

entire mitochondrial chromosome [22].

But when were they inserted? As before, this question requires 

that we know whether any one numt is present or absent in the 

genomes of each of a selection of primate species. Several studies 

have focused on particular numts. Some are found only in humans 

and are polymorphic. These arose so recently that they have been 

transmitted to only a fraction of the human population. Two large 

inserts that are found only in humans among extant species have 

been located in the genome of Neanderthals. The ages of these pseu-

dogenes have been estimated at 620,000 and nearly 3 million years. 

At the other end of the temporal scale, numts have been shown to 

date from early in anthropoid (ape–monkey) history, as instances are 

shared by humans, OWMs and probably NWMs (Table 3.1) [23].
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Whole-genome surveys have indicated that most of the numts 

in our genome are shared also with chimps. Of 616 numts in the 

human genome, 502 (that is, over 80%) are present also in the chimp 

genome [24]. The presence of individual numts in both human and 

chimp genomes has abundantly demonstrated the monophylicity 

of humans and chimps. We and the chimps are indeed sister spe-

cies, derived from common ancestors. But analysis of the presence 

and absence of individual numts in multiple primate genomes has 

also been initiated. Several partial studies have shown that humans, 

chimps and gorillas are monophyletic. So are the great apes (incor-

porating the orang-utans) and, further back in time, the apes (incor-

porating the lesser apes or gibbons). It appears that the majority of 

numts in our genome are shared with OWMs [25].

Are numts functional today? Quite possibly  – but functional-

ity is irrelevant to the issue of whether numts constitute markers of 

descent. It is the complex molecular pathway by which numts arose 

Table 3.1. The distribution of numts in primate genomes [23]

Mitochondrial gene from 
which the numt was 
derived

Species possessing 
the numt

Ancestor into which 
the numt inserted

NADH dehydrogenase 
subunit 5 (ND5)

Humans 
(polymorphic)

Human lineage

Displacement (D)-loop 
(control region)

Humans 
(polymorphic)

Human lineage

Multi-gene inserts (2) Humans and 
Neanderthals

Human–Neanderthal

D-loop All apes, humans to 
siamangs (a lesser 
ape)

Hominoid

16S rRNA Humans and OWMs 
but not NWMs or 
prosimians

Old World primate

Cytochrome b  Humans, OWMs and 
probably NWMs

Anthropoid  
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that makes them such compelling signatures of our shared ancestry 

with other primates. Each numt is a potent demonstration that the 

individuals and species possessing it are clonally related products of 

the reproductive cell in which the initiating repair event occurred. The 

expanding number of published genome sequences is providing scope 

for ever more in-depth numt analyses. These uniquely arising molecu-

lar Band-aids will continue to illuminate our phylogenetic pedigree.

3.2.4  Interstitial telomeric sequences

The ends of chromosomes are composed of specialised sequences 

called telomeres. Telomeres function as protective caps that main-

tain the integrity of chromosome structure, and so ensure continued 

genetic stability. If telomeres were not present, DNA repair enzymes 

would interpret the normal ends of chromosomes as being broken 

ends, and then ‘repair’ them by joining them together with other 

ends. But chromosomes joined end to end possess two centromeres, 

and cannot be separated normally when cells divide. Chromosome 

fusions scramble genomes, leading to cell death or cancer develop-

ment. (Fused chromosomes require prompt silencing of one centro-

mere if they are to behave appropriately.)

Telomeres consist of a distinctive base sequence. They are 

highly repeated units of the hexamer TTAGGG. It is notable that some 

telomeric repeats are present, not at the ends of chromosomes, but 

within them. These are called interstitial telomeric repeats. How 

did telomeric repeats get from the tips into the internal regions of 

chromosomes? Two pertinent stories must be told.

The first dates from 1982 when two pioneers of chromosome 

structure, Jorge Yunis and Om Prakash, spread the chromosome sets 

of the four great ape species on microscope slides, stained them with 

a dye and examined their structures using a microscope. The four 

sets of chromosomes looked strikingly similar – a graphic demon-

stration that humans are rightly classified among the great apes. But 

there was one radical difference between the human chromosome 

set and those of the other great apes. Human chromosome number 
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2 was shown to be a head-to-head (telomeric) fusion of two chro-

mosomes that are separate in all the other great apes. Our chromo-

some set was derived from those of the other great apes by familiar 

genetic mechanisms, the most dramatic of which was a telomeric 

fusion [26]. More subtle microscopic differences between great ape 

chromosomes need not concern us here [27].

But if it is true that our chromosome 2 arose as a fusion of two 

smaller chromosomes, then some fossilised remnants of the ances-

tral telomeric repeats should be apparent at the point of fusion. The 

fossil fusion point was identified and cloned in 1991. It is somewhat 

degenerated, because highly repeated units of DNA are unstable. 

Nevertheless, the TTAGGG telomeric repeats are clearly visible (upper 

strand, left to right; lower strand right to left). The exact point of the 

fusion (*) is apparent – even though the event happened thousands of 

generations ago [28].

5′…TTAGGG  TTAGGGG TTAGGG TTAG*CTAA    CCCTAA  CCCTAA…3′  
3′…AATCCC AATCCCC AATCCC AATC*GATT GGGATT GGGATT…5′

Subsequent sequencing has confirmed this finding [29]. Different 

individuals vary in the sequence of this internal telomeric segment. 

But chromosome 2 has been sequenced in its entirety, and the vast 

tracts of sequence extending away from this head-to-head telomeric 

fossil correspond precisely with the two distinct progenitor chromo-

somes of the other great apes. We may conclude that our chromo-

some 2 is derived from an aberrant DNA repair event that stuck two 

chromosomes together. Humanity is descended from the reproduc-

tive cell in which that one-off mis-repair event occurred.

The second story relates an expedition into the genome to 

characterise other interstitial telomeric repeats. Some 50 short, 

well-conserved interstitial telomeric repeats, (TTAGGG)n, are present 

in the human genome. Sequencing studies indicated that they arose 

as distinct insertion events, probably generated by the action of the 

enzyme telomerase, which has the function of adding TTAGGG units 

at the authentic telomeres. These inserts have the characteristics of 
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emergency DNA repair patches that were recruited to hold double-

stranded breaks together.

The presence or absence of ten of these telomeric repeats was 

ascertained in humans and other primate species. Each repeat was 

shown to have arisen at a particular stage of primate evolution. In 

some cases they precisely interrupt the pre-insertion sequence. The 

insert shown in Figure  3.4 (upper diagram) is not associated with 

any gains or losses of base sequence. It is a clean insertion, shared 

by humans, chimps and gorillas. The Asian great ape (orang-utan) 

and OWMs retain the uninterrupted pre-insertion site. This repeat 

unambiguously demonstrates African great ape monophylicity.

In other cases, the inserts are associated with the telltale ran-

dom insertions and deletions that are the hallmarks of NHEJ. The 

example depicted in Figure  3.4 (lower diagram) shows a telomeric 



human …GCTCAAGGT[TAGGGT(TAGGGT)5]GTAGGAAGC…
chimp …GCTCAAGGT[TAGGGT(TAGGGT)5]GTAGGAAGC…
gorilla …GCTCAAGTT[TAGGGT(TAGGGT)5]GTAGGAAGC…

orang …GGTCAGAGTGTAGGAAGC…
leaf-eating monkey …GGTCAGGGTGTAGGAAGC…
olive baboon …GGTCAGCGTGTGGGAAGC…
rhesus macaque …GGTCAGCGTGTGGGAAGC…

insert

insert

human …GTATGTGA[T(AGGGTT)n]TGCAAG…
common chimp …GTATGTGA[T(AGGGTT)n]TGCAAG…
pygmy chimp …GTATGTGA[T(AGGGTT)n]TGCAAG…
gorilla …GTATGTGA[T(AGGGTT)n]TGCAAG…
gibbon …GTATGTGA[T(AGGGTT)n]TGCAAG…

leaf-eating monkey …GTATGCGACAATCCATT … ATTGCAAATTGCAAG…
olive baboon …GTATGTGACAATCCATT … ATTGCAAATTGCAAG…
rhesus macaque …GTATGTGACAATCCATT … ATTGCAAATTGCAAG…
vervet …GTATGTGACAATCCATT … ATTGCAAATTGCAAG…

deletion

Figure 3.4.  Interstitial telomeric repeats shared by the African 

great apes (upper diagram ) and the apes (lower diagram ) [30]
Flanking DNA is shaded. Subscripts indicate multiple copies of the 
repeat sequence.
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repeat that is present at precisely the same site in all ape species 

tested, including gibbons. In all species that possess this insertion, 

there is a deletion of 42 bases. The unique locus of the insertion and 

the size of the deletion provide a strikingly singular marker of homi-

noid monophylicity. This patch arose in a reproductive cell in a hom-

inoid ancestor, establishing that we and the gibbons are descendants 

of the cell in which the telomeric insert arose.

This work can be summarised as follows. Three inserted 

telomeric repeats were shown to be specific to humans, two to the 

African great apes, two to all hominoids, two to Old World primates 

(apes and OWMs) and one to all simians. Such results provide cogent 

support to the fact of our evolution and to the validity of the now 

conventional anthropoid family tree [30].

3.3 Pseudogenes

About 5–10% of cancers have a strong hereditary component. The 

predisposition to developing cancers is transmitted by mutant, dys-

functional tumour suppressor genes that exist at low frequencies in 

the general population [31]. Databases of mutations for many such 

genes have been compiled, and they indicate that the responsible 

genes have been disabled by an enormous diversity of mutations. 

Sometimes mutations cluster in particular regions of genes called 

mutational hotspots.

For some genes featuring in hereditary cancer syndromes, 

such as the RB1 and MEN1 genes, and the BRCA1 and BRCA2 genes 

(implicated in breast and ovarian cancers), mutations are indiscrim-

inately scattered over the gene sequence without evidence of recur-

ring hotspots. PTCH1 gene mutations (skin and brain cancers) are 

also widely distributed through the gene sequence with a small 

proportion (15%) found at ten favoured sites. But each one of these 

hypermutable sites generates multiple mutations. The VHL gene is 

inactivated in diverse cancers by a multitude of mutations – 87% of 

all codons have been targeted – although some parts of the gene are 

targeted more often than others [32].
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The enormous diversity of mutations in familial cancer syn-

dromes indicates that such mutations are powerful markers of family 

relationships (in kindreds in which cancer-predisposing mutants are 

transmitted) and of underlying relatedness (in populations through 

which founder mutations have diffused). In general, common muta-

tions point to a shared genetic history. Even in the case of TP53 gene 

mutations, which cluster in pronounced hotspots, mutations are 

potent markers of inheritance within families [33] and, in the case 

of non-inherited cancers, of tumour monoclonality (see Section 3.1).

Surprisingly, there are several classes of disabled genes that 

all of us share. Such derelict genes are an intrinsic feature of the 

genome that identifies us as human. These genes have lost the infor-

mation content, once possessed by their progenitors, that is needed 

to make proteins. They are called pseudogenes, and are known to 

be mutants by precisely the same universally accepted criteria that 

identify disease-causing genes as mutants. They have been disabled 

by deletions and insertions, by stop mutations and frameshifts, and 

by the loss of regulatory and splice sites [34]. The recognition of such 

genetic aberrations is the everyday concern of geneticists, such as 

those who work in hospital laboratories. Pseudogenes may be classi-

fied into one of three sorts.

1.	 Some are degenerated forms of unique genes that, in a wide diversity 

of other organisms, retain their protein-specifying functionality. In 

the human genome, protein-coding capacity has been destroyed, and 

ancient functional roles extinguished. These relics comprise a minor 

proportion of the pseudogene complement in our genome, and are 

known as unitary pseudogenes.

2.	 Some are derived from parental genes as copies situated within large 

duplicated segments of DNA. In other words, they are included as parts 

of segmental duplications (see Chapter 4). In some cases, the whole gene 

has been duplicated, but one of the copies has decayed as it is surplus 

to requirements and has not been maintained by natural selection. In 

other cases, only part of the gene has been copied. In either situation, 

gene-like sequences exist that have lost the capacity of their parent 

genes to make proteins. These are known as duplicated pseudogenes.
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3.	 Some are derived from unique parental genes via an RNA intermediate. 

This is suspiciously reminiscent of TEs, which generate multiple cop-

ies of themselves via RNA intermediates. Indeed, these pseudogenes 

arise because TE-encoded enzymes randomly select RNA transcripts 

of genes and copy them back into the genome. The RNA molecules so 

copied have been at least partially processed (for example, introns have 

been chopped out). The resulting inserts are known as processed pseu-

dogenes. The inserts typically lack functional capacity, because they 

lack the normal assemblage of regulatory sequences (such as promoters 

and enhancers), and with time they decay into the genetic background.

There are approximately 20,000 pseudogenes in our genome 

(roughly as many pseudogenes as genes). They are evenly distributed 

between unitary and duplicated pseudogenes, on the one hand, and 

processed pseudogenes, on the other. Such gene relics may perform 

new functions, but can no longer perform the protein-coding func-

tions that the parent gene once did, or that the parent gene from 

which they were copied still does. Pseudogenes are defined not by 

their current functionality but by the mechanisms by which their 

original function was lost.

Pseudogenes provide excellent markers for genealogical stud-

ies. They have this capacity because of the sequence of events by 

which they arose. Any current functionality is irrelevant. (The tim-

ber retrieved from a dilapidated old garage may be used to make a 

doghouse or a rustic fence, but its current use does not alter the fact 

that it once provided shelter for the car, and that it no longer does 

so. The timber may perform any number of new functions, but these 

do not hide the fact that the original function has been destroyed. 

Both the recycled timber from the garage and the ‘recycled’ base 

sequence in a pseudogene represent processes of transformation, 

sequences of discrete events, stories.) In this section, we consider the 

burgeoning field that we might designate as pseudogenealogy. We 

consider unitary and duplicated pseudogenes first, and then proc-

essed pseudogenes.

One example will illustrate the principles of pseudogenealogy. 

Ivermectin is a drug that kills parasites (worms and arthropods such 
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as fleas, mites and lice) that infest farm animals. The drug kills 

the parasites by opening an ion channel in the membranes of their 

nerve cells. But Ivermectin is not toxic to farm animals, because the 

relevant nerve cells in mammals occur in the brain where they are 

protected by a cellular pump that keeps the Ivermectin out of the 

brain. The protective pump is called P-glycoprotein, and is encoded 

by the MDR1 gene. (P-glycoprotein has been a preoccupation of 

cancer biologists, as it allows cancer cells to exclude anti-cancer 

drugs [35].)

In the early 1980s, Ivermectin was shown to be toxic for some 

collies. Drug administration may be followed by muscle tremors, 

breathing difficulties associated with fluid accumulation in the 

lungs, coma and even death. The basis of this toxicity is that vul-

nerable collies have a frameshift mutation in their MDR1 gene  – 

the gene is inactivated by a four-base deletion. It has become a 

pseudogene.

A breed of Australian sheepdogs that share common ancestry 

with collies also share Ivermectin sensitivity and the identical MDR1 

mutation. A survey of more than 90 dog breeds subsequently found 

the same mutation, on a shared haplotype, in seven other breeds. 

Some of these breeds were known to be related to collies (such as the 

Old English sheepdog), whereas other breeds (such as the longhaired 

whippet) had no documented pedigree relationship to collies. The 

unique mutation arose, and had been transmitted to the progenitors 

of multiple breeds, before formal records were started in 1873. The 

distribution of a unique pseudogene in pedigree dogs identified gene-

alogical connections of which The Kennel Club was oblivious [36].

What of the other alternative – that the mutation had appeared 

independently in multiple breeds? Mutations in the MDR1 gene are 

rare. Frameshifts are only one type of inactivating mutation. There 

are innumerable possible frameshift mutations. And there is the mat-

ter of the shared haplotype, which indicates that the surrounding 

sequence has one recent source. The chances of obtaining multiple 

independent mutations are exceedingly remote. In such a context, 

shared mutations indicate shared ancestry.
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3.3.1  Human-specific pseudogenes

In the human gene pool, hundreds of genes currently consist of both 

protein-coding versions and non-protein-coding versions (or alleles). 

The latter have incapacitating mutations – stop codon, frameshift or 

splice-site – that preclude production of functional proteins. None of 

us contains the full set of active human genes. We are all mutants. 

We carry about 100 loss-of-function mutant alleles and about 20 

genes that are fully inactivated. The inactivating mutations may 

have occurred thousands of years ago, and have been transmitted to 

a substantial proportion of people on planet Earth [37].

Some genes possessing non-functional alleles are involved in 

immunity. For example, several genes encoding chemokine recep-

tors include variant alleles that have lost protein-coding capacity. 

(Chemokines are proteins that control the deployment of cells in the 

immune system.) The GPR33 pseudogene (disrupted by a stop muta-

tion) constitutes 98% of all the GPR33 gene copies in the human 

population [38]. A CCR5 pseudogene (scrambled by a 32-base dele-

tion) is found only in Europeans, in whom it constitutes about 10% 

of all CCR5 gene copies [39]. The DARC gene encodes the so-called 

‘Duffy antigen’, expressed on red blood cells. A DARC allele with 

a mutant transcription factor binding site does not express the pro-

tein. This allele is particularly common in Africans [40].

Why should disabled alleles attain high frequencies in human 

populations? Perhaps the respective proteins have outlived their 

usefulness. They might have become liabilities by providing dock-

ing sites for pathogenic microbes. The CCR5-encoded protein cur-

rently enables HIV to infect cells, and the Duffy antigen is used by 

Plasmodium vivax (a malaria parasite) to infect red blood cells.

The CASP12 pseudogene (disrupted by a stop mutation) is 

present at frequencies of 20–80% in different populations of sub-

Saharan Africa, and of >99% outside Africa [41]. It has been hypoth-

esised that the CASP12 protein became a liability in the face of 

microbial challenges arising from animal domestication. This 
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hypothesis has been challenged by the finding that DNA recovered 

from remains of Europeans who lived in the early days of domesti-

cation (5–12,000 years ago) already possessed only the pseudogene. 

Conversely, CASP12 activity may have been retained in sub-Saharan 

Africa because it provides protection against pathogenic microbes 

that are native to that region [42]. Underlying selective pressures 

remain unknown – but gene disablement is a fact of life.

Functional forms of other genes have been completely lost from 

the human gene pool. In these cases, only a mutant version survives. 

Continuing the theme of immunity, pertinent examples are provided 

by the loss of functional SIGLEC13 (Chapter 2) and SIGLEC17 genes. 

The normal forms of these genes encode receptors that bind sialic 

acids: sugars that decorate proteins on the cell surface. Siglec–sialic 

acid interactions represent modes of communication between cells 

of the immune system. In humans a one-base deletion in SIGLEC17 

has caused a gene-destroying frameshift (Figure 3.5, upper diagram). 

Experimental work has suggested that pathogenic bacteria express-

ing sialic acids may adhere to Siglec proteins as a way of getting 

under the radar of immune defences. We are better off without pro-

teins that can be so nefariously exploited [43].

But history has thrown up other surprises with sialic acids. The 

human body contains low concentrations, relative to other mammals, of 

a sugar called N-glycolylneuraminic acid (a sialic acid derivative). That 

is because we lack the enzyme that makes it. And we lack the enzyme 

because the CMAH gene that encodes the enzyme has been scram-

bled by the insertion of an Alu element. In other mammals, includ-

ing chimps, the gene and the enzyme are functional, and the sugar is 

present abundantly on proteins expressed on cell surfaces [44].

It has been hypothesised that, initially, the loss of N-

glycolylneuraminic acid was advantageous. The sugar acts as an 

anchor by which malaria parasites adhere to cells, and so our ances-

tors who ceased to make this particular sugar may have become 

resistant to infection (at least until the malaria parasite acquired the 

ability to adhere to other sugars).
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But there may be a distinct downside to the loss of this sugar. 

In humans, dietary N-glycolylneuraminic acid (in red meat) is scav-

enged by the body and by resident bacteria, and chemically attached 

to cell surface proteins. Our immune systems seem to regard 

this exogenously acquired N-glycolylneuraminic acid as ‘foreign’. 

Consequently we make antibodies against it. These antibodies in 

turn may cause chronic inflammation – a condition that promotes 

the development of cancer. Or those same antibodies may react with 

the sugar when it is present on endothelial cells (that line blood 

vessels), and cause blood vessel damage. This may promote athero-

sclerosis and heart disease. These same antibodies may also neutral-

ise therapeutic proteins (such as immunoglobulins used as cancer 

treatments) if they have been produced under conditions where they 

become tagged with N-glycolylneuraminic acid [45].



human …GGG  CC CTC GCT CAG GAT GCA AGA T… 
chimp …GGG GCC CTC GCT CAG GAT GCA AGA T…
orang …GGG GCC CTT GCT CAG GAT GCA AGA T…
marmoset …GGG GCC CTC CCT CAG GAT GCA GGA T…

deletion, G

A,P R,G

human…CTG GGG GAG ACG TGA GGC CAG TAC GAG GCC… 
chimp …CTG GGG GAG ACG CGA GGC CAG TAC GAG GCC…
gorilla …CTG GGG GAG ACG CGA GGC CAG TAC GAG GCC…

A,P R,G

Figure 3.5.  Human-specific pseudogenes

A fragment of the SIGLEC17 pseudogene (upper diagram) shows a 
single-base deletion [43]. Brackets indicate the new reading frame. 

Lower diagram: the ψhHaA pseudogene shows a C-to-T mutation that 
creates a TGA stop codon (shaded) [46]. Letters in circles represent 
amino acids in encoded proteins.
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Immune reactions occur out of sight, but the loss of other 

genes has had overt effects on our appearance. Humans have a dis-

tinctive distribution of hair, the basis of which may be multifacto-

rial. One particular gene has been identified, however, that encodes 

a type of hair keratin (a fibrous protein) in chimps and gorillas but 

can no longer do so in humans. The human-specific pseudogene is 

known as ψhHaA (where the Greek letter ψ or psi indicates that it 

is a pseudogene). It has normal exon–intron boundaries, and is still 

transcribed into RNA. But it cannot generate a protein because a 

C-to-T mutation has changed a CGA codon (which encodes the amino 

acid arginine) into a TGA codon (which stipulates the stop command) 

(Figure  3.5, lower diagram). All humans possess this mutation 

and are descended from the progenitor cell in which the mutation 

occurred – some time before humans left Africa [46].

Interestingly, the Mari and Chuvash populations of the Volga–

Ural region of Russia include many apparently unrelated families 

with an extreme form of hair loss. This condition arose from an Alu–

Alu recombination event that deleted an exon of the LIPH gene. The 

mutation is part of a shared haplotype, indicating that everyone who 

carries the mutant allele (at least 100,000 people) inherited it from 

one founder [47].

The morphology of human faces is decidedly un-apelike. 

Muscles used for chewing are reduced in volume in humans rela-

tive to those of other primates. Muscles are composed of two sorts 

of fibres: slow twitch and fast twitch. Histological examination of 

normal human cheek muscle reveals that our slow twitch fibres are 

normal, but our fast twitch fibres are deformed. The basis for this 

resides in the derangement of a gene that encodes a muscle protein 

called myosin heavy chain-16. The MYH16 gene has been passed 

on to all humans in a form that is essentially intact but for a single 

devastating mutation – the loss of two bases that has frameshifted 

the remaining gene sequence. A functional protein cannot be made 

(Figure 3.6) [48].
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What selective advantage may have accrued from the loss 

of this gene? It has been suggested that MYH16 loss, with its con-

comitant decrease in muscle strength, was associated with changes 

towards a more modern skull shape. Perhaps it allowed the braincase 

to expand. The jury is still out, but what is certain is that a unique 

frameshift mutation in MYH16 was a historical event that now dis-

tinguishes our MYH16 gene from those of non-human primates. 

And the complex nature of the mutation suggests that all people on 

planet Earth are descended from the reproductive cell in which the 

mutation occurred.

In these cases we have inherited a gene in almost pristine form 

except for one devastating mutation that has occurred since our last 

common ancestor with chimps. (To return to our analogy: we no 

longer park the car in the old garage. However, the garage remains 

more-or-less intact, and we have not started to take the wood for any 

other use.) To be human is to be unable to make certain sugars, to 

have a defective pelt and to have malformed cheek muscles. About 

40 genes have been inactivated specifically in human beings [49]. We 

have simply lost (and are still losing) some of the capacities shared 

by our primate relations.



human …ACC CTC CAT AGC C GCA CCC CAT TTT…
chimpanzee …ACC CTC CAT AGC ACC GCA CCC CAT TTT…
bonobo …ACC CTC CAT AGC ACC GCA CCC CAT TTT…
gorilla ACC CTC CAT AGC ACC GCA CCC CAT TTT

deletion of AC

gorilla …ACC CTC CAT AGC ACC GCA CCC CAT TTT…
orang …ACC CTC CAT AGC ACC GCA CCC CAT TTT…

…ACC CTC CAT AGC ACC GCA CCC CAT TTT…
…ACC CTC CAT AGC ACC GCA CCC CAT TTT…
…ACC CTC CAC AGC ACT GTA CCC CAT TTT…

Figure 3.6.  Human-specific MYH16 pseudogene [48]
The gap in the human sequence represents the loss of two bases, AC.
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3.3.2  Ape-specific pseudogenes

But other derelict genes are shared with other primate species. For 

example, the ACYL3 gene is an ancient gene, present in bacteria, 

fungi and animals. It encodes an enzyme called acyltransferase 3, 

which may have signalling or transporting activities. But the gene 

is dysfunctional in humans and chimps (and only in humans and 

chimps), and both species have the same function-destroying muta-

tion (Figure 3.7). A single (G-to-A) base change has converted a TGG 

codon (which specifies the amino acid tryptophan, W) into a TGA 

stop codon [50]. The effects of this singular mutation on the biol-

ogy of humans and chimps are not known. But what can be confi-

dently inferred is that the mutation occurred in one reproductive 

cell, from which it was transmitted to the sister species humans 

and chimps.



human …RTLWAAAVG*VLFACHGG…
chimp …RTLWAAAVG*VLFACHGG…
gorilla …RTLWAAAVG VLFACHGG…

…RTLWAAAVG VLFACQGG…
macaque …RTLWAAAVG VLFACQGG…
bushbaby …RTLWAAAVG VLFACQGG…

RTLWAAAVGWVLLACQEG

TGA

G to A

…RTLWAAAVGWVLLACQEG…
mouse …RTLWAAAVGWVIFACQEG…
rat …RTLWAAAVGWVIFACQEG…
guinea pig …RTLWAAAVGWIIFACQEG…
rabbit …RTLWAAAVAWVIFACQEG…
hedgehog …RTLWAAAVGWVLLACQQG…
dog …RTLWAAGVGWIMLACQEG…
horse …RTLWAAAVGWVVFACQEG…
cow …RTLWAAAVGWVLFACHEG…
elephant …RTVWVAAVGWVVLACQEG…
tenrec …RTVWAAAVGWVILACQED…

TGG
tree shrew

W
W
W
W

Figure 3.7.  Protein sequences showing the disabling mutation in 

the acyltransferase 3 enzyme of humans and chimps [50]
Amino acids are identified by a standard one-letter code; the abnormal 
stop codon is indicated by an asterisk. In this and other figures, amino 
acids are shown in bold where they are the same in all species.
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Other pseudogenes are shared not only by humans and chimps, 

but also by gorillas. We have noted that these species comprise the 

African great ape clade. The ABCC13 gene is one of a large family 

of genes that encode membrane-spanning transporter proteins. But 

this gene contains an eleven-base deletion, at precisely the same site, 

in humans, chimps and gorillas, but in no other species (Figure 3.8, 

upper diagram). The part of the gene that is mangled in the African 

great apes is intact in other primates as well as in the dog, tapir and 

horse – distant Laurasiatherian relations [51].

A more sinister, potentially disruptive, pseudogene is responsible 

for some cases of the genetic condition known as Gaucher’s disease. 

This is a disease caused by deficiency of the enzyme glucocerebrosi-

dase, and it results in the accumulation of particular lipids (glucocer-

ebrosides) in the body. The inexorable accumulation of this product 

may result in a greatly enlarged spleen and liver. In rare cases, the 

condition involves neural tissues, and may cause death. More than 

80,000 people are affected worldwide.



human …TTGATGTC           AGCAACTCATGGA…
chimp …TTGATGTC           AGCAACTCATGGA…
gorilla …TTGATGTC           AGCAACTCATGGG…
crested gibbon …TTGATGTCGGCAGATGCTCAGCAACTTATGGA…
rhesus macaque …TTGATGTCAGCGGATGCTCAGCAACTCATGGA…
Goeldi’s marmoset …CTGATGTCAACAGATGCTCAGCAACTCATGGA…
spider monkey …TTGATGTCAGCAGATGCTCAGCAACTCATGGA…
dog …TTGATGTCAGCAGATGCCCAGCAGCTCATGGA…

11-base del.

Asiatic tapir …TTGATGTCAGCAGATGCCCAGCAGCTCATGGA…
horse …TTGATGTCAGCAGATGCCCAGCAGCTCATGGA…

human …CTGACTGGAACC            CATCATTGTAGA…
chimp …CCGACTGGAACC CATCATTGTAGA…
gorilla …CCGACTGGAACC CATCATTGTAGA…
orang …CCGACTGGAACCTTGCC…CAGTCCCATCATTGTAGA…

…CCGACTGGAACCTCGCC…CAGCCCCATCATTGTAGA…

55-base del.

Figure 3.8.  Pseudogenes shared by the African great apes: ABCC13, 
upper diagram [51] and glucocerebrosidase, lower diagram [52]
In this and other figures, bases are shown in bold when they are 
identical in all species.
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One of the mutations that cause this disease arises from a com-

plex chain of events. The glucocerebrosidase gene has been copied to 

generate a duplicated pseudogene that is located 16,000 bases away 

from the functional gene. The pseudogene contains a 55-base dele-

tion – a frameshift mutation that puts downstream sequences out 

of frame. Blocks of DNA sequence may be transferred between the 

original, functional gene and the pseudogene by a process known as 

gene conversion. When sequences that include the deletion are cop-

ied from the pseudogene into the functional gene, the coding capac-

ity of the latter is destroyed.

The unique mutation that makes the pseudogene such a men-

ace is present only in humans, chimps and gorillas. The fourth great 

ape, the orang-utan, and a representative monkey lack this dele-

tion (Figure 3.8, lower diagram). It is a randomly arising and unique 

aberration that establishes the monophylicity of the African great 

apes [52].

A third example of a pseudogene that establishes the reality 

of the human–chimp–gorilla clade must suffice. Fucosyltransferases 

are enzymes that add units of fucose (a sugar) to cell surface pro-

teins. A cluster of genes encoding these enzymes is located on chro-

mosome 19. One of these is a pseudogene, and it is shared by the 

African great apes. A variety of mutations have accumulated in this 

gene in the three species, but one is common to all: a C-to-T base 

change. This mutation converted a CAA codon (encoding the amino 

acid glutamine, Q) into a TAA stop codon. All other tested primates 

and the rabbit lack this mutation (Figure 3.9). It arose in an ances-

tor of African great apes after the orang-utan lineage had branched 

off [53].

Some pseudogenes are shared by all the great apes (including 

the orang-utan) but not any other species, demonstrating that the 

great apes too are monophyletic. A fascinating example is the gene 

that once encoded the enzyme urate oxidase, a gene of long stand-

ing that is widely present in living organisms, including bacteria. 

Urate oxidase is the first of a series of enzymes that breaks down 
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uric acid in the body, with a view to excreting the end-products. But 

humans lack this enzyme, and cannot degrade uric acid. As a result 

we have more uric acid in our blood than do other mammals. This 

high concentration of uric acid may predispose us to gout, a painful 

inflammatory condition that arises when sodium urate crystals are 

deposited in joints. Gout has afflicted humans throughout their his-

tory. Egyptian mummies show the signs of gout-associated arthritis. 

It has been considered a wealthy man’s disease because it tends to 

occur in people who eat rich food that contains abundant amounts of 

the nutrients (purines) from which uric acid is derived.

We lack urate oxidase because we have inherited a mutant UOX 

gene. A single C-to-T base change has transformed a CGA codon (that 

encodes the amino acid arginine, R) into a TGA stop codon. A com-

parison of the surrounding DNA sequence is shown for ten primates 

(Figure 3.10). The sequence is highly conserved, but the stop mutation 

is shared by all the great apes (and only the great apes). The great apes 

are co-inheritors of this mutant gene that acquired its incapacitat-

ing lesion in a great ape ancestor. Interestingly, gibbons also lack the 

urate oxidase enzyme, due to independent mutations at other sites in 

the gene, shared by each of six species of gibbons [54].

If the uric acid degradation pathway no longer works, then 

genes encoding enzymes that function after urate oxidase in the 



human …GGDTVYLANFTLPNSPFNVVFRP*
chimp …GGDTVYLANFTLPSSPFNVVFRP*
gorilla …GGDTVNLANFTLPNSPFNVVFRP*
orang …GGDTVYLANFTLPNSPFDVVFRPQAAFLPEWVGLAA…
gibbon …GGDTVYLANFTLPNSPFDVVFRPQAAFLPEWVGLAA…

CAA (Q) to TAA (stop)

g
macaque …GGDTVYLANFTLPNSPFNMVFRPQAAFLPEWVGIAA…
cynomolgus …GGDTVYLAKFTLPNSPFNMVFRPQAVFLPEWVGIAA…

…GGDTVYLANFTLPNSPFNMVFRPQAVFLPEWVGLVA… 
rabbit …GGDTVYLANYTAPDSPFHLVFKPEAAFLPEWVGITA…

Figure 3.9.  Protein sequences showing a disabling mutation in the 

α2-fucosyltransferase enzyme of the African great apes [53]
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same pathway may have fallen into disuse and disrepair. A survey of 

such genes has confirmed this hypothesis. The gene encoding HIU 

hydrolase is indeed inactive in humans, chimps and gibbons. In this 

case, the three species show independent mutations, indicating that 

the inactivating events occurred relatively recently on the respective 

lineages, subsequent to the time when common ancestors lived [55].

We may speculate as to why such an ancient gene was lost, 

especially as its loss can have debilitating consequences. Uric acid 

is chemically related to caffeine, and it has been suggested that ele-

vated uric acid concentrations may have stimulated brain activity. 

Do we live on a uric acid-induced high? Uric acid may act as an anti-

oxidant. The presence of that extra uric acid may protect us against 

the effects of reactive forms of oxygen that damage tissues, cause 

cancer and accelerate ageing. We will return to this theme later.

Reproduction also has primate-specific features. The 

endozepine-like peptide (ELP) is highly expressed in the testes of 

many mammals, particularly in maturing male germ cells. It is 



human …ATT CAG TGA GAT GGA AAA TAT…
chimp …ATT CAG TGA GAT GGA AAA TAT…
gorilla …ATT CAG TGA GAT GGA AAA TAT…
orang ATT CAG TGA GAT GGA AAA TAT

C-to-T stop mutation common to great apes

orang …ATT CAG TGA GAT GGA AAA TAT…
gibbon …ATT CAG CGA GAT GGA AAA TAT… 
rhesus macaque …ATT CAG CGA GAT GGA AAA TAT… 
baboon …ATT CAG CGA GAT GGA AAA TAT…
owl monkey …ATT CAG CGA GAT GGA AAA TAT…
crab-eating monkey …ATT CAG CGA GAT GGA AAA TAT…
marmoset …ATT CAG CGA GAT GGA AAA TAC…

Figure 3.10.  The urate oxidase pseudogene, shared by the great 

apes [54]
The abnormal stop codon is shaded.
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involved in transporting metabolic intermediates, and may have sig-

nalling roles inside cells. However, the protein cannot be found in 

human tissue. Human tissue does contain two types of messenger 

RNA molecules that are highly related to the mouse ELP transcript, 

but they cannot specify the production of ELP protein because they 

are incapacitated by frameshift mutations.

It appears that, in primates, an original ELP gene was duplicated, 

but each copy has been inherited by humans in a non-functional 

form. The ELP1 gene is inactivated in all the great apes. It remains 

intact in representatives of OWMs, NWMs and non-primates. But in 

all those species in which the gene has been disabled, the inactivat-

ing mutation is identical: it is the insertion of one base (an ‘A’) at one 

particular site (following base 354). This singular frameshift muta-

tion occurred in a germ cell, and all the great apes have received 

their scrambled copy of the ELP1 gene from that cell (Figure 3.11).

Even in the monkey species with a normal gene sequence, the 

protein is not made. It appears that an unknown regulatory mutation 

has occurred, which precludes the production of the ELP protein. 

Perhaps the ELP protein became dispensable for male reproduction 

during the course of primate evolution. The authors of this study 



human …LKQLKGTVCDQERLLVYSFCKQPTQSDC…
chimp …LKQLKGTVCDQEKLLVYSFCKQPTQSDC…
gorilla LKQLKGTVCDQRKLLVYSFCKQPTQSDC

insertion of an A 
shifting the reading frame

gorilla …LKQLKGTVCDQRKLLVYSFCKQPTQSDC…
orang …LKQLKGTVCDQEKLLVYSFYKQPTQSDC…
macaque …LKQLKGPVSGPEKLLIYGLYKQATQGDC…
marmoset …LKQLKGPLSDQDKLLLYGWYKQATRGDC…
mouse …LKQLKGPVSDQEKLLVYSFYKQATQGDC…
rat …LKQLKGPLSDQEKMLVYSFYKQATQGDC…
cow …IKQLKGPVSDQEKLLVYSYYKQATQGDC…

Figure 3.11.  Protein sequence showing the disabling mutation in 

the endozepine-like peptide of the great apes [56]
Grey lettering indicates what the sequence would have been if there 
had been no insertion.
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have speculated that losses in absolute male fertility were offset by 

the development of sociality [56].

3.3.3  Simian-specific pseudogenes

Loss-of-function mutations have affected enzymes involved in 

energy metabolism. The mitochondrion is an organelle that converts 

the energy locked up in food into ATP, the energy currency of cells. 

Mitochondrial energy conversion is driven by a flow of electrons along 

a series of proteins. The final step in the chain, the transfer of elec-

trons to oxygen, generating water as end-product, is catalysed by an 

enzyme complex called cytochrome C oxidase. Most mammals have 

two genes encoding alternative subunits of this enzyme: COX8H 

(heart-type, expressed in muscles) and COX8L (liver-type, expressed 

in many tissues). Humans, other apes and OWMs lack the COX8H-

derived protein. These species retain the gene, but it is deranged by 

a singular mutation, a deletion of 14 bases that removes the normal 

stop codon (present in intact sequences as TAA or TGA; Figure 3.12). 

Energy metabolism has become progressively more efficient as pri-

mates have evolved, possibly to support the activity of cells in the 

brain. Paradoxically, the loss of the COX8H gene in an ape–OWM 

ancestor may have been part of this streamlining process [57].

We have discussed how humans possess disabled versions of 

genes that would otherwise be responsible for the placement of cer-

tain sugars on the surfaces of cells (a sialic acid derivative in the case 

of CMAH, and fucose in the case of fucosyltransferase). We encoun-

ter this situation again in the case of a cell surface structure involv-

ing the sugar galactose. All mammals except apes and OWMs have 

a moiety on their cell surfaces consisting of two galactose units (the 

so-called αGal structure). We lack αGal because we lack the enzyme 

(α1,3-galactosyltransferase) necessary to make it. And we lack the 

enzyme because the respective gene (GGTA1) has accumulated 

many mutations. Two of these are shared by apes and OWMs (repre-

sented by the macaque) but not by NWMs (marmoset, howler mon-

key, capuchin), which retain the active gene. A frameshift mutation  
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involving the loss of a single base, G, and common only to Old World 

primates, has occurred (Figure 3.13). The mutation arose in a repro-

ductive cell from which we and macaques are descended [58].

So why might the loss of the αGal structure have occurred? 

Organisms lacking the ability to synthesise αGal recognise the 

structure as immunologically ‘foreign’. When αGal that is derived 

from gut bacteria enters the body, we Old World primates make 

antibodies against it. We have high concentrations of αGal-directed 

antibodies in our blood. Perhaps these antibodies confer protection 

against pathogens that possess the αGal structure. But in that case 

why have no other mammalian groups lost the GGTA1 gene? These 

questions remain unanswered.

The loss of GGTA1 coding capacity has implications for 

transplantation medicine. Someone who is the recipient of an αGal-

expressing organ from a non-primate species will mount a vigor-

ous antibody-mediated attack on that organ, resulting in the rapid 

destruction of the transplant. This has led to the selection of αGal-

deficient breeds of pigs for use as tissue donors. One enterprising 

research team has sought to turn our natural anti-αGal antibodies 

to advantage. They have shown experimentally that treating wounds 



human …AGCTCCA              TGCTGTC…
…AGCTCCA              TGCTGTC…
AGCTCCA TGCTGTC

deletion common to Old World primates

…AGCT CA              TGCTGTC…
…CGCCCCAGAGCATAAAGGCTCTAGTGTC…

tarsier …AGCTCCACCACATGAAGGATCCACGGCC…
lemur …AGCTCCACAGCGTGAAGCCTCCGCGGA …
galago …AGTTCCACAGCATGAAGGCTCCATGC  …
potto (loris) …AGTTCCACGGCATGAAGGCTCCATGC  …
cow …AGCTCAGCAGCATGAAGGCTCTGCGGGC…

Figure 3.12.  A deletion in the COX8H pseudogene, shared by Old 

World primates [57]
The bonobo and the gorilla share the same deletion (not shown).
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with αGal, attached to tiny droplets of fat, recruits anti-αGal anti-

bodies to the site of αGal application. A local inflammatory reaction 

is induced, and wound healing is accelerated [59].

The loss of αGal entails a further consequence of clinical 

importance. People who are bitten by certain species of tick gener-

ate anti-αGal antibodies of the IgE class – and these mediate aller-

gic reactions. When such people eat meat or kidney from mammals 

that retain the capacity to make αGal, or when they are treated with 

therapeutic antibodies that are decorated with αGal, they may expe-

rience severe allergic (anaphylactic) reactions, characterised by hives, 

swelling of the tongue and wheezing, which may be life-threatening. 

People might even be sensitised by breathing dust containing αGal-

tagged proteins from pets [60]. There are alarming dangers in opting 

out of the αGal club.

The TPC3 ion channel is one of a small family of intracellular 

channels that allows the release of calcium ions from membrane-

enclosed stores in animal cells. It is believed to function in such 

diverse processes as fertilisation, insulin secretion and activation of 

cells in the immune system. One might imagine that this protein 

plays an indispensable role in human physiology – but no, the gene 

that encodes the TPC3 channel in other species has been well and 

truly pseudogenised in ours. The earliest gene-scrambling mutation, 



…AAAAAGGAAGAGAGGAG ACCAAAGGAAGGAAAAT…
…AAAAAGGAAGAGAGGAG ACCAAAGAAAGGAAAAT…
…AAGA GGAAGAGAGGAG ACCAAAGAAAGGAAGAT…

a 1-base deletion common to Old World primates

…AAAAAGGAAGAGAGGAGGAACAAAGAAAGGAAGAC…
…AAAAAGGAAAAGAAGAGGAACAAAGAAAGGAAGAC…
…AAAAAGGAAGAGAGGAGGAACAAAGAAAGGAAGAT…
…AAAAAAGAAGAGAAAAGGAACAAAGGAAGGAAGAT…
…AAAAAGGAAGAAAAAAGGAACAAAGAGAGAAAGAT… 

Figure 3.13.  A deletion in the GGTA1 pseudogene, shared by apes and 

OWMs [58]
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common to the widest variety of primate species, is a one-base dele-

tion. This singular mutation is present in all apes and OWM species 

examined – but in no other species [61]. It occurred in a single cell, 

and has been inherited by all living apes and OWMs (Figure 3.14).

Other mutations are also found in the TPC3 gene, including 

a one-base deletion in OWMs (Figure  3.14). Once a gene has been 

inactivated, there are no longer selective constraints on maintaining 

its integrity, and it steadily degenerates. An old pseudogene contains 

multiple mutations that vary in age, and cataloguing these in a panel 

of species may enable those species to be arranged in a full phylog-

eny. Every pseudogene has a story to tell.

Scurvy was a potentially lethal disease that affected sailors. 

In the mid-eighteenth century, James Lind, a British naval surgeon, 

performed an experiment on a group of sailors that showed that the 

consumption of fresh fruit could alleviate scurvy. The active ingre-

dient is ascorbic acid (vitamin C). We require ascorbic acid in our 

diet because it participates in several biochemical reactions and 



human …CTC TAT GTC TTC TA  TTG TTC ATG TTC AG…
chimp …CTC TAC GTC TTC TA  TTG TTC ATG TTC AG…
gorilla …CTC TAC GTC TTC TA  TTG TTC ATG TTC AG…
orang …CTC TAC GTC TTC CA  TTG TTC GTG TTC AG…
macaque …CTC T C GTC TTC CA  TTG TTT ATG TTC AG…
baboon …CTC T C GTC TTC CA  TTG TTC ATG TTC AG…
marmoset …CTC TAC GTC TTC CTC TTG TTC ATG TTC AG…
tarsier …CTG TAT GTC TTC CTC TTG TTT ATG TTC AG…
mouse lemur …CTC TAC GTC TTC CTC TTG TTC ACG TTC AG…
galago …CTG TAC GTG TTC CTC TTG TTC ATG TTC AG…
tree shrew …TTC TAC GTC TTT TTC TTG TTT ATG TTC AG…
rabbit …CTC TAC GTC TTC CTC TTG TTT ATG TTC AG…
dog …CTC TAC GTC TTC CTC TTG TTT ATG TTC AG…
horse …CTC TAT GTC TTT CTC CTG TTT CTC TTC AG…
cattle …CTC TAC GTG TTC CTC TTG TTC CTC TTC AG…
chicken …ACC TAT GTC TTC TTG CTT TTC ATG TTT AG…

deletion common to apes and OWMs

deletion in OWMs

Figure 3.14.  The deletion in the TPC3 pseudogene shared by apes 

and OWMs [61]
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also has antioxidant effects. But the consumption of ascorbic acid 

may not always be as beneficial as the health industry publicity 

claims: under some conditions, ascorbic acid may act as a potentially 

harmful oxidant.

Most mammals make their own ascorbic acid. It is a vitamin 

for us only because we cannot produce the enzyme (l-gulono-γ-

lactone oxidase, or GULO) that is required for the final step in its 

synthesis. And we cannot make the enzyme because we have inher-

ited a severely degenerated copy of the gene. Only 5 of the original 12 

exons remain, the locus has been bombarded with retrotransposons, 

and those parts of the gene that are identifiable are riddled with 

mutations [62]. (To return to our garage analogy: once it fell into dis-

use, no effort was made to maintain it, and a process of unimpeded 

deterioration set in. The shelves collapsed, the windows fell off and 

the spouting rusted.)

The GULO pseudogene contains multiple indel and stop muta-

tions. The oldest appears to be a stop mutation, shared by represent-

atives of all simian primate groups  – apes, OWMs and NWMs. A 

natural inference is that this mutation initiated the process of decay, 

and it arose in an ancestor of the simian primates [63]. Subsequently, 

exons 2 and 3 were lost from the genomes of apes and OWMs by 

a DNA deletion event that eliminated approximately 2,500 bases 

from the genome. A representative stop mutation, shared by apes 

and OWMs, is shown in Figure 3.15. A codon specifying the amino 

acid arginine (possibly CGA) has ended up as a gene-truncating TGA 

codon [64].

The vitamin C business owes its millions to a mutation that 

knocked out the GULO gene in a simian ancestor. But why should 

such an apparently vital gene turn out to be dispensable? We can only 

speculate – and take cognisance of the fact that relatively recent, and 

independent, losses of GULO gene coding capacity have occurred 

in bats [65]. Perhaps the mutation occurred in a small population, 

replete with dietary ascorbic acid, for which the surreptitious take-

over of a defunct GULO allele was inconsequential [66]. Millions of 
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years later, a time of nutritional deprivation followed. The source of 

dietary ascorbate dried up, antioxidant levels in the body declined, 

and an alternative antioxidant was needed. In this situation, the 

inactivation of the urate oxidase (UOX) gene, which led to elevated 

concentrations of uric acid in the body, may have provided an alter-

native means of coping with the oxidative burden.

A more recent hypothesis accounting for why we are GULO–

UOX double knockouts has been suggested. Biochemical evidence 

has been adduced to argue that reduced ascorbate concentrations, 

and elevated uric acid concentrations, might have facilitated the 

transformation of dietary fructose (fruit sugar) into stored fat. This 

would have given our ancestors a survival advantage in times of 

dietary insufficiency. The problem is that the GULO–UOX double 

knockout genotype may be frankly maladaptive in contemporary 

people consuming Western diets. High levels of fructose intake may 

promote that condition of excessive fat storage known as obesity. 

And uric acid accumulations in excess of those experienced by our 

distant ancestors may predispose us to diseases of Western civilisa-

tion including high blood pressure and, as noted above, gout [67].



…TTC TGT GCC ATC TGA GAA AAG CTA GAA…

stop mutation common to (at least) Old World primates

F C A I X E K L

…TTC TGT GCC ATC TGA GAA AAG CTA GAA…
…TTC TGT GCC ATC TGA GAA AAG CTA GAC…
…TTC TGT GCC ATC CGG GAA AAG CTG GAC…
…TTT TGC ACC ATC CGT GAA AAG CTG AAC…
…TTC TGT GAC ATC CGT GAG AAG CTG GAC…
…TTC TGT GAC ATC CGC GAG AAG CTG GAC… 
…TTC TGC GCC ATC CGG GAA AAG CTG GAC…

F C I R E K L

Figure 3.15.  A stop mutation in the GULO gene, shared by Old World 

primates [64]
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We may speculate with some plausibility on the loss of UOX 

and GULO. But the reason why the arpAT gene should have been lost 

is a mystery. This gene encodes a protein that (in a great many other 

organisms) transports amino acids into cells. But the human version 

of the gene is riddled with frameshift mutations, two of which we 

share with OWMs and NWMs. This indicates that pseudogenisation 

started in a simian ancestor, and that the gene has been accumulat-

ing mutations ever since [68]. Putting aside considerations of why 

such a venerable old gene should have been scrapped, the arpAT and 

GULO pseudogenes provide independent confirmation that all sim-

ians are derived from the same ancestor.

Long-standing pseudogenes may accumulate a multiplicity of 

mutations sufficient to provide a full genealogy in their own right. 

There are five members of the serum albumin protein family. They 

are made in the liver and act to carry a range of ligands in the blood. 

The most-recently discovered member of the gene family, alpha-

fetoprotein-related gene (ARG), is present in the genomes of many 

non-primate animals, but is incapable of making a protein in any 

species of ape or monkey. In fact, multiple mutations are shared by 

humans, chimps, macaques (representing OWMs) and marmosets 

(an NWM) (see Figure  3.16). All simian species studied share one 

stop, three splice-site, three frameshift and two TE insertion muta-

tions. In addition, apes and OWMs share mutations that are absent 

in NWMs, and apes share a splice-site mutation that is absent in 

OWMs and NWMs. This gene relic provides a ‘one-stop shop’ for an 

anthropoid phylogeny [69].

One would not expect to come across specifically marked pseu-

dogenes that would enable us to peer much further back into our his-

tory. Protein-coding genes that have lost their coding capacity tend 

to decay into the genetic background. Specific sequence features fade 

from sight. But a gene encoding a form of cytochrome C provides an 

exception.

Cytochrome C is a protein that has two lives. It normally acts 

inside mitochondria to shuttle electrons around: a life-sustaining 
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role. But if it escapes into the cytoplasm, it acts to initiate cell sui-

cide. Primates have one cytochrome C gene; other mammals have 

two. The difference resides in a testis-specific gene (CYCT) that is 

scrambled in primates, but which specifies the production of a func-

tional protein in non-primates. The primate pseudogene has been 

fragmented by the intrusion of numerous ancient TEs, suggesting 

that it descended into decrepitude a long time ago. This is evinced by 

the finding that all tested primates, including a representative pro-

simian, have the same CGA to TGA stop mutation, clearly visible in a 

well-preserved segment of the pseudogene (Figure 3.17).

Conveniently for us, this part of the pseudogene has been mag-

nificently conserved only because it overlaps an unrelated gene, 

which is read in an alternative reading frame, and upon which 

selective pressure has acted to retain the local sequence. From the 



human

chimp

macaque, OWM

marmoset, NWM

mouse

stop mutation, 1

splice site, 3  

frameshift, 3 frameshift, 2

splice site, 1  splice site, 1   splice-site, 1  

TE insertion, 2

human …TGTCAATCTCGTTAGAGAAGTTTACTA …
chimp …TGTCAATCTCGTTAGAGAAGTTTACTA …
macaque …TGTCAATCTCTTTAGAGAAGTTTATTA …
marmoset …TGTCAATCTCTTTAGAGAAGTTTACTA …
mouse …TGTGAGTCTCTCCAAACAAGTTTACTA …

TCACATGGTTAC…
TCACATGGTTAC…
TCACATGGTTAC…
TCACATGGTTAC…
CCTGA GTCAC…

Figure 3.16.  Mutations in the ARG pseudogene [69]
The sequences (upper diagram) show a stop mutation and a two-base 
insertion that are shared by all simian primates. The family tree 
(lower diagram) indicates types and numbers of mutations at each 
ancestral stage (arrows).
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perspective of genetic palaeontology, we have an immaculately con-

served stop mutation transmitted from an ancestor of the primate 

clone. From the perspective of reproductive potency, we have a possi-

ble reason for the relative decline of primate fertility [70].

This survey of unitary and duplicated pseudogenes  – protein-

coding genes that have lost protein-coding capacity – outlines an almost 

complete genealogy of human beings through primate history. This 

pseudogenealogy is summarised in Figure 3.18. Exhaustive searches 

through multi-species genomic databases have generated a catalogue of 

76 unitary pseudogenes that have accumulated in human DNA since 

the primate–rodent divergence [71]. The stage of primate phylogeny 

during which many of these appeared has been determined by observ-

ing the range of species that share unique inactivating mutations. The 

numbers of pseudogenes so identified (in addition to those discussed in 

the text) are indicated in Figure 3.18. Pseudogenes have been accumu-

lating steadily throughout primate history. The same processes that 

produced pseudogenes in simian ancestors are still at work.



human …TGG GGC CTC TTT GGC TGA AAA ACA GGA AAA…
chimp …TGG GGC CTC TTT GGC TGA AAA ACA GGA AAA…
gorilla …TGG GGC CTC TTT GGC TGA AAA ACA GGA AAA…
orang …TGG GGC CTC TTT GGC TGA AAA ACA GGA AAA…
siamang …TGG GGC CTC TTT GGC TGA AAA ACA GGA CAA…
macaque1 …TGG GGC CTC TTT GAC TGA AAA ACA GGA CAA…
macaque2 …TGG GGC CTC TTT GAC TGA AAA ACA GGA CAA…
guereza …TGG GAC CTC TTT GAC TGA AAA ACG GGA CAA…
mangabey …TGG GGC CTC TTT GAC TGA AAA ACA GGA CAA…
marmoset …TGA GAC CTC TTA GGC TGA AAA ACA GGA CAA…
tamarin …TGG GGC CTC TTT GGC TGA AAA ACA GGA CAA…
aye-aye …TGG GGC CTC TTT GGC TGA AAA ACA GGA GCA…
mouse …TGG GGC CTC TTT GGT CGA AAG ACA GGA CAA…
rat …TGG GGC CTT TTT GGC CGA AAG ACT GGA CAA…
horse …TGG GGC CTT TTT GGC CGA AAA ACA GGA CAA…

W G L F G X K T G K

W G L F G R K T G Q

ape

O

N

PS

E
L

Figure 3.17.  The CYCT pseudogene of primates [70]
Species are apes, OWMs (O), NWMs (N), a prosimian (PS), other 
Euarchontoglires (E), and a Laurasiatherian (L). Shown are encoded 
amino acids (for apes, top; non-primates, bottom), the stop codon 
(shaded) and termination of the amino acid sequence (X).
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3.3.4  Pseudogenes and sensory perception

One of the marvels of being a complex organism is the way in which 

we sense our environment. We have molecular machinery that inter-

acts with a part of the electromagnetic spectrum, and that enables us 

to see – and in colour. We have cells with little hairs that are sensi-

tive to oscillations in the density of molecules in the air, so that we 

can hear. And we possess proteins that can latch on to a vast variety 

of molecules that enter our noses and mouths, and that underlie the 

richness of chemosensory experience. These include our perceptions 

of taste (gustation) and smell (olfaction).

The proteins that bind such molecules are called receptors and 

are an essential first step in generating neural signals that are ultim-

ately experienced as taste and smell. There must be an extensive 

repertoire of receptor molecules because of the sheer variety of mol-

ecules that we can identify. The easiest way to study the multiplicity 

of receptor molecules is to consider the genetics of chemosensation. 



human

chimp

bonobo

gorilla

glucocerebrosidase
ABCC13
 α2-fucosyltransferase

 ψhHaA
MYH16
CMAH

ACYL3

COX8H
GGTA1
TPC3

urate oxidase
ELP1

11
5

3

6
orang

gibbon

OWM

NWM

pro-
simian

ARG

CYCT
11

6

GULO
arpAT

Figure 3.18.  The times at which pseudogenes appeared during 

primate phylogeny

Genes identified in boxes are described in the text. Numerals under 
lines indicate the numbers of additional unitary pseudogenes [71].
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Most mammals possess three systems of chemosensation but, sur-

prisingly, these have been reduced – to various extents – en route to 

humans [72].

First, there is the vomeronasal system. The vomeronasal 

organ (VNO) is present in the nasal cavity. It contains the neurons 

that respond to pheromones – chemical signals that communicate 

between members of the same species and regulate behaviours such 

as aggression, territoriality, mating and nursing. It is uncertain 

whether humans respond to pheromones. There is one telling argu-

ment against the proposition: almost the entire set-up appears to be 

derelict in humans and closely related primates. The VNO itself is 

absent and is replaced by a small pit in the nasal cavity. The part of 

the brain to which (in other organisms) the VNO nerves send signals 

is also absent [73].

In a functional VNO, the binding of pheromones to their recep-

tors induces a flux of calcium ions through the nerve cell membrane. 

This generates the nerve impulse that transmits the binding signal 

to the brain. The protein channel through which ions flow is called 

the transient receptor potential cation channel-2 (TRPC2), but its 

gene is thoroughly incapacitated in humans, and indeed in all apes 

and OWMs. In humans there are two frameshift mutations in the 

second exon. The second of these corrects the reading frame, leaving 

the 60 intervening amino acids scrambled. There are also four stop 

mutations.

Comparative genome studies have shown that the earliest two 

mutations occurred in an ancestor of apes and OWMs. Both were stop 

mutations. In the case of the TRPC2 gene, the phylogeny has been 

obscured by reversion mutations, in which each of the stop muta-

tions appears to have been further mutated into another codon. One 

reversion occurred on the lineage leading to great apes; the other on 

the lineage leading to orang-utans (Figure 3.19). Reversions of single-

base change mutations are expected at low frequencies.

Three more mutations occurred in the African great ape lin-

eage, and others in the lineages leading to humans, orang-utans, 
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OWMs and macaques. Overall, the TRPC2 gene is non-functional 

in all ape and OWM species tested, but retains protein-coding func-

tionality in NWMs and prosimians [74].

The adoption of an aquatic lifestyle is also associated with 

the loss of TRPC2 gene protein-coding functionality. This gene is 

active in the Californian sea lion, but has accumulated inactivating 

mutations in the river otter and harbour seal (semi-aquatic carni-

vores), and in the dolphin (a toothed whale) and fin whale (a baleen 

whale), which share three inactivating mutations. These mutations 

establish that dolphins and fin whales (whose marine environment 

would render pheromone signalling ineffective) are derived from a 

whale progenitor [75].

Loss of the TRPC2 channel would be expected to inactivate 

VNO signalling. What then would happen to the dedicated pherom-

one receptors? If receptor binding to pheromones cannot generate 

a calcium flux, and so cannot generate a neural signal, the recep-

tors would provide no advantage to the organisms that possess 

them. Selective pressure to retain the respective genes would be lost. 

The genes would degenerate. In primates lacking TRPC2 function, 



human

gorilla

orang

gibbon

mandrill

S1  
S2

S2
Rv

S1
Rv

ind1
ind2
S3

S4  
S5

S6

macaque

langur

NWMs

prosimians

S7

ind3

Figure 3.19.  Mutations in the TRPC2 gene of apes and OWMs [74]
Mutations indicated are stop mutations (S), indels (insertions or 
deletions; ind) and reversions (Rv).
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the pheromone receptor genes, which are classified into two unre-

lated families, V1R and V2R, have decayed almost completely into 

decrepitude.

The human genome contains 120 VIR genes, and 5 retain the capacity •	
to encode a functional receptor protein. One of these genes shows 

signs of positive selection, indicating current functionality. However, 

two of these five genes retain coding capacity in only a proportion 

of the human population. They have been caught in the act of 

undergoing pseudogenisation. All of these five genes have degenerated 

to pseudogenes in at least two of the other great apes [76]. Mammals 

differ hugely in their V1R repertoire. The platypus, mouse and mouse 

lemur have large numbers (at least 160 genes). At the other extreme, 

dolphins and whales, some bats, and OWMs and apes have depleted V1R 

repertoires [77].

The human genome contains 20 V2R genes, and all are pseudogenes (as •	
they are also in chimps and macaques). Pheromone signalling associated 

with the V2R receptor set has been repeatedly lost in mammals. Such 

a loss may characterise species with pronounced sexual dimorphism. 

When animals can see potential mates (or competitors) on the basis of 

body size and shape, fur markings, horns, tusks or behaviours, pheromone 

sensitivity may become redundant. On the other hand, opossums, rats 

and mice retain approximately 100 functional V2R genes [78].

Pheromone signalling has diminished progressively during primate 

evolution. To be human is to have inherited the complex genetic 

infrastructure of an elaborate sensory system, albeit in an almost 

wholly non-functional state. Humans do not develop social relation-

ships by sniffing for pheromones. We use other sensory modalities 

such as sight. We can even talk to conspecifics.

The second type of chemosensory system is olfaction. Olfactory 

receptors are expressed by nerve cells of the main olfactory epithe-

lium that lines the nasal cavities. In the human genome, the genes 

that encode olfactory receptors comprise the most populous of all 

the gene families, consisting of some 850 members. Half of these 

have acquired mutations that prevent the production of functional 

receptor proteins.
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The number of functional genes is approximately the same in 

representatives of all primate groups (300–400). The proportion of 

pseudogenes is similar in apes and OWMs but appears to be lower 

in NWMs (in which <40% of the olfactory receptor genes are pseu-

dogenes). Net gene inactivation has occurred in both the human and 

chimp lineages, as it has in all major primate lineages [79].

A sample of olfactory receptor pseudogenes has been analysed 

for mutations in different primate species. The presence of shared 

mutations indicates the stage of primate evolution at which pseu-

dogenisation occurred. Five pseudogenes shared the same inacti-

vating mutation in all apes and OWMs (although one subsequently 

reverted in the orang-utan lineage). These mutations arose in an 

ape–OWM ancestor. Other mutations appeared in great ape ances-

tors, in African great ape ancestors and in the human–chimp ances-

tor (Figure 3.20). A survey of olfactory receptor pseudogenes is itself 

sufficient to provide independent confirmation of the shape of pri-

mate phylogeny [80]. A more exhaustive search of 400 pseudogenes 

in humans showed that two-thirds share an inactivating mutation 

with their chimpanzee counterpart [81].

Four hundred human olfactory receptor genes retain coding 

capacity. These ‘active’ genes are characterised by a high frequency 

of variant forms, many of which would encode proteins with reduced 

activity. In fact, two-thirds of the ‘active’ olfactory receptor genes 

possess alleles that are non-coding pseudogenes. The degeneration 

of the olfactory receptor gene family, apparent through later primate 

evolution, is ongoing. No other gene family currently shows signs 

of relaxed purifying selection. Perhaps the benefits of stereoscopic 

vision (which entails the loss of a snout), the advent of bipedal gait 

(which lifts our noses above the ground) or the development of big 

brains (which process sensory information more efficiently) accounts 

for the decline in our olfactory receptor gene set [82].

Mammals vary hugely in their complement of olfactory recep-

tor genes. Opossums, armadillos, elephants, horses, cattle and 

rodents are well endowed, with over 1,000 genes. Dogs are not far 
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behind. Primates have a modest repertoire of several hundred. At the 

other extreme, the aquatic mammals (dolphins and whales), along 

with their nearest living relative (the hippopotamus), have very few. 

The facile expansion and contraction of olfactory gene repertoires 

depends on the ecological niche occupied by each species [83].

The diminished role of olfaction in primates is attested also 

by the loss of a signalling molecule that is involved in a subset of 

olfactory nerve responses. The protein, known as guanylyl cyclase D 

(GC-D), is usually located in cell membranes. When the part outside 

the cell engages with its particular stimulant, the part inside the cell 

generates a messenger molecule called cyclic GMP, which opens ion 

channels to generate nerve impulses. (GC-D thus acts analogously 

to TRPC2.) GC-D is functional in non-primate mammals and in 

prosimians (lorises and lemurs). Protein-coding function, however, 



10AA1p, del 302
11i1p, stop 274
51A6p, del 373
5H5p, del 212

13E1p, del 182
2Ai1p, del 528

51R1p, stop 679

11K1p, stop 176
4G3p del 178

52H2p, del 270

15  
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T2Rψ3, stop 120
T2Rψ5, stop 60

T2Rψ6, stop 216
T2Rψ7, stop 87
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4G3p, del 178
52B1p, del 723

5AK4p, stop 236
8F1p, del 605

11K1p revertant
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Figure 3.20.  Primate phylogeny based on olfactory (light boxes) 
[80] and taste (dark boxes) [86] receptor pseudogenes

Mutations are identified by the gene symbol (e.g. 11K1p), the type of 
mutation (e.g. stop) and the position of the mutation (e.g. codon 176).
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has been lost independently in the ape–OWM group, in NWMs and 

in tarsiers.

The accumulation of inactivating mutations in this gene pro-

vides an independent primate phylogeny (Figure 3.21). For example, 

two indels are common to all the apes, and four are common to all 

the NWMs. There is also a selection of stop mutations, although 

some of these single-base change mutations have occurred independ-

ently in different lineages [84].

A third category of chemosensation is that of taste. Our sense 

of taste arises from receptors expressed by nerve cells clustered in 

taste buds on the surface of the tongue and palate. People vary in the 

way they respond to certain bitter substances. The bitter-tasting test 

compound phenylthiocarbamide is classically used to categorise us 

into tasters and non-tasters. The reason for this variation is that one 
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Figure 3.21.  A primate phylogeny based on mutations in the GC-D 

gene [84]
Three pairs of stop mutations, generated independently in two 
lineages, are indicated by asterisks. Mutations are stop mutations (S) 
and indels (ind). Numerals in brackets indicate the number of indels.
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of our bitter taste receptors exists in alternative forms, which we 

share with Neanderthals. The same situation exists, but has arisen 

independently, in chimps [85]. Our vegetables may not taste the same 

to us as they do to other members of the family.

We have a relatively small family of taste receptors, 33 or 34 in 

all. Neither our ancestors nor we could afford to lose our capacity for 

certain tastes. Our sense of sweetness motivates us to value energy-

giving (sugar-rich) food. Our sense of bitterness motivates us to avoid 

plant material rich in potentially toxic alkaloids. Only 10 of approx-

imately 30 bitter taste receptor genes are pseudogenes. Judging by 

the presence of shared mutations, some of these lost their coding 

capacity in an ancestor shared with OWMs, others in an ancestor 

of the great apes, and others in an ancestor of African great apes 

(Figure 3.20) [86].

Cats are the consummate carnivores. They have a finely honed 

appetite for meat but are indifferent to sugars. Cats lack a sweet 

tooth because their taste buds lack the Tas1R2 sweet taste receptor. 

The gene has been inactivated in cats. Two mutations (a 247-base 

deletion in exon 3 and a deletion in exon 4) exist also in cheetahs 

and tigers. This demonstrates that domestic cats, cheetahs and tigers 

are descendants of the progenitor cat species – the primeval felion – 

in which the mutations occurred. The existence of this pseudogene 

with its unique mutations confirms that a warm fluffy cat is devoid 

of sweetness, a ferocious killer writ small. Indeed, pseudogenisation 

of sweet taste receptor genes is widespread in carnivorous mammals 

[87], including blood-eating vampire bats [88].

A similar story is illustrated by the giant panda – a bear and 

therefore classified as a carnivore. However, pandas have reformed 

their ways and now dine only on vegetables, of which bamboo is the 

staple. The sensory receptor that responds to meat is the Tas1R1 

umami receptor (from the Japanese word denoting ‘savoury’). We 

humans stimulate this receptor by pouring monosodium gluta-

mate on our takeaways. The vegan panda, however, does not seek 

meat, and the gene for its Tas1R1 receptor contains two frameshift 
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mutations. Surprisingly, some carnivorous mammals have also lost 

their umami receptors. These include various pinnipeds (seals and 

sea lions) and the bottlenose dolphin, which swallow their prey 

whole. Taste receptors do not serve much function if you don’t 

bother to chew your food [89]. We might conclude that if you don’t 

use it, you lose it.

3.3.5  Pseudogenes from further afield

Pseudogenealogy is in its infancy. As genome data accumulates, 

pseudogenes shared by humans and non-primate mammals will 

undoubtedly provide markers of more remote relationships. Analysis 

will be hampered by the fact that, as we have noted with TEs, pseu-

dogenes tend to disappear into the genetic background with time. (To 

return to our analogy: whether or not the old garage has any func-

tion, most of its timbers ultimately decay into a barely recognisable 

wood heap.) Shared inactivating mutations that created pseudogenes 

before the origin of the primates will be obliterated by superimposed 

mutations. But such derelict genes are present. A fossil exon (with 

parts of the flanking introns) of an MHC class I gene is found in both 

humans and pigs, for example, and probably arose in an ancestor of 

primates and artiodactyls [90].

The vitellogenin genes function in egg-laying animals. 

Vitellogenin is a protein that transports nutrients from the liver to 

the egg yolk. Birds lay eggs and have three vitellogenin (VIT) genes. 

Monotremes (such as the platypus) are mammals that lay eggs, albeit 

with a diminished nutrient content relative to birds. They retain one 

functional VIT gene and one identifiable VIT pseudogene. Placental 

mammals do not lay eggs, and lack vitellogenin genes. However, 

fragments of each of the three VIT genes (present in birds) are iden-

tifiable in our DNA. They are riddled with mutations such as stops 

and indels. For example, a fragment from the third exon of VIT1 in 

humans, dogs and armadillos shares two deletions of one base each. 

These are naturally interpreted as mutations that arose in a euth-

erian ancestor (Figure 3.22, upper diagram) [91].
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Also of interest are genes that encode the proteins needed to 

make tooth enamel, the hardest material made by any vertebrate. 

Mammals with peculiar dietary preferences either lack teeth, or lack 

teeth crowned with enamel. Baleen whales spectacularly lack teeth. 

They strain krill and small fish from the sea using a filter of baleen 

(chemically akin to hair, and composed largely of a fibrous protein 

called keratin). Pangolins and anteaters are insect-eaters and also 

lack teeth. Other mammals retain teeth but they are not crowned 

with enamel (Table 3.2) [92].

If the standard scheme of phylogenetic development is true, we 

would expect that these mammals evolved from progenitors (now 

extinct) that possessed teeth with enamel. We would hypothesise 

that enamel-less species would retain in their genomes degenerated 

copies of the enamelin (ENAM) gene.

And indeed, representatives of every group that lacks enamel 

do retain the ENAM gene in their genomes, but in every case its 



human …TATGAAAGTACA TTTCTAGTGTATTTCCACA ACAGT…
dog …TAAGAAAGGATA TTTCTGATGGACGGCCACA ATCAT…
armadillo …TATGGAAGTATA TTTCCAGTGGACTGCTACA ACAGT…
chicken …TATGAAAGCATACTTTTCAGTGGTATTCCAGAGAAGGA…

shared 1-base deletions

exon 4 crocodile (above) and chickenenamelin exon 4, crocodile (above) and chicken

…ATGTTCCTCCAGTTCCTGTGCCTCTTTGGCATGTCTATAGCAGTGCC…
…AAAAAACTCCTCTTCCTGTGCCTCTGTGCAATGTCCTGGGCAGTGCT…

amelogenin exon 2, crocodile (above) and chicken

…GTACTATATTTCGAGAAAGATGGAGGGCTG…
…ATACTGTAATTATAGAACGATGGAGGACAG…

Figure 3.22.  Fragments of ancient pseudogenes

Sequences from the VIT1 pseudogene and the chicken gene (upper 
diagram) [91]. Bases common to at least three of the species are in 
bold. Sequences from the enamelin and amelogenin genes (lower 
diagrams) [97, 98]. Shared bases are in bold; start codons are shaded.
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coding function has been destroyed by stop and frameshift muta-

tions. Indeed in species representing the taxa listed in Table 3.2, 

125 different frameshift mutations in ENAM genes have been 

identified. Of these mutations, 123 were distributed among the 

diverse species in a way that supported the derivation of wholly 

consistent phylogenetic relationships. Of the two exceptions, 

one showed probable incomplete lineage sorting in related whale 

species. The other shared mutation, a one-base frameshift, prob-

ably arose independently in two anteater species. Overall, these 

frameshift mutations are powerful markers of evolutionary 

relationships [93].

We have already mentioned the loss of another tooth-forming 

gene in baleen whales (Chapter 2). This gene encodes enamelysin, 

a proteolytic enzyme that processes the structural proteins (enam-

elin, ameloblastin, amelogenin) when enamel is formed. All liv-

ing baleen whales lack enamelysin. The protein-coding function 

of the gene was lost as a result of a TE insertion. This establishes 

that all baleen whales are descended from the ancestor in which 

this unique inactivation event occurred. Moreover, inactivation 

of enamelysin rendered the other enamel-making genes redun-

dant, and started the processes by which they lost protein-coding 

function [94].

Table 3.2. Mammals lacking enamelised teeth

Super-order Group Teeth Diet

Laurasiatheria Baleen whales
Sperm whales

Pangolins

Absent
Lack enamel

Absent

Krill, small fish
Cephalopods, fish, 

crustaceans
Insects

Afrotheria Aardvarks Lack enamel Insects
Xenarthra Anteaters

Sloths
Absent
Lack enamel

Insects
Vegetable material

  Armadillos 
(most)

Lack enamel  Insects and grubs  
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The ultimate toothless wonders are birds. But some fossil birds 

(such as Archaeopteryx) had teeth. Some show reduced patterns of 

dentition [95]. Moreover, a chicken mutant has been described that 

undergoes early steps in tooth formation. Chickens seem to retain 

the remnants of a developmental pathway that once culminated in 

tooth formation [96].

The chicken genome has been explored for four genes involved 

in tooth formation. Degenerated remnants of the ENAM gene have 

been tracked down, with each of exons 4–10 being recognisable [97]. 

Multiple fragments corresponding to the gene for amelogenin are 

also present in the chicken genome. Comparisons of parts of ENAM 

exon 4 and amelogenin exon 2 with the corresponding parts of the 

crocodile genes are shown in Figure 3.22 (lower diagrams). Parts of 

the ameloblastin and dentin sialophosphoprotein genes are also dis-

cernable. Particular indels are shared by multiple species of birds [98]. 

Clearly, birds have ancestors that had teeth.

It is interesting to note that genes active in tooth formation 

may have been modified to adopt new protein-coding functions. An 

example relates to the origins of proteins found in milk, a product 

peculiar to mammals. Caseins are major milk proteins that trans-

port calcium phosphates, essential for the growth of bones and teeth 

in young mammals. Evidence suggests that the casein gene family 

was derived from the odontogenic ameloblast-associated (ODAM) 

gene by a series of DNA duplications that involved parts of exons 

(making them longer), whole exons and entire genes. The casein 

genes arose before mammals appeared, and originally may have 

encoded proteins that transported calcium in eggs or that controlled 

mineralisation of teeth [99]. The formation of new genes is the topic 

of Chapter 4.

3.4 P rocessed pseudogenes

Approximately half of the pseudogenes located in our DNA have 

arisen from the unscheduled activities of retrotransposons. LINE-1 

elements encode enzymes required to ‘copy and paste’ themselves 
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into new sites. But sometimes these enzymes act promiscuously. 

They may disengage from the LINE-1 transcript that produced them 

and attach themselves to bystander RNA molecules, which they 

reverse-transcribe into DNA copies. This process generates copies of 

genes that are inserted into genomic DNA at randomly chosen posi-

tions [100]. Such sites typically lack the regulatory sequences required 

to orchestrate gene transcription. These processed pseudogenes would 

thus lack the capacity to generate RNA copies and make their respect-

ive proteins. They have been described as being ‘dead on arrival’.

This random process is ongoing. Some genetic diseases of 

humans arise because fragments of RNA are commandeered by 

the enzymatic machinery of LINE-1 elements and spliced back 

into genomes. Tragically, the pseudogenic fragments may disrupt 

functionally important genes, destroying protein-coding capacity 

and precipitating clinical abnormality. In a case of Duchenne mus-

cular dystrophy, a fragment of non-coding RNA (from chromosome 

11) was retrotransposed into exon 67 of the dystrophin gene (on the 

X chromosome). The mutation was not present in the constitutional 

DNA of either parent, and occurred either in one of the parents’ germ 

cells or in the affected child [101].

The human genome contains several thousand such randomly 

generated processed pseudogenes. Estimates range from 3,600 to 

over 13,000. The variation arises because different researchers have 

arbitrarily chosen different minimum sizes as criteria of what they 

would accept as a pseudogene. Some inserts are full-length copies of 

messenger RNAs, whereas others are fragments. A gene will contrib-

ute processed pseudogenic copies to the germ-line only if that gene 

is expressed in germ cells, which alone transmit genetic novelties 

to future generations. The more highly a gene is expressed, and the 

more stable its messenger RNA molecule, the more copies tend to be 

found in genomes [102].

Some processed pseudogenes retain base sequences that are 

extremely similar to those of their parent genes. Such copies were 

generated relatively recently. Others have accumulated many 
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mutations relative to their source gene. These are likely to be of rela-

tively greater age. Clearly, processed pseudogenes have been accu-

mulating in mammalian genomes over a long history. This is hardly 

surprising, since they have been generated by TEs, which themselves 

have colonised genomes over a long history. It follows that if any 

of these unique markers reside in the genomes of multiple species, 

those species must have been derived from the progenitor in which 

the pseudogene arose.

Consider the NANOG gene, which is active in early embryos 

and in stem cells. It is expressed in the germ-line and is a master 

regulator of gene expression. In the human genome, it has spawned 

ten processed pseudogene copies, and nine of these are present also in 

the chimp genome. That is, they were already present in the genomes 

of human–chimp ancestors. One of these, NANOGP4, has accumu-

lated a number of classical gene-disrupting mutations. The human 

version has four stop mutations (three of which are shared with 

chimps) and three deletions (two of which are shared with chimps). 

This gene embodies multiple markers of monophylicity [103]. The 

human- (and Neanderthal-)specific pseudogene, NANOGP8, is nor-

mally silent, but is expressed in the dysregulated environment of 

tumour cells. It has been suggested that NANOGP8 acts as an onco-

gene and is responsible for the increased propensity of humans (rela-

tive to other primates) to develop cancers [104].

A fragment of the ATM gene exists as a processed pseudogene in 

the human genome. It encompasses exon 30 and parts of both flank-

ing introns, including part of an intronic Alu element. It is bracketed 

by target-site duplications – as expected of a LINE-1 endonuclease-

generated product. The same ATM pseudogene and target-site dupli-

cations are present in chimps and gorillas, whereas the orang-utan 

genome retains the uninterrupted target site (Figure 3.23, upper dia-

gram) [105]. The African great apes are descended from the progeni-

tor in which this unique pseudogene arose.

Other such retrotransposed genes, such as the RNASEH1 

pseudogene, are present in all apes, but in no other species. The 
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Per4 pseudogene is present in humans and OWMs. The SHMT-ps1 

pseudogene is shared by all simian primates. Small-scale studies 

of the species distribution of processed pseudogenes are congruent 

with independently established patterns of primate evolution. One 

study with six such relics has provided additional evidence that the 

great apes, the Old World primates and the simians each comprise a 

monophyletic group [106]. Processed pseudogenes may acquire new 

functions. Keratin-19 and β-tubulin processed pseudogenes, each of 

which arose in an ape–OWM ancestor, are loci in which new micro-

RNA genes have emerged [107].

Systematic studies using available human, chimp, orang-utan 

and macaque genomes have determined the order of appearance of 

processed pseudogenes, derived from protein-coding genes, in the 

primate germ-line. Forty-eight processed pseudogenes were found in 

humans only. Ninety-four were present in the genomes of humans 

and chimps, but in no other species. And 337 were found in the 



human …GCTTTAAAAGAAATAAACAT[GATGA … AATAA]ATAAAAAATAAACATAATGA…
chimp …GCTTTAAAAGAAATAAACAT[GATGA … AAAAA]AAAAGAAATAAACGTAATGA…
gorilla …GCTTTAAAAGAAATAAACAT[GATGA … AAAAA]GAAATAAATAAACATAATGA…

orang …GCTTTAAAAGAAATAAACACAATGA…

ATM gene insert

human …CATCTGAAAAACAGAGATGA[GGCAC…]TGAAAAACAGTGATAATAAAA…
chimp …CATCTGAAAAACAGAGATGA[GGCAC…]TGAAAAACAGTGATAATAAAA…
gibbon …CATCTGAAAAACAGAGATGA[GGCAC…]TGAAAAACAGTGATAATAAAA…
macaque …CATCTGAAAAACAGGGATGA[GGCAC…]TGAAAAACAGTGATAATAAAA…
marmoset …CATCTGAAAA CAGGGATGA[GGCAC…]TGAAAAACAGGGATGATAAAA…

lemur …CATCTAAAAAACGGGGATAATAATA…

tRNA gene insert

Figure 3.23.  Insertion sites of processed pseudogenes derived from 

an ATM gene transcript, upper diagram [105], and from a transfer 

RNA molecule, lower diagram [109]
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genomes of each of the three great ape species surveyed, but not in 

macaques. Such processed pseudogenes are only a small proportion 

of those described in the human genome, and so there must be a con-

siderable number common to apes and OWMs [108].

Transfer RNAs and hY RNAs are small RNA molecules with-

out protein-coding functions. They function alongside messenger 

RNAs in the complex process of protein synthesis. Approximately 

800 retrotransposed pseudogenes arising from transfer RNA genes 

have been identified in the human genome. A selection of these have 

been investigated for their presence in other primate species. Of the 

nine investigated, one was restricted to humans, one to humans and 

chimps, five to humans, chimps and gorillas, one to all apes and one 

to all anthropoid primates (Figure  3.23, lower diagram) [109]. The 

four hY RNA genes in our genome have been copied and pasted into 

966 pseudogenes, and 95% of these are shared with chimps [110].

The application of processed pseudogenes to phylogenetic 

studies (what one might call ‘processed pseudogenealogy’) owes its 

persuasiveness to the nature of the reverse transcriptase-dependent 

mechanism. Multiple events involve probabilistic outcomes. Each 

such pseudogene is a singular marker of those kindred species that 

are descended from the germ cell in which the pseudogene arose. 

And living systems opportunistically transform genetic flotsam into 

function.

3.5 � Rare mutations that conserve protein-
coding function

We have outlined ‘pseudogenealogical’ relationships based on genes 

that have sustained either random devastating mutations or that 

have been generated by the haphazard process of reverse transcrip-

tion. But pseudogenes tend to decay into the genetic background and 

ultimately disappear from sight. They may have a limited capacity 

to define distant family connections in deep time. Not all indel 

mutations, however, destroy genes. Indels may spare gene function 

when they involve the insertion or deletion of bases in multiples of  
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three, because amino acids are gained or lost in such a way as to pre-

serve the rest of the reading frame. The encoded protein may tolerate 

this change.

Such mutations are complex and rare, and (because they are 

associated with the retention of gene function) do not lead to decay 

and obliteration of the gene. The stability of genes that contain such 

mutations has the consequence that such function-sparing muta-

tions may endure over huge evolutionary timescales. They have pro-

vided striking answers to tricky questions of distant phylogenetic 

relationships.

Shared multiple-of-three indels have shown that the closest 

relatives of primates are flying lemurs, followed by tree shrews. 

These three groups comprise the taxon known as Euarchonta (the 

‘real ancestors’), which is the sister group of Glires (rodents and rab-

bits) [111]. Other indels demonstrate that Euarchonta and Glires are 

the descendants of a Euarchontoglires (primate–rodent) ancestor. For 

example, the SCA1 protein has an 18-amino-acid deletion (reflect-

ing a 54-base deletion in the gene) in multiple mammalian species 

(Figure 3.24). This extensive but function-sparing deletion occurred 

uniquely in a single germ cell that gave rise to the diversity of organ-

isms classified (by independent criteria) as Euarchontoglires [112]. 

These relationships are congruent with those determined from the 

pattern of TE inserts.

Other indels have contributed to the identification of the 

Afrotheria as a super-order, and showed that Afrotheria and Xenarthra 

are the issue of a common ancestor [113]. The relationships between 

the three basal mammalian groups have been uncertain. These 

groups are the monotremes (platypus and spiny anteater), marsupi-

als (such as the opossum) and eutherians. Multiple-of-three indels in 

two genes have demonstrated that the latter two groups share indels 

that are not shared by monotremes, birds or reptiles. We conclude 

that opossums and people share an ancestor that lived on a separate 

lineage to that of the monotremes – exactly what we have concluded 

from the wholly independent study of ancient TEs [114].
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3.6 Con clusions

Are there any alternative interpretations of the remarkable data pre-

sented in this chapter? It may be suggested that the apparently shared 

mutations are in reality independent mutations that have occurred 

at hotspots – regions of the genome that are susceptible to recurring 

mutations. In response to this, we may make several comments.

Firstly, many classes of mutations do not lend themselves to 

hotspot considerations. Many DNA breaks arise from radiation, 

and radiation is not fussy about where it interacts with genome 

sequences. High-energy photons (or the destructive hydroxyl radi-

cals they generate) shatter DNA where they will. And yet the scars 

of ancient NHEJ events provide a full and consistent phylogeny of 

primates.

Other classes of mutations that are complex, unrepeatable 

and not amenable to hotspot regularity are being used to work out 

phylogenies independently of those discussed in this chapter. The 



sperm whale LHLGKPGHRSYALSPQQALGPEGVK AAAVATLSPHTVIQTTHSASEPLP
alpaca LHLGKPGHRSYALSPQQALGPEGVK AAAVATLSPHTVIQTTHSASEPLP
horse LHLGKPGHRSYALSPQQALGPESVK AAAVATLSPHTVIQTTHSASEPLP
tapir LHLGKPGHRSYALSPQQALGPEGVK AAAVATLSPHTVIQTTHSASEPLP
pangolin LHLGKPGHRSYALSPQQALGPEGVK AAAVATLSPHTVIQTTHSASEPLP
cat LHLGKPGHRSYALSPQQALGPEGVK AAAVATLSPHTVIQTTHSASEPLP
dog LHLGKPGHRSYALSPQQALGPEGVKAAAAVATLSPHTVIQTTHSASEPLP
microbat LHLGKPGHRSYALSPQQSLGPEGVK AASVATLSPHTVIQTTHSASEPLP
megabat LHLGKPGHRSYALSPQQALGPDGVK AATVATLSPHTVIQTTHSASEPLP
shrew LHLGKAGHRAYALSPQQALGPEGVK AAAVATLSPHTVIQTTHSASEALP
hedgehog LHLGKPGHRSYALSPQQALGPDGVK  AAVTTLSPHTVIQTTHSASEPLP
mole LHXGKPGHRSYALSPQQALGPEGVK  AAVATLSPHTVIQTTHSASEPLP
human LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP
loris LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP
flying lemur LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP

tree shrew LPLGKPGHRSYALSP                    HTVTQATHSASEPLP

rabbit LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP
pika LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP

Laurasiatheria

Euarchontoglire
mouse LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP
rat LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP
jerboa LHLGKSGHRSYALSP                    HTVIQTPHNASEPLP
beaver LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP
guinea pig LHLGKPSHRSYALSP                    HTVIQTSHSASESLP
porcupine LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP
squirrel LHLGKPGHRSYALSP                    HTVIQTTHSASEPLP
manatee LHVGKTSHRSYGLSPQQALGPEGVK  AAVATLSPHSVIQTTHSASEPLP
elephant LHLGKASHRSYALSPQQALGPEGVK  AAVATLSPHSVIQTTHSASEPLP
hyrax LHLGKASHRSYALSPQQALGPEGVK  AAVATLSPHSVIQTPHSASEPLP

aardvark LHLGKAGHRSYALSPQQALGPEGVK  AAVTTLSPHTVIQTTHNASEPLP
elephant shrew LHLGKAGHRSYALSPQQALAPDGVK  AAVATLSPHTVIQTSHNASEPLP
golden mole LHLGKA?HRSYALSPQQALGPEGVK  AAVATLSPHTVIQTTHNASEPLP

LHLGKAGHRSYALSPQQALGPEGVK  AAVATLSPHTVIQTTHNASEPLP
anteater LHLGKPGHRAYALSPQQALGPEGVK  AAVATLSPHTVXQTPHSASEPLP
armadillo LHLGKAGHRAYGLSPQQALGPEGVK  VATLSPHTVIQTTHSASEPLP 
opossum LHLGKPSHRSYALSPQQALGPEGVK  ATVATLSPHTVIQTTHSASDPLP

Xenarthra

Afrotheria

Figure 3.24.  An 18-amino-acid deletion in the SCA1 protein of 

Euarchontoglires [112]
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distributions of ERVs and TEs yield the same phylogenetic relation-

ships as do pseudogenes. Other mutations include indels scattered 

through intergenic DNA [115], inversions [116] and duplications 

of huge tracts of DNA (Chapter 4). These complex mutations gen-

erate phylogenetic trees congruent with those constructed by the 

approaches described here. A colossal study comparing some 35,000 

bases from the genomes of each of 191 largely primate species has 

used the presence of indels to generate a primate taxonomy wholly 

consistent with what has been described hitherto [117].

Some of these complex mutations may have had significant 

impacts on the human form. The human genome has sustained more 

than 500 deletions of sequences that are highly conserved in chimps 

and other mammals. Most (but not all) of these deletions are features 

also of the Neanderthal genome, indicating that we share most of 

our history with Neanderthals since branching out from the chimp 

lineage. Deleted DNA segments include regulatory sequences that 

(in other mammals) direct the production of sensory whiskers and 

penile spines. The loss of penile spines, tiny barbs on the skin of the 

penis, has been taken to reflect the importance of pair bonding in 

human reproduction, and of increased paternal input in raising young. 

Another deletion has inhibited the action of a gene, GADD45G, that 

acts to limit the proliferation of neurons in the brain. This deletion 

may have contributed to increased brain size [118].

Secondly, the pattern of evolutionary relationships derived 

from the distribution of mutations is too consistent to be attributed 

to hotspot arguments. We have encountered occasional revertant or 

independently arising mutations in the case of one-base changes. 

The reversion of these most simple of mutations is to be expected 

at a low frequency. But the data presented in this chapter reveal a 

strikingly consistent order of human relatedness to chimp, gorilla, 

orang, gibbon, OWM, NWM and beyond. Hotspot mutations are still 

mutations, and mutations cannot produce the consistency disclosed 

in pseudogenealogical studies. Rather, hotspot mutations would pre-

sent patchy distributions in multi-species comparisons. Take the 
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GULO gene, for example. A mutational hotspot could not account 

for the same stop mutation in each of every simian primate species 

tested, but in none of the non-simian species. Exhaustive analyses of 

tumour suppressor genes, mutant in human cancers [119], show that 

many genes do not show hotspots. And even those that do (such as 

the TP53 gene) provide brilliant markers of cell or family lineages.

Thirdly, many widely disseminated mutations (such as those 

conferring sensitivity to Ivermectin in dogs, to those responsible for 

blue eye colour in humans) are located within defined haplotypes, 

extended DNA segments of shared variants. Each founder mutation 

establishes that pseudogenisation arises from a unique mutation, 

and then spreads by inheritance through the population.

One final example will close this chapter. The IRGM gene is 

involved in protection against infections, but was destroyed early in 

primate evolution by the insertion of an Alu element into its left-

hand end. Lemurs (which are prosimians) lack the Alu element and 

retain the IRGM gene in active form. But the disruptive Alu element 

is present in every one of 4 NWMs, 11 OWMs and 5 apes (Figure 3.25). 

Following the Alu insertion, the gene could not retain its protein-

coding function, and it started to accumulate stop mutations. (When 

the old garage fell into disuse, no-one bothered to maintain it. The 

walls started to cave in, and eventually the windows fell out.)

In each of the four NWMs, the IRGM pseudogene contains the 

same two stop mutations (TAA and TAG). These are not hotspot muta-

tions because they are absent from any OWM or ape gene. Rather, 

both of these mutations occurred in a NWM ancestor. They have 

been inherited by all the species descended from that ancestor.

A frameshift mutation (deletion of a G) is present in each of 

the 11 OWMs. It cannot be a hotspot mutation because it is absent 

from any NWM or ape gene. It arose in the non-protein-coding gene 

of an OWM ancestor, and was transmitted to all OWM species that 

currently possess it.

But something curious occurred in an ancestor of the apes. 

An ERV9 inserted itself into the left-hand end of the pseudogene, 
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providing a brand new transcription start site. In addition, a substi-

tution mutation generated an ATG codon, which signals the start of 

a protein-coding reading frame. These two mutations rejuvenated 

the gene, and it regained protein-coding capacity in an ape ancestor 

millions of years after it was destroyed in a simian (ape–monkey) 

ancestor [120].

To conclude: our genome contains thousands of disabled genes. 

They no longer possess the information content required to specify 

the production of proteins – information content that is still embod-

ied in the progenitor genes from which they were derived. These 

pseudogenes have been disrupted by an extensive variety of muta-

tions. When multiple species share one of these mutations, it is only 

because they have inherited it from the reproductive cell in which 

the unique mutation occurred. The burgeoning scientific field of 

pseudogenealogy establishes the concept of common descent in a 

way that would have been inconceivable before the DNA sequencing 



∆∆∆∆∆∆∆∆

Figure 3.25.  Death and rebirth of the IRGM gene [120]
On the cladogram, taxa possessing IRGM activity are indicated by 
black lines; taxa possessing the pseudogene by grey lines; the timing 
of mutations is indicated. The corresponding mutations are shown on 
the gene diagrams on the right. The Alu element is represented by a 
small rectangle; the ERV9 element by the larger shaded rectangle.
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revolution. Humans and other apes have common ancestry. So too 

do humans and monkeys, and (progressively further back in history) 

humans and primates, mice, eutherian mammals and opossums.

Pseudogenes may, of course, acquire novel functions [121]. 

Biological systems may opportunistically co-opt unclaimed DNA 

resources. But it is the molecular mechanisms of mutagenesis 

(reflecting the characteristic chemistries of nucleic acids and the 

enzymes that process them), deciphered in basic genetics laborato-

ries, that establish such mutations as powerful markers of descent. 

The progressive changes in base sequence provide the history of a 

pseudogene, and this history defines the evolutionary relationships 

of those species that share the pseudogene. Current functionality is 

irrelevant to the value of pseudogenes as evolutionary markers. The 

timber from the old garage may be put to innumerable and imagina-

tive uses, but these can never alter the fact that the wood was scav-

enged from the old garage.

ERVs, TEs and pseudogenes were once dismissed as ‘junk’ 

DNA. Many are now known to possess diverse regulatory functions 

[122]. There is an irony here. Certain people have argued for years 

that mutations are overwhelmingly destructive (or disabling) and 

could never provide novel functions underlying evolutionary devel-

opment. But to acknowledge (as such critics must) that ERVs, TEs 

and pseudogenes are the loci of myriad genetic innovations is to 

acknowledge the centrality of enabling mutational events in gener-

ating these functions. The experimentally demonstrated functional-

ity of erstwhile ‘junk’ evinces the potency of natural selection. We 

examine enabling mutations in Chapter 4.
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Progressively accumulating mutations have mapped out the route 

of human evolution (Chapter  3). Genes have been disabled at a 

measurable rate. Genes or fragments thereof have been ‘copied and 

pasted’ haphazardly around the genome. All this may leave us with 

the impression that the genome that we have inherited is heading 

towards decrepitude. But if humanity is the terminus of such a messy 

process of genomic shuffling, how is it that the species shows capaci-

ties such as manual dexterity and mental versatility that are unprec-

edented in the biosphere? The advent of these new powers implies 

the elaboration of genetic complexity.

ERVs and TEs have added vast amounts of raw material to 

primate genomes. Some of these units of genetic flotsam have been 

transformed into new protein-coding genes. Thousands of these have 

been exapted as regulatory sequences that control gene activity. Our 

genomes have been rewired by their semi-autonomous denizens. But 

could new genes also arise through cumulative mutational changes? 

A coding sequence would need to arise  – and that seems unlikely 

enough. Such a nascent gene would require concomitant regulatory 

sequences that would assemble the transcription factors needed to 

transcribe it – in the appropriate cell type, and at the right time. But 

that coding sequence would also need to encode a protein with func-

tional domains, able to connect with established proteins and inte-

grate into elaborate networks.

At this stage, one old myth – that the development of new func-

tionality must arise from mutations in established genes – must be 

laid to rest. This hypothesis for new gene function has long been dis-

carded. Rather, the genome revolution has shown that large chunks of 

4	 The origins of new genes
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the genome, thousands of bases in length, are frequently duplicated. 

Any genes that are included within such duplications are superfluous 

to requirements, and may be subject to mutational modification with 

impunity. If the gene is scrambled, no loss is incurred – the gene was 

a spare. But if a new function appears, allowing a duplicated gene to 

confer a reproductive advantage on its carrier, then that gene will be 

preserved by natural selection. The result would be diversification 

and elaboration of gene function.

In fact, this situation is encountered all the time in the vastly 

compressed timescale of cancer development. In this context, the 

reproductive success of tumour cells is increased by genetic changes 

that enable those cells to escape from normal restraints. Tumour 

cells randomly but recurrently generate new genes that drive tumour 

growth. Duplications of genes and the generation of novel genes in 

cancer is surprisingly facile and will be described as a prelude to con-

sidering evolutionary development.

4.1  New genes in cancer

We have two sets of chromosomes, and two copies of each gene (apart 

from genes on the X and Y chromosomes in males). But when can-

cers develop, they may generate scores of copies of particular genes. 

This well-recognised phenomenon is called gene amplification. The 

increases in gene copy number drive the abnormal proliferation that 

is a hallmark of tumour cells. Amplification of the EGFR gene is 

found in several types of carcinoma. This gene encodes a receptor 

protein that enables cells to proliferate in response to proteins of 

the epidermal growth factor (EGF) family. EGFR gene amplification 

leads to increased numbers of EGF receptors on cell surfaces, and an 

elevated tendency of the cells to proliferate in response to the usual 

concentrations of EGF.

The EGFR gene is amplified on a large segment of DNA called 

an amplicon. The actual extent of the amplicon varies between can-

cers (Figure 4.1). The only thing that matters is that the amplified 
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segment includes the EGFR gene. The left-hand and right-hand ends 

of the amplicon differ for every tumour. This lack of consistency 

indicates that the events giving rise to the amplicon are random. But 

within any one tumour, all copies of the amplicon in every cell have 

precisely the same left-hand and right-hand ends. This indicates that 

every amplicon is derived from one original mutational event, and 

that every cell possessing this amplicon is derived from the cell in 

which the amplicon was generated. Such duplications demonstrate 

monoclonality [1].

Tumour cells are past masters at rearranging their genomes to 

assemble new genes. The classic example occurs in chronic myeloge-

nous leukaemia (CML), which is characterised by an exchange of gen-

etic material, or translocation, between chromosomes 9 and 22. This 

translocation joins most of a proto-oncogene (ABL) from chromosome 

9 to part of a gene (BCR) on chromosome 22. The product is a fusion 



termini
differ between tumours

identical within tumours

1     6 7 8 9
millions of bases

EGFR gene locus

Figure 4.1.  Amplicons in the EGFR gene in brain tumours [1]
The lower line represents the DNA locus containing the EGFR gene 
(box). The groups of lines above this represent amplicons found in 
seven tumours. In any one tumour, all the amplified lengths of DNA 
terminate at the same points. All amplicons were derived from one 
original.
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gene, BCR-ABL, which directs the production of a chimaeric protein 

with a novel suite of properties. This alien protein fits into and per-

turbs pre-existing protein-signalling networks and so orchestrates 

the abnormal behaviour of CML cells.

The breakpoints on chromosomes 9 and 22 are different in 

every case of CML. This means that there is no predetermined trig-

ger. The chromosome breaks occur at random. But in the tumour of 

each patient with CML, all the millions of leukaemia cells have the 

same breakpoints. This means that every cancer cell is a descend-

ant of the one cell in which that unique chromosome translocation 

arose. The possession of a unique translocation in the cells that popu-

late a tumour is accepted as proof of monoclonality. An instance of 

this relates to a woman who suffered from CML during pregnancy. 

She delivered a healthy baby, but within a year the baby developed 

a tumour. Molecular analysis demonstrated that the baby’s tumour 

possessed a BCR-ABL fusion oncogene, and that the BCR and ABL 

genes were joined to each other at precisely the same point as in the 

mother’s tumour. This showed that, during pregnancy, cells from the 

mother’s cancer had crossed the placental barrier into the baby: the 

baby’s tumour was a monoclonal derivative of the mother’s [2].

A colossal volume of research has demonstrated that particu-

lar chromosomal arrangements such as translocations establish the 

clonal status of tumours. This is summarised in a classic textbook:

Evidence for the monoclonal origin of human tumours is 

provided by the observation that a unique identifying feature 

(a clonal marker) can be found in all of the constituent cells. 

Clonal markers include chromosomal rearrangements such as the 

Philadelphia chromosome in chronic myelogenous leukaemia, 

[and] uniquely rearranged immunoglobulins or T-cell receptors 

expressed by B-cell lymphomas or multiple myelomas and T-cell 

lymphomas respectively. [3]

Chimaeric genes feature frequently in cancer. Following the near 

meltdown at the Chernobyl nuclear power station in 1986, there 
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has been an increased frequency of childhood thyroid cancer in the 

Ukraine. This disease arises from rearrangements of proto-oncogenes 

such as the RET gene with a number of partner genes, which form 

chimaeric transcriptional units and, in some cases, chimaeric pro-

teins. The well-studied RAF proto-oncogene family participates with 

partner genes in the formation of chimaeras in a variety of cancers. 

TMPRSS2-ERG fusion genes are generated in prostate carcinomas, 

and the EML4-ALK fusion gene in lung carcinomas. These are ran-

domly arising but recurring gene fusion events [4].

The presence of such novelties demonstrates the ease with 

which new genes are generated and (given the appropriate selection 

pressure) the efficiency with which they can modify cell behaviour. 

They show how uniquely arising chimaeric genes can define the 

clonal origin of tumours. We should not be surprised if analogous 

processes fabricate novel transcriptional units in the germ-line – that 

is, in cells which give rise to sperm and eggs, and that transmit their 

genes to future generations.

4.2  Copy number variants

Humans vary in appearance and physiology. Some of this familiar 

variation reflects subtle differences in our DNA – such as occasional 

differences in single bases (single nucleotide polymorphisms), which 

make each person’s genome 0.1% different from any other person’s. 

One of the surprises of the genome era is that each one of us has mul-

tiple copies of certain very large expanses of DNA, and that the num-

ber of such copies differs between individuals. Early results showed 

that any two people may differ by at least ten such variably repeated 

segments of DNA. These reflect both deletions and duplications, 

may be hundreds of thousands of bases in extent, and often include 

genes. The human genome is much more dynamic than had been 

assumed hitherto [5].

Five years after these first reports of copy number variations, 

higher resolution analyses have identified some 11,700 variable loci 

(involving DNA segments of >440 bases) in the human genome. Any  
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two people differ at approximately 1,100 of these. Almost a thousand 

variable loci involving segments >50,000 bases long have been found. 

Such copy number variations affect gene structure, gene transcripts 

and protein sequences. Changes to genomic structure associated with 

copy number variations even generate fusion genes [6].

Any two of us differ in the numbers of copies of many genes. 

Perhaps 14% of recognised genes are present at variable number in 

the human population. This variability famously pertains to sensory 

receptor genes. Any two of us may differ in the number of copies of 

each of ten different olfactory receptor genes (out of a total of 385 

functional genes) and in a few taste receptor genes too. We also vary 

in the number of opsin genes that feature in red–green colour discrim-

ination. We each sense our world differently from others. Dozens of 

genes that exhibit variation in copy number in the human population 

appear to be subject to positive selection [7].

The completed Human Genome Project is significantly incom-

plete. Sequencing technologies that were used in this project can-

not provide an inventory of those genes that encode ribosomal RNA 

(rRNA) molecules. These molecules are components of ribosomes – 

biochemical workbenches upon which proteins are assembled. A cell 

may contain 10 million ribosomes, and multiple copies of the rRNA 

genes are required to meet demand. Each genome set possesses one 

array of 5S rRNA genes and five arrays of 45S rRNA genes. Each array 

of rRNA genes contains multiple gene units, and these are so simi-

lar in sequence that individual rRNA repeat units cannot be distin-

guished on the basis of their sequence.

The copy number of rRNA genes varies widely in the human 

population. In different genome sets, the number of 5S rRNA genes 

varies from 35 to 175 copies. The gene content of the 45S rRNA gene 

arrays can vary a hundredfold. Each person has a unique constellation 

of rRNA gene arrays. Family studies have shown that the number of 

genes per cluster may change radically as a result of chromosome 

recombination events: in every generation, approximately 10% of the 

gene arrays are altered relative to those possessed by the parents. Not 
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surprisingly, copy number changes in rRNA genes also occur when 

cancers develop, and they have been identified in approximately half 

of lung and colorectal carcinomas. Cancers simply exaggerate the 

plasticity that is already inherent in the genome [8]. To be human (or 

presumably any other mammal) is to differ from most other members 

of one’s species in rRNA gene copy number.

The processes that generate and maintain copy number varia-

tion provide extensive resources of raw material upon which natural 

selection can work. This is demonstrated by the relationship between 

the copy number of the gene encoding salivary amylase, AMY1, and 

the amount of starch in traditional diets. Amylases are enzymes that 

digest starch, and salivary amylase comprises approximately half of 

the protein in saliva.

People possess different copy numbers of the salivary amylase 

gene. Some populations eat large amounts of starch, such as those 

comprising the agriculturally based societies of Europe and Japan. 

Others are much less dependent on dietary starch. These include 

forest hunter-gatherers (such as the Mbuti), pastoralists (such as the 

East African Datog) and pastoralist-fishermen (the Siberian Yakut). 

Individuals belonging to the European and Japanese populations 

maintain higher numbers of AMY1 gene copies, and have more amyl-

ase in their saliva, than do individuals belonging to the African and 

Siberian groups. People with more salivary amylase digest starch 

more efficiently: when they start chewing a mouthful of starch they 

experience a more rapid decline in viscosity (stickiness) than those 

with less salivary amylase. Furthermore, AMY1 gene copy number 

affects our chances of developing metabolic disorders such as dia-

betes. People with more salivary amylase (and accelerated digestion 

of starch) generate a correspondingly more rapid release of insulin 

into the circulation. This in turn appears to suppress maximum 

glucose concentrations in the blood after a meal  – and reduce the 

chances of developing insulin resistance and diabetes [9]. When it 

comes to processing food, you are (in terms of copy number) what 

your ancestors ate.
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4.3  Segmental duplications

Copy number variation is alive and well in human populations. But 

our genomes also contain a large number of copied segments of DNA 

that are the shared property of all members of the human species. 

Genome science has revealed that 5% of our genome is composed of 

large duplicated segments of DNA or segmental duplications (SDs). 

Each such duplication that is a common genomic character of our spe-

cies must have occurred in an ancestor who was common to us all.

Segmental duplications have been defined (for practical pur-

poses) as copies of large expanses of DNA (>1,000 bases long) that 

show a high degree of similarity between copies (>90% of the bases 

are the same). Copies may be found on the same chromosome as 

the parent sequence, or inserted into other chromosomes. They 

may be crammed together in bumper-to-bumper configurations 

adjacent to centromeres and telomeres, or distributed along the 

chromosome arms.

Segmental duplications may arise by several mechanisms. 

Firstly, during cell division that produces germ cells, non-allelic 

homologous recombination changes copy number. This process 

accounts for the facile changes in rRNA gene copy number that occur 

between generations. Secondly, errors may occur during DNA syn-

thesis, leading to multiple copying of the same sequence. Thirdly, 

blocks of DNA may be duplicated or deleted when DNA breakage 

is followed by error-prone repair effected by non-homologous end-

joining (NHEJ; see Chapter 3). However SDs may have arisen, they 

are of immense importance. They destabilise genomes. They feature 

in genetic diseases. They duplicate genes. They demonstrate com-

mon descent [10].

4.3.1  Some early pointers

Humans and other primate species possess particular segmental 

duplications in common. Cytogenetic approaches have demonstrated 

that a fragment of chromosome 1 (approximately 100,000 bases long) 
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has been copied and pasted into the Y chromosome of humans, bono-

bos and chimpanzees. This duplication is not found in gorillas, orang-

utans, gibbons or OWMs. Humans and the two chimpanzee species 

are the clonal issue of the cell in which the duplication arose [11].

Duplicate segments 24,000 bases long are present on chromo-

some 17. They flank a 1.5 million-base region that contains the per-

ipheral myelin protein-22 (PMP22) gene. The duplicated segments 

engender genetic instability, leading to extra copies of the PMP22 

gene, or its total loss. Either outcome results in neurological disease. 

The duplication is present only in humans and the two chimpan-

zee species, and shares the same boundaries, establishing its singular 

origins [12].

The CD8β1 gene encodes a protein that contributes to immune 

surveillance of pathogens. Part of this gene, the first seven of the nine 

exons, has been duplicated as a truncated pseudogene (CD8β2) that 

is present in humans, chimps and gorillas, but not in orang-utans. 

One terminus of the duplicated segment occurs in a large intron. 

The breakpoint is precisely the same in each species possessing the 

pseudogene. This unique piece of genetic happenstance occurred in a 

reproductive cell ancestral to humans, chimps and gorillas [13].

A segment of DNA 76,000 bases long has been copied from 

chromosome 9 to chromosome 22. The presence of the same expanse 

of DNA on chromosomes 9 and 22 may induce these chromosomes 

to pair up in an illegitimate way, promoting the translocations that 

generate the BCR-ABL fusion gene of CML. The paired blocks of 

DNA are found in the genomes of humans, chimps and gorillas, but 

not of orang-utans or monkeys, indicating that the duplication event 

occurred in an ancestor of the African great apes [14].

Another cancer connection concerns the CHEK2 tumour 

suppressor gene. Its encoded protein helps to orchestrate responses 

to DNA damage. The gene is found on chromosome 22, but part of 

it (20,000 bases long) has been copied to chromosome 16. This event 

occurred in an ancestor of the great apes, as humans, chimps, gorillas 

and orang-utans all possess this duplicated unit (or duplicon). Further 
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duplication to numerous chromosomes followed in the African great 

apes. In humans, five of the duplications are interrupted by a particu-

lar LINE-1 element, and in two of these cases, a corresponding chimp 

duplicon exists. These retrotransposon-tagged duplications were all 

copied from one original in which the LINE-1 element appeared, and 

two of the duplications were already in place in a human–chimp 

ancestor [15].

These SD instances extend the principle that has been estab-

lished (Chapters 1–3) – but also involve another kind of mutational 

event. Duplications of huge tracts of DNA arise as an inevitable 

outcome of the biochemical nature of DNA and of the enzymatic 

systems that maintain it. The presence of a particular, randomly 

arising duplication in multiple cells or in multiple species indicates 

that those cells or species are monoclonal, descendants of the cell in 

which the unique structure arose.

4.3.2  Systematic studies of SDs

The sequencing of the human and chimp genomes provided the 

opportunity of ascertaining, in a systematic and unbiased way, 

the proportion of duplications that are shared by both species. Of 

all the bases present in SDs in the human genome, approximately 

two-thirds are shared with chimps, and were already present in the 

genome belonging to ancestors of humans and chimps. Some of these 

SDs are concentrated near telomeres, and these tend to be younger 

than SDs found elsewhere. Accordingly, a lower proportion of telom-

eric SDs (50%) is shared by humans and chimps [16].

SDs that are shared by the two species tend to be clustered 

together with SDs that are unshared (or species-specific) and that 

exhibit copy number variation within a species. This indicates that 

pre-existing SDs may facilitate the ongoing generation of new dupli-

cation events [17]. SDs arising in human history represent the same 

genetic phenomena as SDs shared by multiple species.

Systematic analyses involving high-quality sequence data have 

allowed scientists to compare multiple SDs at single-base resolution, 
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and to locate the points at which SDs and the surrounding DNA 

sequences are joined. This ultimately rigorous type of analysis con-

firmed that many SDs are shared by humans and chimps; others by 

humans, chimps and gorillas; and others by humans, other apes and 

OWMs such as macaques and baboons [18]. This work has timed the 

origins of hundreds of SDs, and the results generate a primate fam-

ily tree that is identical to that generated by other genomic markers 

(Figure 4.2) [19].

One class of SDs stands out because the reiterated units have 

a remarkable compound structure. They have a modified ERV at 

each end and a large core region between the two ERVs. The small-

est of these duplicated units are about 30,000 bases long. The two 

ERVs and the central core region (derived from chromosome 19) are 

each about 10,000 bases long. These duplicated units have been 

nicknamed Xiao (Chinese for ‘small’). With time, the core region 

accreted more blocks of DNA from various parts of the genome. 

Xiao expanded into DA (‘large’) duplication units. Full-length DA 

units span 300,000 bases.
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Figure 4.2.  Timing the origins of segmental duplications [19]
Numerals indicate the numbers of duplication events that occurred at 
each time interval in primate evolution.
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The human genome contains 45 copies of Xiao and 20 copies 

of DA units, occupying about 5 million bases. Analyses of multiple 

primate genomes have shown that the Xiao units were first assem-

bled in an ancestor of all apes, and that DA units increased in a step-

wise manner during subsequent hominoid history. There has been 

no more amplifying activity since the human–chimp ancestral lin-

eage. Some of the duplicated units seem to be bracketed by target- 

site duplications, implying that the duplicons proliferated by way 

of a copy-and-paste mechanism involving an RNA intermediate. An 

RNA intermediate hundreds of thousands of bases long is startling 

but credible. (The primary transcripts of the titin and dystrophin 

genes are respectively 280,000 and 2,400,000 bases long.) The mech-

anism of amplification remains speculative, but the hominoid phyl-

ogeny they evince is compelling (Figure 4.3) [20].

More ancient SDs (say those arising in pre-primate history) will 

have accumulated a heavy load of mutations and will be harder to 
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Figure 4.3.  Stepwise addition of selected Xiao and DA duplicons to 

primate genomes [20]
Each box indicates the number of new copies of Xiao or DA units 
acquired, and when they arose. Brackets indicate when most Xiao and 
DA units were duplicated.
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identify. Nevertheless they are there. A class of large ancient dupli-

cations exists in gene deserts. These regions possess very few genes, 

and are composed of duplicated segments (two to six copies) that are 

at least a million bases long. Humans and other primates share them 

with mouse and dog (but not chicken). Such duplications date from 

ancestors shared by primates and other mammalian orders [21].

4.4  New genes

Expanses of duplicated DNA are situated around our genomes. Any 

duplicon shared with another species establishes common ancestry. 

But, significantly, gene birth has occurred repeatedly in such SDs, by 

a variety of mechanisms and at particular stages of primate evolu-

tion. The documentation is so extensive that it cannot be reviewed in 

detail here [22]. We will outline a selection of histories that include 

molecular mechanisms of gene birth – mechanisms that connect all 

the species possessing a new gene to the reproductive cell in which 

each gene-forming event occurred.

The rate of change in gene copy number through primate evo-

lution has been estimated by comparing the ability of genomic DNA 

samples from human and other primate species to compete for bind-

ing to arrays of DNA molecules representing the full human gene 

set (25,000 genes). Copy number gains and losses have occurred on 

every lineage, with gains outnumbering losses, particularly on the 

route leading specifically to humans. Copy number increases involv-

ing up to 100 genes were observed on the human lineage after it 

branched off from the human–chimp ancestor. Other copy number 

changes occurred on the lineage leading to humans and chimps (27); 

to humans, chimps and gorillas (80); to the great apes (124); and to 

the apes (105) [23].

Some gene families appear to be particularly dynamic. These 

include the highly amplified Morpheus [24] and LLRC37 [25] families 

(of unknown functions) and the NBPF genes that were first encoun-

tered at the site of a DNA rearrangement in a cancer (and hence 

named neuroblastoma breakpoint family). NBPF genes encode a 
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protein domain (DUF1220). The number of DNA motifs encoding 

DUF1220 domains has increased greatly on the human lineage. 

These domains are implicated in brain development and cognitive 

capacity [26]. Rapidly expanding families have been particularly well 

documented in hominoids, tend to show signs of positive selection 

and rapid evolutionary divergence, and may result in novel chimaeric 

transcription units.

A cunning twist on the gene duplication theme has been dem-

onstrated for a gene that encodes a receptor for sialic acids. The 

SIGLEC11 gene was duplicated in an ancestor of humans and chimps. 

In the lineage leading specifically to humans, the duplicate copy was 

pseudogenised, and part of the pseudogene sequence subsequently 

pasted back into the parent SIGLEC11 gene. Such one-way sequence 

transfer is a well-known process known as gene conversion. A sub-

sequent gene conversion went the other way, generating a revivified 

allele of the pseudogene. The duplication–divergence–conversion pro-

cess generated two novel genes existing only in humans. The novel 

SIGLEC11 gene encodes a protein with novel sialic acid-binding 

properties, and is expressed by microglial cells in the brain. It is also 

active in the ovary, where its product may contribute to the regula-

tion of reproduction and, when abnormally expressed, to a uniquely 

human disease (polycystic ovarian syndrome) [27].

4.4.1  Reproduction

Sexual differentiation arises from the inheritance of specialised sex 

chromosomes. In mammals, females have the XX and males the XY 

chromosome pair. In birds, males have the ZZ and females the ZW 

chromosome pair. The X and Y chromosomes are very different from 

each other, as are the Z and W chromosomes. It is believed that the 

highly distinctive X and Y chromosomes have evolved from a stand-

ard non-sex chromosome (and that the Z and W chromosomes have 

arisen likewise). This is a fascinating notion – but is it true?

This hypothesis has been validated by the study of several 

genes on the avian Z chromosome, each of which has a relation on 
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the W chromosome. One might hypothesise that such genes are 

related because they are descended from a single precursor gene that 

existed in the ancestral chromosome. In the case of three gene pairs, 

uniquely arising mutations (indels and retrotransposon insertions) 

are shared by a gene on the Z chromosome and its sibling gene on 

the W chromosome. Such shared mutations establish that the two 

genes evolved from a single precursor that was marked by the indel 

or retrotransposon. This in turn establishes that an avian Z-like chro-

mosome evolved into the Z and W sex chromosome pair. By analogy, 

it is likely that a mammalian X-like chromosome evolved into the X 

and Y sex chromosomes [28].

Related, paired genes have arisen from a single progenitor as a 

result of sex chromosome differentiation. Such gene pairs are said to 

be gametologues. But evolving sex chromosomes have also been the 

locations of other types of gene traffic. The mammalian X and the 

chicken Z chromosomes have evolved from different progenitors, but 

each of them has gained a large number of genes, which are particu-

larly involved in male (testis)-specific functions. Many such genes 

have been acquired though extensive tandem duplications. La differ-

ence has arisen, at least in part, from repeated rounds of segmental 

duplications [29].

A particular class of duplicon is abundant on the sex chromo-

somes. These are duplicated segments that are inverted with respect 

to each other, and in which the duplicates are separated by an unre-

lated spacer sequence. Broadly, they appear as

Such inverted repeats are called palindromes when the same sequence 

is present on the complementary DNA strands of each duplicon (and 

read in the opposite direction).

The male-determining Y chromosome has a high density of 

palindromic duplicates. The human male-specific region of this 

chromosome contains eight such palindromes. These are colossal 

original sequence: A-B-C-D-E

duplicated sequence:    A-B-C-D-E-spacer-E-D-C-B-A 
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structures. The arm lengths vary in length from 9,000 to 1,450,000 

bases, and the spacers from 2,000 to 170,000 bases. Most of these pal-

indromes exist also in other great ape species. In six cases, the bound-

aries between the arms and spacers have been identified in DNA 

from humans and at least one of the other species: common chimps 

(five of the palindromes), bonobos (four) and gorillas (two). In all cases 

where arm–spacer junctions have been identified, they occur at the 

identical point (↓) of the sequence in all the species that possess the 

respective palindrome. The spacer–arm boundaries of palindrome P6 

are shown to illustrate this (Figure 4.4) [30]

There is only one way of interpreting the remarkable fact that 

these huge copied structures are shared by multiple African great ape 

species. Each DNA duplication event was a unique happening that 

occurred in one germ-line cell, and the multiple species that share 



Y chromosome P6 arm 1 spacer segment P6 arm 2

human …GGGTTGTGGGAG↓AGTGTGGG…CTGGGGCC↓CTCCCACAACCC…
common chimp …GGGTTGTGGGAG↓AGTGTGGG…CTGGGGCC↓CTCCCACAACCC…

↓ ↓

P8
P7

P6
P5

P4
P3

P2
P1

bonobo …GGGTTGTGGGAG↓AGTGTGGG…CTGGGGCC↓CTCCCACAACCC…
gorilla …GGGTTGTGGGAG↓AGTGTGGG…CTGGGGCC↓CTCCCACAACCC…

X chromosome arm1 spacer segment arm 2

human …AAGGTACAATAA↓TAAG    …CTTACAAA↓TTATTGTACCTT…
chimp …AAGGTACAATAA↓TAAGTAAG…CTTACAAA↓TTATTGTACCTT…
gorilla …AAGGTACAATAA↓TAAGTAAG…CTTACTTA↓TTATTGTACCTT…

Figure 4.4.  Palindromic repeats

Repeats on the Y chromosome (upper diagram; P1– P8) indicated 
by back-to-back triangles, representing their symmetry. Boundaries 
(↓) between arms and spacer are shown for P6 [30]. A repeat on 
the X chromosome (lower diagram) [32]. Palindromic repeats may 
be recognised by reading the sequence of each arm in opposite 
directions, and substituting each base in one arm by its complement 
in the other.
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the product received it by inheritance. Further evidence that these 

palindromes arose in duplication events arises from the presence 

of particular retrotransposed inserts in both arms of a palindrome. 

Several of the palindromes (P1, P3, P4, P5) contain paired ERV-K14C 

inserts. The ERV, its flanking sequence and its insertion point are the 

same in both arms [31].

Inverted repeats are distributed throughout the genome, with a 

high concentration also on the X chromosome. For some of these, the 

junctions between the left and right copies and the central spacers 

have been sequenced for several great ape species, and are identical 

in human, chimp and gorilla (four of eight inverted repeats tested) 

and in human and gorilla (two additional cases). An instance of such 

a repeat structure on the X chromosome is shown (Figure 4.4, lower 

diagram). All species possessing each inverted repeat are descended 

from the one reproductive cell in which that repeat arose [32].

Many genes lie within the compass of the inverted repeats 

(Figure 4.5). For example, on the Y chromosome, DAZ genes have 

been duplicated in palindromes P1 and P2; and CDY genes and pseu-

dogenes in P1, P3 and P5. These duplicated genes have undergone 

sequence changes that now differentiate them from their parents [33]. 

Three phases have been discerned in the history of the DAZ genes.

1.	 In an ancestor of apes and OWMs, the DAZL gene on chromosome 3 

was copied and translocated into the Y chromosome to form the first 

DAZ gene.

2.	 In a human–chimp ancestor, the DAZ gene was duplicated to generate 

an inverted head-to-head pair.

3.	 In species-specific lineages, the whole structure was reduplicated to 

form two pairs.

Ongoing non-allelic homologous recombination (NAHR) has led to 

further changes in gene number. Some men have two DAZ genes; 

most have four; some have six. Moreover, DAZ copy number is 

related to sperm count [34].
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Some gene families on sex chromosomes have been studied in 

detail. The SPANX genes are located on the X chromosome. They are 

active largely in the testis, and their proteins are found in sperm cells. 

(SPANX is an acronym for sperm protein associated with nucleus on 

the X chromosome.) These genes may also have a connection with 

female fertility, as women with X chromosomal abnormalities that 

delete SPANX genes suffer from premature ovarian failure [35].

In non-primate mammals such as dogs and rodents, a single 

SPANX-N gene is found, and this is located on the long arm of the 

X chromosome (Figure 4.6). Primates, in contrast, possess multiple 

SPANX genes. The gene family has expanded in a stepwise manner 

through primate history, and the rate has accelerated especially in the 

great apes. The original SPANX-N gene underwent two duplications 

in an ancestor of the apes and OWMs (which share three SPANX-N 

genes), and another duplication in an ancestor of the great apes 

(which share four SPANX-N genes). Further duplications occurred 
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Figure 4.5.  Duplicated genes present in the palindromic repeats, Y 

chromosome [33]
The thick horizontal line represents part of the Y chromosome. The six 
hairpin-like structures represent palindromic repeats. Stems represent 
duplicated arms and loops represent spacers. Duplicated genes are 
indicated. Not to scale.

 



The origins of new genes212

in the lineage giving rise to the African great apes. These species 

share an additional five genes. These are SPANX-N5 on the short 

arm of the X chromosome, and SPANX-A1, -A2, -B and -D on the 

long arm of the X chromosome. Finally, humans have acquired a fur-

ther gene (SPANX-C) and up to 14 copies of SPANX-B. The flanking 

and intronic sequences of the SPANX-A to -D genes are very similar 

to each other, indicating that they are located on segmental duplica-

tions approximately 20,000 bases long.

The primate SPANX genes possess one intron. An ERV sequence 

is present within this intron. This is full length in SPANX-N genes, 

but has been reduced to a solitary long terminal repeat (LTR) in the 

five new members (SPANX-A1, -A2, -B, -C and -D). As the SPANX 

gene family expanded, the two LTRs of the ERV underwent a recom-

bination event (see Chapter  1). The presence of this ERV and its 

derivative solo LTR is a graphic demonstration that all the family 

members have been generated as copies of the first ERV-containing 

 dog

mouse
rat

OWM

orang

gorilla

chimp
bonobo

human

NN5 B

SPANX-N
dup (2)

SPANX-N dup 
(1)

SPANX-N dup (1)
SPANX-A1,A2,B,D dup (4)

SPANX-B,C dup C A D

Figure 4.6.  Expansion of the SPANX gene family through primate 

evolution [36]
Gene content is depicted to the right of the phylogenetic tree: X 
chromosome (thick horizontal line), centromere (oval), SPANX genes 
(open boxes), SPANX- N genes (N), SPANX-N5 (N5), and SPANX-B, C, 
A1, A2 and D (B, C, A and D). Not to scale.
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member. A single SPANX-N gene with a full-length ERV is the pro-

genitor of all the SPANX-A to -D genes with solo LTRs [36].

The mechanism by which the SPANX-C gene arose has been 

elucidated. A DNA break occurred in an L1PA7 element that was 

located some considerable distance upstream of SPANX-B. A segment 

of DNA (containing SPANX-B) was imported to join the broken ends, 

and this was selected on the basis of close similarity between the bro-

ken L1PA7 element and an L1PA4 element upstream of SPANX-B. 

The reorganised locus has the features of a repair job performed by 

non-homologous end-joining (NHEJ). The product contains a chi-

maeric LINE-1 element, the brand new SPANX-C gene and a chi-

maeric LTR1B/L1PA7 element (Figure 4.7) [37].

There is evidence that the diversification of this gene family 

represents the most-recent phase of an ongoing process of gene birth 

that reaches back into deep time. The SPANX genes and members of 

two other gene families found on the sex chromosomes have similar 



L1PA4 SPANX-B LTR1B

L1PA7 break

NHEJ

L1–L1 
homology

L1PA7 SPANX-B LTR1B

L1PA7/L1PA4 SPANX-C LTR1B/L1PA7
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Figure 4.7.  Mechanism by which SPANX-B generated SPANX-C [37]
A DNA break in the L1PA7 element (shaded arrow) led to NHEJ repair, 
initiated within a related L1PA4 element upstream of the SPANX-B 
gene. The SPANX-B gene and its flanking sequences (dotted box) were 
copied and pasted into the break.
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upstream (promoter) sequences. This suggests that the three gene 

families have originated from a common ancestral gene. Not only 

families of species, but also families of genes, proliferate and diver-

sify from distant progenitors [38].

SPANX gene coding sequences have evolved rapidly, suggest-

ing that they have been progressively modified under the influ-

ence of positive selection. This rapid evolution of proteins acting 

in reproduction has been linked with mechanisms of speciation. 

A downside of these genes is that they seem to be abnormally 

expressed in cancers. There are a whole class of rapidly evolving 

and populous gene families that are active in the testis and that are 

abnormally expressed in cancer cells. These encode the cancer/tes-

tis antigens, including the BAGE [39], MAGE [40] and GAGE [41] 

genes. They have been regarded as potential targets for anti-cancer 

therapies.

Other genes active in reproduction are not located on the sex 

chromosomes. The TRE2 gene is a young gene, present on the short 

arm of chromosome 17. Like many young genes, it is expressed 

mainly in the testis, in which it functions to organise the cytoskel-

eton. TRE2 is a chimaeric gene derived from two progenitor genes, 

TBC1D3 and USP32, which reside on the long arm of the same 

chromosome. Copied portions of the parental genes came together 

on adjacent SDs. Exons 1–14 of the TRE2 gene are derived from the 

TBC1D3 parent, and exons 15–29 from the USP32 parent. The TRE2 

gene is found only in the genomes of humans, chimps, gorillas and 

orang-utans, in which the joining point between the two parental 

segments is identical. Clearly, the chimaeric gene arose once [42].

Similarly, a side-by-side duplication of a DNA segment 100,000 

bases long is located on chromosome 1, and is found in the genomes 

of apes, OWMs and NWMs (but not prosimians). The duplication 

event can be approximately dated by the presence of six ancient Alu 

elements that are present in both duplicons. They are representative 

of old FLAM, AluJ and AluS sub-families. They were already present 

in the original DNA segment before it was copied.
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New genes have arisen out of this copying event. The duplicated 

segment of DNA contained two complete genes and parts of two oth-

ers (Figure 4.8). Of the two internally located genes, a new copy of 

MSTO was generated, but the extra copy of DAP3 was subsequently 

pseudogenised (now identified as ψDAP3). The genes that were bro-

ken as a result of the duplication formed a new, chimaeric gene, the 

protein of which (YY1AP1) is a mediator of gene transcription. The 

new, simian-specific fusion gene is active in many tissues, including 

male reproductive tissue. Perhaps it contributed to speciation [43].

Hormones control development and metabolic activity. Growth 

hormone is produced in the pituitary gland and has many effects 

including the stimulation of growth, muscle mass and anabolic (syn-

thetic) metabolism. The growth hormone gene locus contains one 

GH gene in most mammals, including prosimian primates, but has 

been subject to multiple rounds of duplication in simian primates. 

The locus in humans is present on chromosome 17, and contains a 

cluster of five genes, of which the four new members are all expressed 

in the placenta (and include the placental lactogens). The same gene 

set is present in chimps, indicating that these species share the same 



ASH1L DAP3    MSTO     GON4L  

original locus

duplicated segment

ASH1L    DAP3  MSTO1 YY1AP1 DAP3 MSTO2  GON4L  

insertion point

duplicated locus 

Figure 4.8.  Formation of a pseudogene, a new gene copy and a 

chimaeric gene following a duplication event [43]
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history of gene multiplication [44]. Gorillas possess an additional pla-

cental lactogen gene as a result of a recent duplication peculiar to 

that species [45].

The luteinising hormone/chorionic gonadotropin-B (LHB/CGB) 

gene family is integral to reproduction. These genes encode hormones 

that control processes such as ovulation and the implantation of the 

embryo. LHB is the only member of the family present in prosimians, 

and is the founding member. It was duplicated to generate the first CGB 

gene in an ancestor of the simian primates, so that NWMs have one LHB 

and one CGB gene. New members were added sequentially through 

simian history (Figure  4.9). The human genome possesses one LHB 

gene and six CGB genes that are straddled along a stretch of chromo-

some 19. The individual members are highly similar in base sequence, 

both in coding regions and in the surrounding tracts of DNA [46].

Two of these genes, CGB1 and CGB2, stand out because they 

have a length of foreign DNA inserted into their promoters. This 
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Figure 4.9.  Expansion of the LHB/CGB gene family by duplication [46]
Top: genes represented are LHB/CGB (open arrows), NTF5 (long shaded 
arrow) and NTF5 pseudogenes (short shaded arrows). Not to scale. 
Lower diagram: Stages in the generation of the LHB/CGB family.
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intruding piece of DNA is about 730 bases long, and was copied from 

elsewhere on chromosome 19. It is found in precisely the same site 

upstream (to the left) of both genes (Figure 4.10). This establishes that 

the two genes are duplicates. In fact, CGB2 is a copy of CGB1, and 

both are derivatives of a CGB gene lacking the insertion.

Both chimps and gorillas possess the CGB1 gene with its 

insertion (as well as gene copies thereof) in common with humans. 

Orang-utans, however, do not possess any such insert-tagged CGB 

genes. The insertion and initial duplication events are markers of 

monoclonality, showing that the birth of these genes occurred in 

an ancestor of the African great apes. The inserted length of DNA 

has altered the promoters of the CGB1 and CGB2 genes, so that 

they are expressed in the testis, performing novel functions in male 

reproduction.



…
hCGB1 …GCCCCTCCTGGGCGAGGAGGTT…CATTTCCGGGCACCAAAGATGGAG…
hCGB2 …GCCCCTCCTGGGCGAGGAGGTT…CATTTCCAGGCACCAAAGATGGAG…
cCGB1 … …CATTTCCAGGCACCAAAGATGGAG…
gCGB1 … …CATTTCCAGGCACCAAAGATGGAG…

insertion into CGB locus

CGAGGAGGTT…CATTTCCAGGCAsource

g
gCGB2 …                      …CATTTCCAGGCACCAAGGATGGAG…
hCGB5 …GCCCCTCCTGGGAGGTTGGACT…GCAGGGGACGCACCAAGGATGGAG…
hCGB8 …GCCCCTCCTGGGAGGTTGGACT…GCAGGGGACACACCAAGGATGGAG…
hCGB …GCCCCTCCTGGGAGGTTGGACT…

AGGTTGGACT…GCAGGGGACACA

bases deleted during insertion into CGB locus

Figure 4.10.  Sequences at the insertion boundaries of CGB1 and CGB2 [47]
DNA sequences (from top) are of the source of the insert (located 
distantly on chromosome 19), the insertions in the CGB1 and 
CGB2 loci of humans (h), chimps (c) and gorillas (g), and the original 
undisturbed sequence, represented by CGB5, CGB8 and CGB. 
Complete sequences for chimp and gorilla inserts are not available. 
Invariant bases adjacent to the insertion are in bold.
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There is a further baroque twist to this story. The sequences 

inserted into the CGB1 and CGB2 genes themselves contain genes 

that encode small RNA molecules, members of a gene family that 

has been amplified into over 20 copies on chromosomes 19, 2 and 3. 

These small non-coding RNA genes (or snaR genes) are expressed in 

several tissues but most abundantly in the testis. We have encoun-

tered them before because they are ultimately derived from an Alu 

element [48].

4.4.2  Hydrolytic enzymes

A classic case of gene duplication giving rise to a multi-gene family 

is provided by the amylase (AMY) gene consortium, the products of 

which are required to digest dietary starch. (We have already encoun-

tered one family member, AMY1, because it demonstrates striking 

variability in copy number in the human population; see Section 

4.2.) NWMs possess one AMY gene, and this represents the ancestral 

arrangement. Hominoids possess three genes. The stepwise dupli-

cation process can be followed because of a series of insertion and 

deletion events that occurred in regulatory (promoter) sequences to 

the left of the gene. The whole process involved the following steps 

(Figure 4.11).

A •	 γ-actin pseudogene was inserted by retrotransposition into the 

promoter of the progenitor AMY gene. The insertion event occurred in an 

ape–OWM ancestor, and the derived gene conformation is retained in apes 

and OWMs as the AMY2B gene.

The gene was subsequently duplicated, and in the new copy, the •	 γ-actin 

pseudogene underwent a deletion. These events also occurred in an 

ape–OWM ancestor. OWMs retain a copy of this derivative.

A retrovirus was inserted into the truncated •	 γ-actin sequence (in an ape 

ancestor). This gave rise to the AMY1 gene present in apes, and is singular 

because the gene is transcribed from a start site located in the γ-actin 

pseudogene (so generating a new exon).

The •	 AMY1 gene was duplicated, and the ERV underwent a homologous 

recombination event between LTRs to produce a single LTR remnant. 

This locus is retained in apes as the AMY2A gene.
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There have been subsequent duplications involving the •	 AMY1 gene 

(together with its upstream ERV) specifically on the human lineage 

(Section 4.2). The AMY1-containing gene locus in the human population 

contains from one to more than five copies [49].

This remarkable history anticipates others pertaining to multi-

gene families encoding hydrolytic enzymes. Lysozymes are enzymes 

present in tears and milk. They degrade peptidoglycan components of 

bacterial cell walls and induce bacterial cell rupture. Mammals pos-

sess a family of related proteins, and these perform diverse functions. 

The respective genes have proliferated by duplication events since 

pre-mammalian times. Humans have two new members of the gene 

family, each one on a recently generated duplicon [50]. Ribonucleases 

are encoded by a multi-gene family in primates. The various mem-

bers of this family have diversified to perform roles in digestion, 
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Figure 4.11.  Expansion of an amylase gene family by duplication [49]
AMY exons (white boxes), γ-actin pseudogene (grey boxes) and ERV 
sequences (black boxes). The transcription start site is indicated by the 
right-angled arrow.
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protection against microbes, and control of blood vessel develop-

ment [51]. The proteolytic pepsinogens [52] and kallikreins [53] are 

encoded by gene families that have expanded and contracted during 

the course of hominoid history. Four of the 15-member kallikrein 

gene family are tagged by a particular TE (of the LTR40A class) that is 

common to Boreoeutherian species – evidence that these genes, and 

these species, are derived from single progenitors. A duplication of 

the kallikrein-encoding gene KLK2, generating KLK3, occurred in an 

ape–OWM ancestor. These genes are marked by a signature LINE-2 

element. Their products, known as prostate-specific antigen, pro-

mote sperm motility.

4.4.3  Neural systems

Humans are unique (as far as we know) in their capacity to engage 

in abstract thought. Our cognitive capacities arise from the way in 

which our nerve cells interconnect and network. We have considered 

genetic innovations that have occurred during mammalian history 

and that may have contributed to the development of neural func-

tion. The BCYRN1 non-coding gene has been generated, expression 

of the GADD45G gene has been lost in parts of the forebrain, the 

FLJ33706 gene has been assembled and DUF1220 domain-encoding 

genes have proliferated. In general, the expression of phylogenetic-

ally new (primate-specific) genes is not apparent in the adult human 

brain  – but is apparent in the fetal human brain. Young genes are 

active especially in the developing neocortex, the part of the brain 

that is closely associated with cognitive functions, and include many 

that encode transcription factors [54].

NBPF genes, encoding DUF1220 domains in proteins, are 

expressed in neocortical and hippocampal neurons. The number of 

encoded DUF1220 domains has increased during primate evolution, 

and strikingly so in the human-specific lineage. The order in which 

new DUF1220-coding sequences arose can be inferred from the pres-

ence of certain TEs within them. A LINE-1 element is present in 

an intron of 16 of the genes, establishing that all of these genes are 
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copies of the progenitor in which the LINE-1 inserted itself [55]. This 

LINE-1 element was subsequently fragmented by the insertion of a 

LIPA4 element, a marker of a more restricted (and recent) subset of 

NBPF genes. An ERV of uncertain function [56] and a duplicon of 

4,700 bases (encoding a unit of three DUF1220 domains) each arose 

in an African great ape ancestor. Reiterated rounds of duplication of 

this unit were responsible for generating 140 new DUF1220-coding 

segments in the human lineage [57].

The number of copies of gene segments encoding DUF1220 

domains correlates with head circumference (in individuals with 

abnormal brain development) and with the volume of grey matter 

(in people showing no pathology) [58]. These proteins are candidate 

regulators of brain size.

The SRGAP2A gene functions in brain development. This 

gene has been duplicated twice in the lineage leading specifically to 

humans – or rather, half the gene has been duplicated twice, as both 

derivative copies are truncated. Both termini of the initially dupli-

cated segment lie in Alu elements, and these termini are preserved 

in the second duplicated segment, indicating that the first duplicon 

is entirely included within the second (Figure 4.12). At least one of 

the derivative genes, SRGAP2C, produces a protein that is present in 

neurons [59].

The original SRGAP2A protein appears to drive the maturation 

of neurons in the cortex of the brain, and to promote the formation 

of spines – the microscopic knobs protruding from neuronal mem-

branes, which allow for intercellular communication. The new, 

human-specific SRGAP2C protein forms a complex with the paren-

tal SRGAP2A protein and antagonises its activity. This interaction 

may allow developing neurons to migrate for a longer time before 

settling down. An extended period of cell migration may be needed to 

establish appropriate cell placements in the context of the increased 

thickness of the human brain cortex. The interaction also delays the 

development of spines and increases their density. This may con-

tribute to the increased complexity of neuronal communication as 
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seen in the human brain, which underlies activities such as thinking, 

learning and memory [60].

Segmental duplications have resulted in the elaboration of sen-

sory function. Animals sense colour because nerve cells (the cones) 

in their retinas express two or more proteins (opsins) that contain a 

light-absorbing molecule (or chromophore), retinaldehyde. The wave-

length of light to which the chromophore is maximally sensitive is 

affected by the particular opsin to which the chromophore is bound. 

In general, mammals (including prosimians and NWMs) possess two-

colour (dichromatic) vision. Their genomes contain two genes for 

light-sensitive opsins, of which one is on the X chromosome. Apes 

and OWMs enjoy the wonders of three-colour (trichromatic) vision. 

They possess three opsin genes, of which two are located on the X 

chromosome [61].

The two opsin genes on the X chromosome are very similar in 

sequence. They are situated close to each other in a tandem left-to-

right configuration. The long-wave (LW; red) opsin gene is followed 



first duplicationsecond
duplication

SRGAP2C SRGAP2ASRGAP2B

chromosome 1, band 1p12         1q21.1            1q32.1     

Figure 4.12.  Birth of SRGAP2 genes by duplication [59]
The location of SRGAP genes on chromosome 1, the duplication events 
that generated SRGAP2B and SRGAP2C, Alu elements (triangles) and 
exons (rectangles) are shown. Not to scale.
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by a truncated pseudogene called ψTEX28, and the medium-wave 

(MW; green) opsin gene by a full-length TEX28 gene (Figure  4.13). 

This two-gene arrangement has come about because of a segmental 

duplication.

The original arrangement is preserved in NWMs, and consists 

of an opsin gene and its TEX28 neighbour. A segment of 35,000 bases, 

encompassing the opsin gene, and part of TEX28, was duplicated 

to give the LW opsin–ψTEX28–MW opsin–TEX28 array. This gene 

array is present in apes and OWMs and thus arose in an ape–OWM 

ancestor [62].

The left-hand end of the duplicated segment fitted seamlessly 

into the pre-existing DNA sequence, but the right-hand end gen-

erated a discontinuous junction, where the broken ψTEX28 gene 

was joined to sequences to the left of the MW opsin gene. The 

actual breakpoint can be identified by comparing the unperturbed 

sequences to the left of the progenitor opsin gene of NWMs, and of 



original locus

insertion point

duplicated segment

opsin TEX28

duplicated
locus

LW opsin TEX28        MW opsin TEX28

Figure 4.13.  Formation of a new opsin gene by duplication [62]
The original arrangement (retained in NWMs) is shown above. The 
duplicated segment (dashed box) and site of insertion are shown below. 
One of two possible insertion sites is shown, but the final product 
is the same. The derived arrangement present in apes and OWMs is 
depicted at the bottom.

 



The origins of new genes224

the human LW opsin gene, with the derived sequence to the left of 

the MW opsin gene.

The blocks of sequence to the left of the NWM and human LW 

opsin genes are very similar throughout their lengths (Figure 4.14, see 

the three sequences in upper box). A comparison of these sequences 

with those to the left of the MW opsin genes in humans, other apes 

and OWMs (Figure 4.14, lower box) reveals a sharp discontinuity in 

the latter case. The abrupt break in the sequence occurs at the identi-

cal point in all four species (… TTACA↓GGTTT …). This junction point 

leads to two conclusions.

1.	 Trichromatic vision arose through a segmental duplication that gener-

ated a new opsin gene. One terminus of the duplication is defined at 

molecular (single-base) resolution, because the junction point represents 

the exact location at which the copied segment (now containing the LW 

opsin gene) juxtaposes the interrupted original sequence (now contain-

ing the MW opsin gene). We may infer with confidence that increased 

complexity arises through familiar mutational events.

2.	 Old World primates (apes and OWMs) are a monophyletic taxon. There 

was one duplication event, as demonstrated by the unique junction 

point shared by all species. Humans, chimps and OWMs share this 

precise junction point because they inherited it from the ancestor in 

which the singular event occurred.

The opsin locus on the X chromosome remains subject to 

rearrangements. Segmental duplications and deletions still occur. 

Some males with normal vision have a LW opsin–ψTEX28–MW 

opsin–ψTEX28–MW opsin–TEX28 gene array. They have inherited 

two copies of each of the ψTEX28 and MW opsin genes as the result of 

further duplication events. Other males with colour blindness have 

lost a functional X-linked opsin gene. Their genome has undergone 

gene loss and reverted functionally to a NWM conformation [63].

4.4.4  Blood

In humans, the β-globin locus contains five genes that are responsible 

for making protein subunits of the oxygen carrier haemoglobin, and 
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the non-protein-coding η-globin pseudogene (designated ψη). These 

genes are scattered over some 60,000 bases of DNA in the order ε – 

γ1 – γ2 – ψη – δ – β, which is also the order in which they are expressed 

during development. Thus the ε gene is embryonic; the γ1 and γ2 

genes are fetal; and the δ and β genes are expressed after birth. The 

gene family has arisen by duplication, and the mechanism of this has 

been detailed for the two γ genes [64].

Meiotic cell division is the process that generates gametes (egg 

and sperm cells). During this process, chromosome pairs line up side 

by side and exchange precisely equivalent lengths of chromosomal 

material. This process is called homologous recombination, and is 

effectively chromosome breakage with rejoining of ends from the 

partner chromosome. However, if highly similar sequences are pre-

sent at two or more loci along the chromosome, then the chromo-

some pair may come together at non-equivalent sites. Exchange of 



human …CAGTAGCTGGGATTACAGGTTTCCAGCAAAT…
chimp …CAGTAGCTGGGATTACAGGTTTCCAGCAAAT…

…CAGTAGCTGGGATTACAGGTTTCCAGCAAAT…
…CAGTAGCTGGGATTACAGGTTTCCAGCAAAT…

right end of TEX28 left end of opsin promoter

human …GTGGGGCGTCTGAGTTTGGTTCCCAGCAAAT…
marmoset GTGGGGCATGTGAGTTTGGTT?CCAGCAAATmarmoset …GTGGGGCATGTGAGTTTGGTT?CCAGCAAAT…
howler …GTGGGGCATGTGAGTTTGGTTTCCAGCAAAT…

Figure 4.14.  DNA sequences at the junction point between the ψTEX28 

and MW opsin genes [62]
Upper box: sequences to the left of NWM (marmoset and howler 
monkey) opsin and human LW opsin genes. Lower box: sequences to 
the left of the MW opsin gene in humans, other apes and OWMs. Bases 
that are identical in all seven sequences are in bold.
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chromatin under these conditions will generate derivative chromo-

somes in which one gains, and the other loses, material. This is non-

allelic homologous recombination or NAHR.

How does this relate to duplication of the γ-globin gene? 

Inspection of the gene locus indicates that the parental γ-globin 

gene was sandwiched between two LINE-1 elements (common to all 

apes and monkeys). The abnormal NAHR event occurred when the 

homologous chromosomes came together at non-equivalent LINE-1 

elements: the left-hand LINE-1 element of one chromosome erro-

neously aligned with the right-hand LINE-1 element of the other. 

Recombination generated two products (Figure 4.15).

One chromosome gained a chimaeric LINE-1 element (giving three •	
in total) and an extra γ-globin gene. The new arrangement is: LINE-

1→globin gene→chimaeric LINE-1→globin gene→LINE-1. This is the 

conformation retained in apes and monkeys.



homologous recombination

LINE-1a     γ-globin LINE-1b

non-allelic
homologous recombination

Figure 4.15.  Formation of a new γ-globin gene

Homologous recombination (upper diagram): paired chromosomes align 
exactly. Equivalent segments on either side of the dotted line exchange 
places. Non-allelic homologous recombination (lower diagram): the 
LINE-1b element of the grey chromosome aligns with the LINE-1a 
element of the white chromosome. Non-equivalent segments on either 
side of the dotted line are exchanged, leading to gene duplication (upper 
chromosome) and deletion (lower chromosome.)
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The reciprocal product of this unequal chromosome recombination event •	
retained only one chimaeric LINE-1 element and no γ-globin gene. This 

truncated locus has been lost without trace.

Sequencing of the LINE elements has confirmed that NAHR 

generated the two γ-globin genes. The two original LINE-1 elements 

have similar but distinguishable sequences. The LINE-1 element sit-

uated between the two γ-globin genes is a chimaera containing diag-

nostic sequence variants from both parent LINE-1 elements [65]. The 

sequence of the left-hand portion is highly similar to the left-hand 

part of the original right-hand LINE-1b element; the sequence of the 

right-hand portion is highly similar to that of the right-hand part of 

the original left-hand LINE-1a element. And the breakpoint can be 

narrowed down to about three bases (Figure 4.16).

NAHR involving the two γ-globin genes continues in the 

human population. This has been demonstrated by analysis of the 

γ-globin gene locus in DNA from sperm cells and blood cells. NAHR 



breakpoint

human …GTCAACATGTATCTTTCTGG…
gibbon …GTCAACATGTATCTTTCTGG…
OWM …GTCAACATGTATCTTTCTGG…

LINE-1a LINE-1bγ1-globin γ2-globin

LINE-1a
** * **

LINE-1b/a

human …GTAAATGTGTGTCTTTCTGG…
gibbon …GTAAATGTGTATCCTTCTGG…
OWM …GCAAATGTGTACCTTTCTGG…
NWM …GTAAATGTGTATCTTTCTGG…

human …GTAAAAGTGTGCCATGGT…
gibbon …GTAGAAGTGTGCCATGGT…
OWM …GTA ATGTGTGCCATGGT…
NWM …GTAAATGTGTGCCATGGT…

LINE-1b/a

LINE-1b

** * **

*  **

Figure 4.16.  Non-allelic homologous recombination: birth of the  

γ-globin gene pair [65]
Sequences are from the equivalent positions of three LINE-1 elements. 
Asterisks identify bases that are diagnostic for the LINE-1a element 
(upper right) and the LINE-1b element (lower left). These markers 
localise the junction point to the shaded TGT in the chimaeric LINE-
1b/a.
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generates variations in γ-globin copy numbers at a frequency of one 

copy number change per 100,000 DNA molecules. Some loci have one 

γ-globin gene (and have lost one gene); others have three or four genes 

(and have gained one or two relative to the normal condition). New 

copies of γ-globin genes are continuously generated. These, on occa-

sion, in evolutionary time, persist and diverge in sequence. The end 

result is greater complexity and elaboration of function. Comparative 

analysis of the β-globin locus in eutherian mammals has shown that 

gene birth (and death) has occurred repeatedly during evolution [66].

4.4.5  Immunity

The immune system is a marvel of versatility. It operates to main-

tain a healthy relationship between the tissues of our own bodies 

and the legions of microbes, whether benign or sinister, that lurk in 

our environment. Microbes evolve rapidly, and the immune system 

must be able to respond effectively (on organismal and evolution-

ary timescales) to unanticipated new challenges. There is an arms 

race between the myriad pathogenic threats arrayed against our bod-

ies, and our immune defences. Gene families involved in immunity 

appear to evolve rapidly relative to most other categories of genes.

One arm of the immune system is said to be innate: it is con-

stituted of a stock inventory of cells and molecules that present a 

stereotypical set of defences to microbes. An example of the rapidly 

evolving components of innate immunity is provided by the popu-

lous S100 gene family. These genes encode calcium-binding proteins 

that perform a diversity of protective roles. Our genome contains at 

least 18 S100 genes. Of these, the S100A7C (psoriasin) and S100A7A 

(koebnerisin) gene pair are widely expressed in skin, and their respec-

tive proteins may normally act to restrain microbial invasion. (The 

skin is more than a passive barrier to microbes!) These proteins may 

also act to induce inflammation, a protective – although sometimes 

damaging  – reaction to tissue injury and infection. Psoriasin itself 

was discovered through the inflammatory skin condition known as 

psoriasis [67].
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The related psoriasin and koebnerisin genes arose as the result 

of the duplication of a large expanse of DNA. This duplication pro-

duced a 33,000-base segment (region 1)  and a 31,000-base segment 

(region 3) separated by a linker of 11,000 bases. Besides the S100A7 

genes, 23 TEs are shared between regions 1 and 3 (Figure 4.17), dem-

onstrating that the regions are duplicates. Regions 1 and 3 may be 

distinguished by the presence of a diagnostic rearrangement, and this 

genetic marker has been used to show that the two regions are pre-

sent in chimpanzees as well as in humans. It follows that the dupli-

cation occurred before the chimpanzee lineage diverged from the 

human one.

This duplication generated two functional genes (S100A7C and 

S100A7A) where there had been only one before. Portions of two other 

genes (S100A7D and S100A7E) are also present within the duplicated 

fragments. It is likely that these copies did not survive the duplica-

tion process, and they persist as non-coding pseudogenes [68].



S100A7A gene
1   2   3
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LTR46

MER56A
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Figure 4.17.  An inverted repeat with S100A7 gene duplication [68]
The two arms are in opposite orientation and are shown in a hairpin 
conformation to allow direct alignment. Twenty-three shared TEs 
demonstrate that regions 1 and 3 are copies. Younger TEs that were 
inserted after the duplication (and that are present in only one arm) are 
not shown. Not to scale.
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Defensins are another class of small proteins that are part of 

our antimicrobial arsenal. They neutralise viruses such as influenza 

virus and HIV. They kill bacteria and fungi, partly by damaging their 

cell membranes. They function as molecular signals that recruit or 

activate cellular components of the immune system, such as macro-

phages and mast cells. There are three sub-families of defensin genes, 

each of which is composed of numerous members. The defensin 

genes have proliferated by means of the familiar pattern of duplica-

tion and diversification [69].

The β-defensin genes are the oldest, and are found widely in 

vertebrates. Nearly 40 β-defensin genes in five clusters are distrib-

uted around the human genome. These clusters have counterparts 

in mouse and dog genomes, and so probably arose in the distant past 

through successive gene duplications. However, the number of copies 

of some of these genes is variable in the genomes of different people. 

For example, one cluster (containing at least three β-defensin genes) 

is present at a multiplicity of one to six copies per genome set [70].

As an aside, β-defensins may be used to repel more than 

microbes. Mammals are not in general venomous, but the platypus 

is a striking exception. During the mating season, the male platy-

pus can use spurs on it back legs to deliver painful shots of venom 

to competitors or other intruders. The platypus has recruited a β-

defensin gene to provide components of its venom. Gene duplication 

with divergence is the likely mechanism [71].

One of the β-defensin genes gave rise to the α-defensin gene sub-

family, found only in mammals. The α-defensin genes have under-

gone birth-and-death changes during primate evolution. As with the 

S100A7 genes, surrounding TEs have been used to identify orthologous 

genes in different species, and to track gene duplications [72].

The youngest sub-family, the θ-defensins, emerged out of the 

α-defensins. This third group is restricted to Old World primates, 

although θ-defensin proteins are not found in humans. The θ-defensins 

are small, cyclic proteins. They are formed when two small chains 

of amino acids are joined head to tail to form a closed circle. They 
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are the only fully cyclic proteins made in mammals. There are six 

θ-defensin genes in the human genome, and they are of particular 

interest because they are all pseudogenes, transcribed into messenger 

RNAs but unable to direct the synthesis of proteins. They contain 

the same stop mutation, a C-to-T base substitution in codon 17, and 

this mutation is shared by the θ-defensin genes found in the genomes 

of chimps, bonobos and gorillas, and by one of several θ-defensin 

genes of orang-utans. We may conclude that the mutation arose in 

a great ape ancestor, and the unique pseudogene so generated was 

amplified to produce the multiple copies now present in the human 

genome [73].

What properties would the θ-defensin proteins possess if they 

could be regenerated? Chemical synthetic techniques have been used 

in the laboratory to make the functional peptides that would be spec-

ified by the human pseudogenes (had they not been disrupted by the 

stop mutation). The resulting proteins are called retrocyclins, and 

have been shown to suppress HIV infectivity. Subsequent work has 

generated fully novel retrocyclin derivatives, which neutralise the 

influenza virus in the test tube [74]. Scientists have tried another 

approach to activate the θ-defensin pseudogenes. A class of antibiot-

ics (the aminoglycosides) can override the effect of stop mutations, 

and the use of such antibiotics has allowed θ-defensin proteins to be 

made by human cells possessing only the pseudogenes [75]. Perhaps 

θ-defensin genes may be resuscitated to once again take their place in 

our antiviral and antimicrobial armoury.

Expansions and contractions of gene families involved in the 

ever-evolving innate immune system are standard features of anti

microbial defences. These include gene families encoding receptors on 

natural killer cells, and TRIM and APOBEC3 antiviral proteins. Many 

more instalments may follow in this ongoing genetic drama [76].

The other branch of the immune system is designated as adap-

tive. This is a hugely sophisticated complex of cells and molecules 

that engages with the universe of biological molecules presented to us 

by our environment. Specific receptors provide highly discriminatory 
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recognition of particular microbes and their products. The adaptive 

immune system progressively learns from and remembers such 

engagements through the lifespan of each individual, enabling us to 

survive in a world full of potentially destructive microbes. It has an 

amazing capacity to discriminate between what is self (normal com-

ponents of the body) and what is non-self (biological molecules that 

originate from foreign organisms). And even when it comes to non-

self structures, it is able to sense what is innocuous (and should be 

tolerated) and what is pathogenic (and should be resisted).

Genetic control of adaptive immunity is exerted by a vast tract 

of DNA known as the major histocompatibility complex (MHC), 

or in humans as the human leukocyte antigen (HLA) complex. The 

human MHC is located on the short arm of chromosome 6. The 

total sequence of the class I region (1.8 million bases in length) was 

reported in 1999, and shows a reiterated pattern of related genes and 

pseudogenes. This repeating pattern indicates that this locus was 

generated by multiple rounds of duplications. A detailed side-by-side 

comparison with the MHC region in the chimp genome indicates 

that both species share the same set of duplicated units. The gener-

ation of the MHC complex was essentially complete in a human–

chimp ancestor. The main differences between the two species are 64 

large (>100 bases) indels [77].

Conclusive evidence for this gene birth-by-duplication model 

arises from the fact that there is also a reiterated pattern of TEs across 

the MHC. Where the same TE (and its flanking sequences) recurs 

multiple times within the genome, we may be confident that the 

segment of DNA in which the TE is embedded has been duplicated 

from one original.

The MHC class I region contains •	 alpha and beta subregions, which 

comprise ten and four duplicated segments, respectively. Eleven of these 

segments contain a particular ERV16 sequence (a foundation member of 

the original duplicon).

In the •	 beta subregion, the HLA-B and HLA-C genes are known to have 

arisen as duplicate copies of one original, because their surrounding 
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sequences share a large assemblage of TEs, including 15 LINE-1 elements. 

The gene pair is also found in the chimp genome, and each of the units in 

the chimp possesses many of the same TEs as their human counterparts, 

including the same 15 LINE-1 elements. Some of these inserts are 

depicted in Figure 4.18. The duplication event occurred before the human 

and chimp lineages separated [78].

In the •	 alpha subregion, ten duplicons can be distinguished. The order 

in which TEs were added to duplicons indicates the order in which 

duplicons were formed. For two units known as the A and H duplicons 

(based on the presence of the HLA-A gene and the HLA-H pseudogene) 

shared TEs include those indicated in Figure 4.19. As before, the same 

two duplicons are present also in the chimp genome, and the same basic 

set of TEs is present in each chimp duplicon as in the human pair. These 

segments arose by a huge copy-and-paste event, and this occurred in an 

ancestor of humans and chimps [79].

The stages of development of the entire alpha subregion have 

been inferred (Figure  4.20). Duplicons were grouped into various 
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Figure 4.18.  Duplicated HLA-B and HLA-C genes and chimp 

orthologues [78]
An assemblage of TEs located near the human HLA-B and -C genes, 
and their chimp counterparts, PatrLA-B and -C. Symbols above the line 
represent TEs oriented from left to right; symbols below the line are 
oriented from right to left. Triangles indicate insertions. Not to scale.
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classes on the basis of their diagnostic ERVs and TEs. The first four 

duplication steps were completed before the human, chimp and 

macaque lineages separated. Subsequent to the human–chimp and 

OWM divergence, the BAC three-duplicon unit was itself duplicated 

once in the lineage leading to apes, and extensively in the lineage 

leading to macaques. The HLA-A and -H genes (and their chimp 

counterparts; Figure  4.19) are found within the late-appearing C 

duplicons [80].

A second major group of MHC genes orchestrates adaptive 

immunity. Class II MHC genes include the HLA-DRB set of seven 

members in humans and chimps. As with the class I genes discussed 

above, a shared cohort of TEs has been used to demonstrate that these 

genes have multiplied from one precursor. An ancient L2 element, old 
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Figure 4.19.  Duplicated HLA-A and HLA-H genes and chimp 

orthologues [79]
An assemblage of TEs located near the human HLA-A and -H genes, 
and their chimp counterparts, PatrLA-A and -H. Symbols above the line 
represent TEs oriented from left to right; those below are oriented from 
right to left. Two schemes are shown for the HLA-H locus (shaded): the 
ERVK9 insert may be either full length (as in the chimp orthologue) or 
truncated by homologous recombination between the LTRs (as with the 
HLA-A gene). Not to scale.
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Alu elements and several DNA transposons (of the MER116, MER53, 

MER20 and ZOMBI types), for example, are common to multiple 

HLA-DRB genes from multiple species (humans, chimps, OWMs and 

the marmoset, an NWM). The seven human genes are derivatives of 

one progenitor found in a simian ancestor. The family had grown to 

four by the time of an Old World primate ancestor [81].

The capacity of the adaptive immune system to monitor the 

enormous diversity of molecules that may enter our bodies (and poten-

tially do mischief) is provided by protein receptors on lymphocytes. The 

repertoire of such antigen receptors has to be correspondingly diverse 

in order to provide adequate surveillance. The adaptive immune sys-

tem has a range of strategies for generating an essentially unlimited 

variety of antigen receptors. One of these strategies is to have a large 

number of gene segments, each of which encodes a distinctive pro-

tein sequence contributing to a recognition-and-binding site for target 


Figure 4.20.  Development of the alpha block of the MHC in humans 

and chimps [80]
The letters A, B and C represent duplicated segments of DNA. 
The same ten regions are present in both humans and chimps. All 
duplications above the dotted line were completed in an ancestor of 
humans, chimps and macaques.
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molecules. In the IGH gene locus, there are more than 120 so-called 

variable gene segments. Approximately one-third of these are coding 

sequences. The remainder are pseudogenes. This entire genetic region 

is itself highly variable in the human population: each one of us may 

have a different set of variable gene segments. The variable gene array 

has been generated by segmental duplications, often following non-

allelic homologous recombination [82]. Other receptor gene families 

that feature in adaptive immunity, including IGLV gene segments 

and immunoregulatory galectin genes (in which LINE-1 elements 

have driven gene duplication by NAHR), have expanded by the same 

mechanisms [83].

4.4.6  Master regulators of the genome

Genes that control the activities of other genes perform strategic 

roles in development. Many of these master genes exist in families. 

The mechanisms by which numerical expansion has occurred in par-

ticular families have to some extent been elucidated.

The zinc finger (ZNF) genes encode proteins that bind to DNA 

and that suppress the activity of other genes. The population of ZNF 

genes has undergone extensive change in recent evolutionary history. 

There are hundreds of members in the Kruppel-ZNF gene family, many 

of which are present in recently arising segmental duplications. Some 

appear to be human-specific; others are shared with chimps, others 

with all great apes and others with OWMs [84]. Kruppel-ZNF genes 

may have proliferated in bursts, and these periods of active gene birth 

may have coincided with the invasion of new types of ERVs into the 

genomes of our ancestors. This implies that new Kruppel-ZNF genes 

were recruited under the influence of natural selection because they 

acted to suppress ERV activity and so reduce the potentially disrupt-

ing effects that this activity may have caused [85].

The FAM90A family of genes encodes proteins with a single 

zinc finger domain. This feature suggests that such proteins have the 

capacity to bind to DNA or RNA, but their function is otherwise 

obscure. In the reference human genome, these genes comprise a 
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family of 25 duplicated copies. Each duplicon is marked by an L1MB3 

and an LTR5A element, demonstrating their origin from one progeni-

tor gene bearing those signature TEs. Three of these genes have, in 

addition, gained upstream sequences from an unrelated gene as a 

result of a gene fusion event, and they are marked by the presence 

of AluSx and MIRb inserts. The expansion of the FAM90A family 

occurred in the hominoid (ape) lineage. In the human population, the 

number of gene copies possessed by different individuals is highly 

variable, extending over a tenfold range. Africans tend to have more 

copies than are found in the reference genome; East Asians tend to 

have fewer [86].

The homeobox genes encode proteins that function in the 

organisation of the body plan during embryonic development. These 

genes-that-control-genes multiplied to form a populous family in the 

distant past. At least a hundred members were already present in the 

genome of the last common ancestor of chordate animals (of which 

we vertebrates are the dominant issue). There are four collections 

of homeobox genes, together with conserved regulatory sequences, 

indicating that each of the four arrays has been derived from one ori-

ginal array [87]. The significance of this fourfold expansion will be 

explained later. Humans have 333 homeobox genes, of which 23% 

are pseudogenes. This gene family has been generally stable through 

primate history, with few duplications [88]. One of these is the 

RHOXF2 gene on the X chromosome, which is active in male repro-

duction. It has been duplicated independently several times in Old 

World primate lineages. One of these duplication events occurred in 

a human–chimp ancestor [89].

However, subtle changes in homeobox function may have 

unsubtle consequences. We have noted that NANOG, a homeobox 

protein, may have an altered repertoire of target genes in primates 

because Alu elements have introduced new binding sites (Table 2.3). 

The NANOGP8 processed pseudogene may upset cell regulation and 

promote cancer development (see Section 3.4). The DUX4 gene is 

present in highly reiterated repeat arrays adjacent to the telomeres 
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of chromosomes 4 and 10, and has the highest copy number of any 

protein-coding gene in our genome. Individual arrays vary from 11 to 

more than 150 gene copies. Extensive variation between generations 

is maintained by non-allelic homologous recombination. If the copy 

number of a chromosome 4 array decreases to less than 11, a muscle-

wasting disease develops. This unstable arrangement has been inher-

ited by all the great apes [90].

4.5  Retrogenealogy

LINE-1 elements use their encoded reverse transcriptase enzyme 

to copy and paste themselves throughout their resident genomes. 

However, these enzymes are promiscuous. They may associate with, 

and reverse-transcribe, any RNA molecules that present themselves 

too closely. They may, for example, attach themselves to messen-

ger RNA molecules intended for protein-synthesising service. When 

LINE-1 enzymes commandeer messenger RNA molecules, they gen-

erate DNA copies of them and splice these into chromosomal DNA. 

The products are processed pseudogenes. These are inserted randomly 

with respect to DNA site, lack regulatory sequences and passively 

degenerate (Chapter 3). But this simplistic picture has been superseded 

by the finding that, against all expectations, many processed pseudo-

genes are preserved in a form that generates functional proteins [91].

But first a short dog story. Humans have produced dog breeds 

with short, stubby legs. Such chondrodysplastic dogs include the 

dachshund, corgi, basset hound, Scottish terrier and shih-tzu breeds. 

They share this distinctive morphology because their genomes pos-

sess a new copy of the fgf4 gene that encodes a member of the fibro-

blast growth factor family, which is intimately involved in growth 

and development. The new gene copy arose by retrotransposition of 

the parent fgf4 gene – through the unscheduled services of a LINE-1 

element. It has all the features of a fully processed messenger RNA 

molecule that has been reverse-transcribed and inserted into the dog 

genome. It is bracketed by perfect duplications of the 13 base-long 

target site (AAGTCAGACAGAG) [92].
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The retrotransposed fgf4 gene exerts significant morphological 

effects that have been preserved by (artificial) selection. Dog breed-

ers, with their particular ideas of what constitutes a desirable dog 

phenotype, have exploited a randomly arising trait, and have applied 

selective breeding to generate a range of mutant breeds. The pres-

ence of this reverse-transcribed novelty proves that dachshunds and 

Scottish terriers are derived ultimately from a shared ancestor.

4.5.1  Reverse-transcribed genes in primates

How many processed pseudogenes might be active in the human gen-

ome? One study identified nearly 4,000 reverse-transcribed genes in 

the human genome, and showed that 18% of these retained protein-

coding capacity. Moreover, 30% were used as templates for RNA tran-

scription. These genes also contained a lower-than-expected frequency 

of mutations that result in amino acid changes relative to mutations 

that do not result in amino acid changes. This tendency to conserve 

amino acid sequence is consistent with the idea that natural selection 

has been operating on a gene to maintain the integrity of its product. 

The retention of conserved open reading frames that are transcribed 

is strong evidence that these haphazardly acquired by-products of 

LINE-1-mediated reverse transcription are authentic genes. It has been 

estimated that, throughout primate evolution, the process of retro-

transposition has generated one new gene every million years [93].

Reverse-transcribed genes that retain protein-coding function 

are called retrogenes. A succession of random events does, it may be 

concluded, generate new genes at an appreciable frequency. It must 

be emphasised that retrotransposed genes, whether they are crippled 

pseudogenes or have vital protein-coding (or other) roles are excellent 

phylogenetic markers. It is the elaborate, stepwise molecular mech-

anism of their generation that ensures their value as evolutionary 

markers. The presence or absence of functionality is irrelevant to the 

question of phylogenetic relatedness.

A subset of relatively young retrogenes has been investigated 

for their presence or absence in a panel of species representing 

 

 



The origins of new genes240

primate groups (Figure  4.21). The order of appearance of these 

reverse-transcribed genes conforms to a familiar pattern. For 

example, two inserted genes are present in humans and chimps 

(but in no other species). These entered the primate germ-line in a 

human–chimp ancestor. Five are present in all apes and OWMs (but 

not in NWMs and prosimians). These arose in an ape–OWM pro-

genitor. The distribution of inserts provides a perfect primate phyl-

ogeny. Shared retrogenes are magnificent markers of relatedness. We 

may add ‘retrogenealogy’ to the catalogue of markers that elucidate 

evolutionary history.

This work is not a flash in the pan. An independent study iden-

tified some 12,000 processed pseudogenes in the human genome, of 

which half showed some evidence of generating transcripts. Of these, 

726 appeared to be serious contenders for being fully functional retro-

genes. In a selection of 30 such genes, 10 were shown to be shared by 
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Figure 4.21.  The appearance of reverse-transcribed genes during 

primate evolution [93]
Retrogenes are identified by the symbol of their parent gene.
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humans and all other simians [94]. Retrotransposed genes typically 

function as single inserted units. In a significant minority of cases, 

however, they can join forces with nearby genes to form chimaeric 

transcripts. Or they can recruit new exons from flanking DNA to 

generate original transcriptional units.

The history of some primate-specific retrogenes has been 

elaborated. Humans and other apes possess two genes that encode 

the enzyme glutamate dehydrogenase. This enzyme metabolises 

glutamate, an important energy source. GLUD1 encodes a widely 

expressed housekeeping enzyme. GLUD2 is a processed, retrotrans-

posed copy of GLUD1, and encodes a closely related enzyme that 

is expressed in the testis and brain. The insertion site of GLUD2 is 

flanked by target-site duplications, as is typical for inserts that have 

been generated by LINE-1 endonucleases (Figure 4.22). The GLUD2 

insert is located in exactly the same site of the genome in all apes, 

and arose in an ancestor of the apes [95].

The sequences of the GLUD2 retrogenes have been compared 

in all the species that possess them. From this comparison, the order 

of mutations arising since retrotransposition has been inferred. A 

burst of amino-acid-changing mutations occurred soon after the 



human …GAAGTATAGAACAAACAG[GLUD2]ATAGAACAAATAATGGGA…
chimp …GAAGTATAGAACAAACAG[GLUD2]ATAGAACAAATAATGGGA…
gorilla …GAAGTATAGAACAAACAG[GLUD2]ATAGAACAAATAATGGGA…
orang …GAAGTATAGAACAAACAG[GLUD2]ATAGAACAAATAATGGGA…

target-site
duplication

target-site
duplication

GLUD2 gene
insert

g [ ]
gibbon …GAAGTATAGAACAAACAG[GLUD2]ATAGAACAAATAATGGGA…

African green monkey …GAAGTATAGAACAAATAATGGGA…

target site

Figure 4.22.  The insertion site of the GLUD2 retrogene [95]
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retrogene arose. Based on this work, researchers synthesised sev-

eral long-extinct intermediate versions of the GLUD2 protein, and 

tested them for their behaviour in cells. One particular mutation 

(that converted glutamic acid into lysine) caused subtle changes in 

the intracellular location of the protein, enhancing its import into 

mitochondria [96].

The retrogene-encoded enzyme is expressed in Sertoli cells 

(in the testis) and in astrocytes (in the brain) and may be involved 

in supplying energy to germ cells, and in regulating the availability 

of glutamate (a neurotransmitter) to neurons, respectively. GLUD2 

activity has been fine-tuned for an environment in which astrocytes 

are intimately associated with active neurons. It functions optimally 

under slightly more acidic conditions than does the parent enzyme 

[97]. Mutations that arose during the history of the GLUD2 enzyme 

have suppressed its basal (idling) catalytic activity and altered its sen-

sitivity to inhibitors, activators and drugs [98].

It seems that one small step for a LINE-1 element has wrought 

one giant leap for hominoid-kind. But an unfortunate effect of pos-

sessing the GLUD2 gene has also been uncovered. In men with 

Parkinson’s disease, a rare variant (or polymorphism) in this gene 

(T1492G) is associated with disease onset at a younger age [99].

The CDC14B gene tells a similar story. This gene encodes an 

enzyme of the protein phosphatase class, and helps to control the late 

stages of mitosis. The CDC14B gene generates several transcripts, 

one of which was retrotransposed, in an ape ancestor, to form a new 

gene designated CDC14Bretro. The new gene accumulated multiple 

mutations, indicating that it acquired novel functions. The synthesis 

of hypothesised long-extinct intermediates shows that these muta-

tions affected the localisation of the CDC14Bretro protein in cells. 

This hominoid-specific gene is expressed in testis and brain [100].

The formation of the PIPSL retrogene is a fascinating story of 

happenstance. It arose from the association of two precursor genes. 

The conventional PIP5K1A and PSMD4 genes are adjacent to each 

other on chromosome 1. They encode a lipid kinase and a component 
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of the proteasome (a multi-protein complex that disposes of unwanted 

proteins). Transcription of the PIP5K1A gene occasionally continues 

into the PSMD4 gene. The resulting messenger RNA contains the 

first 13 of the 15 PIP5K1A exons and the last nine of the ten PSMD4 

exons. One of these chimaeric RNA molecules has been retrotrans-

posed, creating a ready-made chimaeric gene. As with the previous 

two examples, the hybrid PIPSL gene arose in an ape ancestor. All 

apes, but no monkeys, possess the insert (Figure 4.23).

A period of rapid diversification in the PSMD4-derived end of 

the new PIPSL gene was completed before the human and chimp lin-

eages diverged. This indicates that the new gene was being honed for 

a new role by natural selection. This part of the new gene has also 

been conserved, whereas the PIP5K1A-derived part has degenerated 

in gorillas and gibbons. The gene is highly transcribed in the testis, 

and the protein is detectable at low levels [101].

There is an interesting twist to the retrogenic tale. The 5′ (left-

hand) end of LINE-1 elements is often flipped 180° with respect to 



human …CACTACTCAGAAAAGAAATCCTG[GCCGGG…]AGAAAAGAAATCCTGATGCCTAA…
chimp …CACTACTCAGAAAAGAAATCCTG[GCCGGG…]A             GATGCCTAA…

PIPSL

PIP5K1A
exons 1-13

PSMD4
exons 2-10TSD pA TSD

gorilla …CACTACTCAGAAAAGAAATCCTG[GCCGGG…]AGAAAAGAAATCCTGATGCCTAA…
orang …CACTACTTAGAAAAGAAATCCCG[GCCGGG…]AGAAAGGAAATCCCAATGCCTAA…
gibbon …CACTACTTAGAAAAGAAATCCCG[TCCGGG…]AGAAAAGAAATCCCGATGCCTAA…

macaque …CACTACTTAGAAAAGAAATCCCGATGCCTAA…
green monkey …CACTACTTAGAAAAGAAATCCCGATGCCTAA… 
owl monkey …CACTACTTAGAAAAGAAATCCCAATGCCTAA… 
marmoset …CACTACTTAGAAAAGAAATCCCAATGCCTAA… 

Figure 4.23.  The insertion site of the chimaeric PIPSL retrogene [101]
pA, poly A sequence.
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the rest of the insert. This is known as 5′-inversion, arises by a mech-

anism known as twin priming [102], and is another indicator of the 

sloppiness of the LINE-1-mediated retrotransposition process. A pro-

portion of retrotransposed gene transcripts also show 5′-inversion – 

further evidence that processed pseudogenes are generated by the 

LINE-1 enzymatic machinery. Any protein-coding capacity in an 

inverted segment of DNA will be unrelated to the originally encoded 

protein sequence, and so 5′-inversion could be a mechanism for gen-

erating proteins containing wholly novel domains.

A computer search of the human genome identified six ret-

rotransposed genes that are characterised both by the possession 

of 5′-inverted sequences and by their capacity to generate RNA 

transcripts. They are candidate retrogenes that include a copy of 

the EIF3F gene (shared by all apes) and of the SNRPN gene (shared 

by apes and OWMs; Figure  4.24). The SNRPN insert has retained 

the potential for making a protein in humans only [103]. The com-

pounded randomness inherent in this process  – the selection of a 



human …TTCTTTAGAAGCGGAGGGG[CCCGA…AAAGA]AGAAGGGGAGGGTGCTTC…
chimp …TTCTTTAGAAGCGGAGGG [CCCGA…AAAGA]AGAAGGGGAGGGCGCTTC…
gorilla …TTCTTTAGAAGCGGAGGG [CCCTA…AAAAA]AGAAGGGGAGGGCGCTTC…
orang …TTCTTTAGAAGGGGAGGG [CCCTA…AAAAA]AGAAGGAGAGGGCGCTTC…

SNRPN insert

target-site 
duplication

target-site 
duplication

orang …TTCTTTAGAAGGGGAGGG [CCCTA…AAAAA]AGAAGGAGAGGGCGCTTC…
gibbon …TTCTTTAGAAGGGGAGGG [CCCTA…AGAAA]AGAAGGGGAGGGTGCTTC…

…TTCTTTAGAAGGGGAGGG [CCCTA…AAAAA]AGAAGGGGAGGGCCCTTC…

marmoset …TTCTTTAGAAGGGGGGCGCCCTTC…

target site

Figure 4.24.  Insertion site of SNRPN, a candidate 5′-inverted 

retrogene [103]
Arrows indicate that the left-hand part of the gene is inverted with 
respect to the right-hand part.
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particular messenger RNA, its insertion into a particular site of the 

genome and its reorganisation by a particular 5′-inversion – entails 

that the products are irrefutable markers of descent from the found-

ing ancestor.

A final ‘retrogenealogical’ example illustrates how gene fam-

ilies grow numerically. A family of genes, identified by the collect-

ive name of POTE, is present in the genomes of primates. There 

are at least 11 members in the human genome. Seven members of 

this family contain the insertion of β-actin gene sequences into the 

POTE coding region, creating a set of hybrid genes (Figure 4.25). The 

insertion site of the β-actin gene sequence, complete with target-site 

duplications, is the same in every case [104]. This multiply repeated 

insert establishes several things.

One unique •	 β-actin insertion event is now represented in seven genes. 

The one original gene into which the β-actin gene was inserted has 

undergone several duplication events to spawn a gene family.

•	 POTE-actin fusion genes are present in apes and OWMs. It follows that 

the original retrotransposition event occurred in a common ancestor of 

apes and OWMs.



gene 22 …TCTACAACTGAATGA[GCTCA…AAAAA]AATTCAATGAGGAAG…
gene 14β …TCTACAACTGAATGA[GCTCA…AAAAA]AATTCAATGAGGAAG…
gene 14α …TCTACAACTGAATGA[GCTCA…AAAAA]AATTCAATGAGGAAG…
gene 2δ …TCTACAATTGAATGA[GCTCA…AAAAA]AATTGAATGAGGAAG…
gene 2γ …TCTACAATTGAATGA[GCTCA…AAAAA]AATT    GAGGAAG…
gene 2β …TCTACAATTGAATGA[GCTCA…AAAAA]AATT    GAGGAAG…
gene 2α TCTACAATTGAATGA[GCTCA AAACA]AATT GA

-actin insert

target-site  
duplication

target-site  
duplication

gene 2α …TCTACAATTGAATGA[GCTCA…AAACA]AATT    GA

gene 21 …TATGCAATTGAATGAAGAAG…
gene 18 …TATGCAATTGAATGAAGAAG…
gene 15 …TATACAACTGAATGAAGAAG…

gene 8 …TATACAATTGAATGAGGAAG…

GGAAG…

Figure 4.25.  Insertion site of a β-actin retrogene in POTE genes [104]
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Several members of this gene family are transcribed, and POTE-actin •	
chimaeric proteins are made in cells, indicating that new functionality 

has accrued from the situation. Indeed, POTE proteins are highly 

expressed in the testis, where they are associated with apoptotic cells. 

The actin-containing POTE-2α gene becomes more active when cells 

are exposed to apoptosis-inducing signals. The POTE-2α protein induces 

apoptosis, and may be a regulator of life-and-death decisions of cells [105]. 

POTE-2α, at least, is a card-carrying retrogene.

4.5.2  Reverse-transcribed genes in mammals

Primate-specific retrogenes are young in evolutionary terms. They 

have retained their target-site duplications, which provide unam-

biguous evidence for the TE-dependent (reverse transcriptase-

endonuclease) mechanism of their generation. But our DNA also 

contains many retrogenes that appear to be much older. They are 

derived from processed transcripts. Introns have been removed. 

They are copies of identifiable parent genes. Each appears abruptly 

at a particular stage of genome history. Each has resisted degener-

ation, evidence that it has been maintained by natural selection. 

Computational surveys have enumerated at least 70 human retro-

genes for which there is a mouse orthologue with an open reading 

frame [106]. These originated in a Euarchontoglires (primate–rodent) 

ancestor.

The YY1 gene encodes a protein that belongs to the zinc finger 

family (see Section 4.4.6). The YY1 gene is the proud parent of the YY2 

and REX1 retrogenes, each of which encodes a protein that is itself a 

regulator of other genes. YY2 was dropped, ready-made, into the fifth 

intron of another gene (Mbtps2), which is highly conserved in verte-

brate species from humans to fish. Comparative studies show that 

both YY2 and REX1 were spliced into the genome of a germ-line cell 

from which primates, rodents and dogs (representing Boreoeutheria) 

have issued [107].

The YY1 and YY2 products each control the activity of a large 

number of genes, and although there is extensive overlap in their 
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respective target gene sets, there is also a large degree of divergence. 

The YY2 gene, despite its one-off copy-and-paste provenance, has 

probably exerted widespread effects on gene expression [108]. And 

the REX1 product acts to maintain embryonic stem cells, at least 

in a murine experimental system. It also suppresses the activity of 

LTR retrotransposons – just as other zinc finger proteins have been 

hypothesised to do. There is irony in the fact that a gene generated by 

an unscheduled retrotransposition event now acts as a policeman to 

enforce constraints on other retrotransposition events [109].

Some genes are regulated by a process called imprinting. 

This means that the two copies (or alleles) are differentially tagged 

depending on whether they are inherited from the father or the 

mother. The activity of imprinted genes thus depends on their par-

ent of origin. Some imprinted genes have arisen by the process of 

retrotransposition. The MCTS2 retrogene is shared by humans and 

rodents, but not by dogs or cows, and dates from a Euarchontoglires 

ancestor. The NAP1L5 and INPP5F_V2 genes are shared by all these 

species (but not by opossums or chickens), and comparative data have 

shown that they were spliced into the germ-line of Boreoeutherian 

and eutherian ancestors, respectively [110].

These three retrogenes share a singular feature. Their parent 

genes are all located on the X chromosome, and retrotransposition 

has exported the copied versions to non-sex chromosomes (auto-

somes). Another striking example is provided by the UTP14A gene, 

which is also present on the X chromosome. Its product is required 

for the production of mature ribosomal RNA. It has spawned retro-

genes on autosomal chromosomes on at least four separate occasions 

during mammalian history. In mice, the Utp14b retrogene is active 

in the testis and is essential for male fertility. This retrogene arose 

in a Euarchontoglires ancestor, but the human copy is a degenerated 

relic. However, humans and other primates possess an independently 

arising retrogene, UTP14C, which is also essential for male fertility. 

Cattle and elephants possess their own independent versions of this 

retrogene [111]. Random events generate analogous solutions when 
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subjected to similar selective pressures. This situation is reminiscent 

of the repeated ERV exaptations in placental morphogenesis.

In some cases, copied genes evolve rapidly and provide wholly 

new functions. The UBL4A gene is also present on the X chromosome, 

and has been retrotransposed to create an autosomal copy, Ubl4b. 

This event occurred in an ancestor of eutherians and marsupials. 

In mice, the DNA sequence of the Ubl4b gene has diverged widely 

from its parent, but the respective small ubiquitin-like proteins spe-

cified by the parent and daughter genes are clearly related. The par-

ental Ubl4a protein is expressed throughout sperm cell development, 

whereas the derivative Ubl4b copy is expressed at the later stages, 

suggesting that the two proteins perform different functions [112].

If this X-to-autosomal seeding of new genes is a general pattern, 

what selective pressure has been responsible for establishing such 

directionality? A clue comes from the observation that, during the 

development of male germ cells, the X chromosome is shut down. 

Perhaps the loss of expression of housekeeping genes on the X chro-

mosome limits germ cell development. If this is so, then selective 

pressures would favour maintenance of the coding function of genes 

that have been copied from the X chromosome to autosomes; such 

gene products would be available during spermatogenesis.

Retrogenes arising on autosomes have occurred at a fairly con-

stant rate throughout mammalian history (Table 4.1). However, ret-

rogenes have been exported from [113] and imported into [114] the X 

chromosome (or its precursor) at one particular phase of history. This 

was the era of the eutherian ancestral lineage when the X chromo-

some was becoming differentiated as a sex chromosome. Retrogene 

export may have generated housekeeping genes on autosomes that 

remained active in developing male germ cells. Retrogene import 

may have served sex-specific roles. Either way, the retrogene traffic 

documents key stages in early mammalian history.

Some retrogenes are ‘orphans’: their parental genes have 

perished, leaving the daughter genes to carry on the family busi-

ness. Such genes tend to be strongly conserved. Of 25 in the human 
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genome, three arose in a eutherian–marsupial progenitor, six in a 

mammal–bird ancestor, and others in ancestors we share with fish 

and with invertebrates (seven each) [115].

Families of genes produce small RNA molecules that do not 

encode proteins but that are involved in protein synthesis. These 

include the small nucleolar RNAs (snoRNAs) of the H/ACA and 

C/D box families. These gene families have been expanded by the 

proliferation of retrogenes. Most of the 200 H/ACA box retrogenes 

in the human genome have been inherited also by chimps, and many 

by mice [116]. The stepwise addition of new genes to the mamma-

lian germ-line provides an ongoing mechanism for the development 

of new functions, and provides perfect signposts outlining mam-

malian evolution. These signposts are so persuasive because each 

of them arose by a complex and identifiable mechanism, a chain of 

molecular events that reflects the dynamic nature of the genome. 

Retrogenealogy is a spectacular science.

4.6  DNA transposons

Our genomes are littered with a shadowy class of jumping gene that 

we have ignored hitherto. These are the DNA transposons. They 

cut-and paste themselves around the genome, using an enzyme called 

a transposase. They propagate to high numbers because they coordin-

ate their activity with cellular DNA replication [117]. Approximately 

Table 4.1. Retrogene traffic in mammals [113, 114]

Ancestral lineage

Direction of retrogene traffic

Arising on 
autosome

Parent genes on X 
exporting retrogenes

Imported  
into X

Primate 39 4 6
Euarchontoglire 3 3 0
Eutheria 26 17 12
Eutherian–marsupial 15 1 1
Mammal 24 2 1
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3% of our genome has been contributed by DNA transposons, and 

there are 380,000 individual inserts.

DNA transposons splice themselves into the genome in a man-

ner that is random with respect to site. Indeed, scientists use DNA 

transposons (from fish and moths) as insertional mutagens (in mice) to 

discover genes that, when damaged, contribute to the development of 

cancer. This approach to finding potential cancer genes would work 

only if the mutagenic agent was indiscriminate in the way it targeted 

genes [118]. Such random behaviour indicates that DNA transposons 

should be powerful markers of common ancestry. If two species share 

the same insert at the same site, they must have inherited it from the 

ancestor in which that insert was added to the germ-line.

Whole-genome sequencing has revealed that essentially all the 

DNA transposons present in our genome are shared by OWMs. Each 

insert was already in place in an ancestor of apes and OWMs. We 

have 380,000 independent clonal markers of the monophylicity of 

Old World primates. Most of the individual inserts are present also 

in the genomes of non-primate mammals, and thus act as markers of 

remote eutherian ancestors [119]. Active DNA transposons long ago 

became extinct in primates, although they have been active much 

more recently in some species of bat [120].

But do DNA transposons contribute to gene formation? 

Scientists have created a catalogue of genes in eukaryotic organisms 

that might have originated in the dim past from genes encoding the 

transposase enzymes of DNA transposons [121]. Specific features 

showing the fingerprints of the original transposon have, of course, 

long ago disappeared.

What is highly likely, however, is that DNA transposons have 

generated genes that we possess. DNA transposons have been trans-

mogrified into genes for microRNAs, those master regulators of gene 

expression. The miR-1302 family of microRNAs was derived from a 

class of DNA transposon called MER53 elements, and appeared early 

in eutherian history. The genes that encode miR-548 microRNAs are 

derived from a class of DNA transposons called Made1 elements. Six 
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of the seven miR-548 genes in our genome are shared with relatives 

as distant as macaques. The seventh is shared with chimps. The miR-

548 microRNAs may contribute to the regulation of more than 10% 

of the genes in our genome [122]. In addition, many other classes of 

TE have contributed to our microRNA complement [123].

Genes of the SET family regulate the activities of genes. They 

encode enzymes that tag DNA-packaging proteins, called histones, 

with methyl groups. The methyl tags recruit other proteins that affect 

the conformation of chromatin, and hence the activities of genes. 

One particular SET gene has been modified by the nearby insertion 

of an Alu element and a DNA transposon of the Hsmar1 type. Both 

of these arose in an ancestor of humans, other apes and monkeys (the 

anthropoid primates) (Figure 4.26).



human
chimp

left flank right flankAlu Hsmar1

SETMAR
gene

site of deletion
extended exon

gorilla …AAGATGG    [GGCTGG…][…ACCCAA]TATCT   TCATA…
orang …AAGATGG    [GGCTGG…][…ACCCAA]TATCT   TCATA…
siamang …AAGATGG    [GGCTGG…][…ACCCAA]TATCT   TCATA…
green monkey …AAGATGG    [GGCTGG…][…ACCCAA]TATCT   TCATA…
macaque …AAGATGG    [GGCTGG…][…ACCCAA]TATCT   TCATA…
owl monkey …AAGATGG    [GGCCAG…][…ACCCAG]TATCT   TCATA…

tarsier …AGAGTGGCATGTATCTAGCTCATG…
dog …AAGGTGGCATATATCT   TCATG…

…AAGATGG    [GGCTGG…][…ACCCAA]TATCT   TCATA…
…AAGATGG    [GGCTGG…][…GCCCAA]TATCT   TCATA…

Figure 4.26.  The insertion sites of side-by-side Alu and Hsmar1 

elements [124]
Top: The SETMAR gene, showing the two original exons, the extended 
exon (shaded), and the Alu and Hsmar1 inserts. Dotted inverted 
V-shapes indicate splicing between the three exons. Lower diagram: 
Shading indicates sequences flanking the inserts (not TSDs as 
previously). Four bases were deleted to the left of the Alu element 
(CATG in the tarsier). The tarsier locus shows an AGC insertion to the 
right of the Hsmar1 transposon, and a gap in the other sequences has 
been introduced to accommodate this.
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The original SET gene and its new Hsmar1 neighbour have formed 

a single chimaeric unit that is called the SETMAR gene. The left end is 

SET; the right end is Hsmar1. But an additional mutation was needed 

to enable this chimaeric gene to express a new protein. A 27-base dele-

tion occurred in the right-hand end of the SET gene and removed a stop 

codon (TAG) and allowed the existing SET exon to extend rightwards, 

into what had been non-coding territory. This deletion is restricted to 

all anthropoid primates (Figure 4.27). The extended SET exon acquired 

the signals that allowed it to splice with the Hsmar1 sequence. The 

transposon insertion and deletion demonstrate that (enabling) muta-

tions do indeed contribute to new gene formation [124].

Cataloguing the genetic events that have assembled the 

SETMAR unit is the easy part. Deciphering the role of the novel 

protein is an open-ended project. The SETMAR protein performs a 

multitude of biochemical roles in cells. It appears to be involved in 

DNA repair, in the maintenance of genomic stability, and (poten-

tially) in modulating the effectiveness of some anti-cancer drugs. In 

fact, the SETMAR protein enhances the efficiency of NHEJ, and so 



…AACATCAGTT                  GTGGAAAT…
…AACATCAGTT                  GTGGACAT…
…AACATCAGGT                  GTGGAAAT…
…AACATCAGTT                  GTGGAAAT…
…ATCATCAGTT                  GTGGAAAT…
…AACATCAGTT                  GTGGAAAT…

a deletion of 27 bases common to
anthropoid primates

…AACATCAGTT                  GTGGAAAT…
…AACATCAGTT                  GTGGAAAT…
…AACATCAATTAGGCCGTTT…CTCAGTGGGTGGGAAT…
…AACATCAATTAGGAAGGAA…
…GGCACCAGTTAGGAAAGGA…
…GGCACCAGTTAGGAAAGGA…  
…AACATCAGTTAGGAGTAAA…  
…GACACGAGTGAGGAAGGAA…
…ACCACTCATTAAAGGACCA…

Figure 4.27.  A 27-base deletion, inherited by anthropoid primates, 

that removed a TAG stop codon (shaded) [124]
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suppresses the formation of potentially cancer-causing chromosomal 

translocations [125]. But the new SETMAR protein does not only fit 

into multi-component DNA repair enzyme complexes. It has also 

become an integral part of signalling networks by which cells select 

Table 4.2. Some DNA transposon-derived genes

DNA 
transposon

Transposon 
gene

Cellular gene and 
function

Taxa possessing 
the gene(s) Ref.

Hsmar1 transposase SETMAR, DNA 
repair

Apes and  
monkeys

124

Charlie 10 transposase ZNF452 Humans, cattle 
and dogs; 
Boreoeutherians 
(at least)

127

hAT group transposase ZBED6, regulator of 
development and 
growth

Eutherians; the 
transposon is 
present in all 
mammals

128

Pogo-like transposase CENP-B, a 
DNA-binding 
centromeric 
protein

Mammals 129

Crypton tyrosine 
recombinase

Six genes in humans, 
from four initial 
colonisation 
events

Bony vertebrates 130

Harbinger transposase, 
MYB-like

HARBI1, 
function unknown

NAIF1, induction of 
apoptosis

Bony vertebrates

Bony vertebrates

131

Transib  
  
  
  
  

transposase  
  
  
  
  

RAG1 
(recombination 
activating gene 
1), generation of 
antibodies and 
antigen receptors

Jawed vertebrates  
  
  
  
   

132  
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between alternative responses to DNA damage [126]. Considering 

the fact that DNA transposons are disruptive mutagens, the stabilis-

ing effect of the SETMAR protein represents a dramatic volte-face.

A diverse anthology of such histories could be described. Many 

genes originated as parts of DNA transposons that were dropped 

willy-nilly into the genomes of distant ancestors. These genes per-

form a variety of functions (Table 4.2), but a common theme appears 

to be that their encoded proteins interact with DNA. This might be 

expected, as the originals were transposase enzymes that catalysed 

DNA rearrangements. The RAG1 recombinase underlies adaptive 

immunity, functioning to generate a practically infinite number of 

antigen receptor genes in lymphoid cells.

And finally, these genes appear to have arisen at vastly differ-

ing periods of history. The SETMAR gene is young in evolutionary 

terms, and its derivation from a transposase has been described at 

molecular resolution. The other genes are much older but, given the 

paradigm established by SETMAR evolution, it is natural to see them 

as other instances of exaptation – the domestication of genetic jetsam 

and flotsam. New genes arise from DNA transposons, just as they do 

from retrotransposons. Random events underlie the development of 

brand new genetic functionality in the context of lawful selection. 

And every such shared gene furnishes an incidental demonstration 

of monophylicity.

4.7  De novo origins of genes

Many of our genes have been derived from TEs, or from gene copies 

embedded in segmental duplications, or from RNA molecules con-

verted into DNA copies by promiscuous reverse transcriptases. But 

other genes appear to have arisen from scratch – against all expec-

tations they have been cobbled together in a stepwise fashion from 

segments of the genomic wasteland. This mechanism of gene birth 

is described as origin de novo (or from the beginning). The products 

are orphan genes, found in one lineage only, lacking relatives in other 

lineages and contributing to lineage-specific characteristics [133].
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Part of the versatility and complexity of genomes such as ours 

arises from the ability of one gene sequence to be copied into mul-

tiple alternative transcripts. A single transcriptional unit (simplis-

tically called a gene) may generate multiple processed transcripts, 

each of which is composed of a different combination of exons. The 

variety of potential transcripts allows one gene sequence to specify 

the synthesis of multiple distinct proteins. Such a system lends itself 

to facile modification: during evolution, exons may be added to (or 

removed from) existing genes without disrupting existing function. 

We have noted how Alu or MIR elements have contributed to the 

phenomenon of exonisation (Chapter 2).

Exonisation de novo is exemplified by the gene encoding neu-

ropsin. Two forms of this protein are produced. Type I is found in 

many species, but type II is expressed in the brains of humans only. 

The neuropsin gene acquired the ability to express the novel type II 

form only when a segment of intronic sequence was added to exon 

3. An enabling mutation (the deletion of a C) created an open read-

ing frame that (potentially) added 45 amino acids to the pre-existing 

type I form. This mutation is present in all ape species, and in none 

of eight species of monkey, indicating that it occurred in a homin-

oid ancestor (Figure 4.28). Frameshift mutations generally devastate 

coding sequences. This one generated a coding sequence [134]. A 

subsequent T-to-A mutation, in the lineage leading to humans only, 

generated the splice site needed to incorporate the extended reading 

frame into the neuropsin type II sequence [135].

Uric acid metabolism went haywire, independently, in ances-

tors of the great apes and of the gibbons, when the UOX gene was 

pseudogenised (Chapter  3). One of the disadvantages of increased 

concentrations of uric acid in the blood is the deposition of crystals 

in the kidneys, uric acid nephrolithiasis, a serious complication of 

gout. This condition is associated with a variant of the ZNF365D 

gene that encodes the talanin protein.

In the mouse genome, the DNA segment corresponding to 

ZNF365D is identifiable but generates no transcript. In the genomes 
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of monkeys and non-human apes, the corresponding sequence is simi-

lar to that of humans, but contains stop codons and indels that pre-

clude protein-coding capacity (Figure 4.29). All ape species, however, 

do generate a transcript, indicating that this sequence has acquired 

at least some of the features necessary to recruit and assemble tran-

scriptional machinery. Only in humans is there a ZNF365D protein-

coding gene sequence. Whatever function is assigned ultimately to 

this new gene, and the control of uric acid concentration has been 

hypothesised, the manner of its development establishes that accu-

mulating mutations can assemble protein-coding genes from non-

coding sequences [136].

Systematic searches through genome databases have identified 

three human genes for which the corresponding chimp and macaque 

base sequences are highly similar, but non-coding because of mul-

tiple disablements. Partial sequences of two of these are shown in 



human …AGC CTG GAC CTC C TC ACT AAG TTG TAT…
chimp …TGC CTG GAC CTC C TC ACT AAG TTG TAT…
gorilla …TGC CTG GAC CTC C TC ACT AAG TTG TAT…
orang …TGC CTG GAC CTC C TC ACT AAG TTG TAT…
gibbon s …TGC CTG GAC CTC C TC ACT AAG TTG TAT…

S L D L L T K L Y

exon 2 exon 4

human,
amino acid

g p
gibbon sp.2 …TGC CTG GAC CTC C TC ACT AAG TTG TAT…
Yunnan g.m. …CGC CTG GAC CTC CCTC ACT AAG TTG TAC…
douc langur …CGC CTG GAC CTC CCTC ACT AAG TTG TAC…
macaque sp.1 …TGC CTG GAC CTC CCTC ACT AAG TTG TAC…
macaque sp.2 …TGC CTG GAC CTC CCTC ACT AAG TTG TAC…
macaque sp.3 …TGC CTG GAC CTC CCTC ACT AAG TTG TAC…
macaque sp.4 …TGC CTG GAC CTC CCTC ACT AAG TTG TAC…
macaque sp.5 …TGC CTG GAC CTC CCTC ACT AAG TTG TAC…
marmoset …CAC CCG GGC TCC CCTC ACT AAG TTG TAT…

p.1

Figure 4.28.  An enabling frameshift mutation in the neuropsin 

gene [134]
The shaded box to the left of exon 3 indicates sequence that was 
recruited from intron 2. Amino acid sequence is represented by 
white letters in grey circles. The oval identified as L (leucine) locates 
the enabling frameshift mutation (loss of a C) that extended the 
reading frame.
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Figure  4.30. The gene designated C22orf45 in the human genome 

arose when a T-to-C mutation removed a stop codon that is retained 

in each of the other species. The DNAH10OS gene was formed in 

part when a ten-base insert generated an extensive protein-coding 

open reading frame [137]. Subsequent work has identified dozens of 

potential new genes generated in humans by enabling mutations and 

expressed as RNA transcripts and proteins [138], or present in primates 

for which the corresponding genetic regions in non-primate species 

are identifiable but lack the capacity to encode proteins [139].

Newly emergent genes tend to encode small proteins in which 

the coding sequences are present in only one exon. They tend to have 

a rapid rate of evolution, and to be expressed in a limited range of 

tissues (in particular reproductive tissues). In the vastness of the gen-

ome, small transcriptional units may be continuously mutating into 



part of exon 4

human …AGG AAA ACC CAA GTT TGG CGT TGG CAG TCA GGT AAT TCA TCA…
chimp …AGG AAA ACC CAA GTT TGG CGT TGG CAG TCA GGT AAT TCA TCA…
gorilla …AGG AAA ACC CAA GTT TGG CGT TGG CAG TCA GGT AAT TCA TCA…
orang …AGG AAA ACC CAA GTT TGG TGT TGG CAG TCA GGT AAT TCA TCA…
gibbon …AGG AAA ACC CAG GTT TGA CGT TGG TAG TCA GGT AAT TCA TCA…
baboon …AGG AAA ACC TGA GTT TGG CGT TGG CAG TCA GGT AAT TCA TCA…
macaque AGG AAA ACC TGA GTT TGG CGT TGG CAG TCA GGT AAT TCA TCA

2 3   4    5            6 7

macaque …AGG AAA ACC  GTT TGG CGT TGG CAG TCA GGT AAT TCA TCA…
marmoset …AGG AAA ACC CAA GTT TGG CGT TGG CAG TCA GGT AGT TTC ATC… 

part of exon 6

human …AGA GAA AGT GTC                             TCT ACA AGT…
chimp …AGA GAA AGT GTC TTC AGT CAG GAA CCC CAG TC  TCT ACA AGT…
gorilla …AGA GAA AGT GTC TTC AGT CAG GAA CCC CAG TC  TCT ACA AGT…
orang …AGA GTA AGT GTC TTC AGT CAG GAA CCC CAG TC  TCT ACA AGT…
gibbon …AGA GAA AGT GTC TTC AGT CAG GAA CCT AAG TC  TCT ACA AGT…
baboon …AGA GAA AGT GTC TTC AGT CAG GAA CCC CAG TC  TCT ACA AGT…
macaque …AGA GAA AGT GTC TTC AGT CAG GAA TCC CAG TC  TCT ACA AGT…

TGA

Figure 4.29.  Origin of a protein-coding gene, ZNF365D, in  

humans [136]
The six protein-coding exons are depicted (top) together with partial 
sequences for exons 4 and 6. In exon 4, gibbon and monkey sequences 
contain stop codons and a T insertion. In exon 6, the human sequence 
contains a 20-base deletion generating an open reading frame.
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and out of existence. In those cases where reproductive success is 

enhanced, new constructions are preserved. Once subject to main-

tenance by selection, they can be elaborated and their functions 

extended with time.

Genes specifying non-coding RNAs may also arise de novo. 

MicroRNA genes have been appearing since before mammalian his-

tory. Especially rapid gene birth occurred in the ancestral lineages 

of both eutherian and hominoid mammals. Much microRNA gene 

birth has followed DNA duplications, but a family of such genes has 

appeared de novo in the human genome. The miR-941 molecules are 

expressed in stem cells and in the brain, and regulate cell signalling 

cascades. They are candidates for affecting lifespan [140].

Female eutherian mammals have two X chromosomes, whereas 

males have one. In order to maintain an equivalent dosage of gene 

transcripts arising from the X chromosome, one of the X chromo-

somes in females is randomly inactivated in each cell early in devel-

opment. This inactivation is performed by coating the X chromosome 

with a long, non-coding RNA molecule called XIST (an acronym for 



C22orf45 gene

human …TGG AGA GGC CGA GTC CTC CC…
chimp …TGG AGA GGC TGA GTC CTC CC…
gorilla …TGG AGA GGC TGA GTC CTC CC…
orang …TGG AGA GGC TGA GTC CTT CC…
gibbon …TGC AGA GGC TGA GTC CTT CC…
macaque …TGG AGA GGC TGA GTC CTC CC…

DNAH10OS gene

human …CCCCAGGAATCCTCATTCCTGGGGCATCAA…
chimp …CCCCAGGAAT        GAGGCATCAA…
gorilla …CCCCAGGAAT          GAGGCATCAA…
orang …CCCCAGGAAT          GAGGCAGCAA…
gibbon …CCCCAGGAAT          GAGGCATCAA…
macaque …CCCCAGGAAT          GAGGCATCAA…

Figure 4.30.  Origin of protein-coding genes in humans [137]
C22orf45 gene: an enabling T-to-C mutation that removed a stop codon 
(shaded) present in all other species (upper diagram). DNAH10OS gene: 
an enabling ten-base insert (lower diagram).
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X (inactive)-specific transcript). This molecule acts like a glue to 

silence the X chromosome.

This mechanism of X chromosome inactivation operates only 

in eutherian mammals, and the XIST gene is found only in eutherians. 

The corresponding segment of the genome in marsupials, chickens, 

toads and fish does not have an XIST gene, and its place is occupied 

by another gene called Lnx3, which is missing in eutherians [141]. 

In the earliest eutherian mammals, the venerable old Lnx3 gene was 

pseudogenised, and parts of the leftover sequence were salvaged to 

fabricate XIST (Figure 4.31, upper diagram). The old garage has been 

demolished, but some of its timbers have been scavenged to make 

the rustic garden gazebo.

Partial sequences of XIST exon 4 and Lnx3 exon 4 are compared 

in Figure 4.31. The similarities are patent and extend well beyond 

the gene fragments shown. But in this short segment of DNA, three 

frameshift mutations are apparent in the eutherian sequences. These 

one- and two-base pair insertions may be seen either as disabling 

mutations (that scrambled the protein-coding capacity of Lnx3 and 

contributed to its pseudogenisation) or as enabling mutations (that 

helped generate the brand new XIST gene). Either way, they are mark-

ers of eutherian monophylicity. Humans and moles really do have a 

common ancestor. The effect of the base changes on gene functional-

ity, whether loss or gain (and in this case, both loss of Lnx3 and gain 

of XIST), is irrelevant to the issue of phylogenetic relatedness.

But what is the source of the XIST exons that were not derived 

from recycled parts of the Lnx3 gene? They include multiple bits and 

pieces identifiable as being TE-derived. The boundaries and target-

site duplications of these have long disappeared, but fragments of 

ERVs, LINE elements, MIR elements and DNA transposons are read-

ily discernable [142]. Recycling of gene sequences is not restricted 

to the XIST gene. Two other genes in this locus have also arisen by 

assimilating fragments of old genes, and by co-opting raw material 

imported in the form of TEs [143]. What might once have been dis-

missed as ‘junk’ DNA has been transmogrified into genetic riches. 
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Our elegant garden gazebo, which occupies pride of place on the front 

lawn, has been fabricated using timber salvaged from the old garage 

and scavenged from the municipal rubbish dump.

To perform its very particular role in cells, the XIST gene would 

have to be controlled by a suite of regulatory on/off mechanisms. 

Could a new gene and its regulatory circuits evolve concurrently? 

Evidence is growing that XIST has been incorporated into existing 

gene control networks. One key player is the REX1 gene, the ret-

rotransposed daughter of the YY1 gene. REX1 was spliced into the 

genome during the same epoch as that in which XIST originated. The 

new gene and its new regulator were assembled concurrently in pio-

neering eutherians [144].

The XIST gene encodes one of many long non-coding RNAs. 

The history of its formation will be one of many similar histories. 

The HOTAIR gene, for example, generates an RNA molecule that 



shared insertion mutations dating from eutherian ancestors

XIST, human

Lnx3, chicken

1                    2        3   4  5     6       7 8

1                     2   3  4 5  6 8         12

XIST, human …GCATGAGGATCCTCCAGGGGAAAAGCTCACTACCACT…
XIST, mouse …GCATGAGGATCCTCCAGGGGAATAGCTCACCACCACT…
XIST, rat …GCATGAGGATCCTCCAGGGGAATAGCTCACCGCCACT…
XIST, vole …GCATGAGGGTCCTCCAGGGGAATAGCTCACCAGCACT…
XIST, cow …GCATGAGGATCCTCCAGGGGAAAGATTCACTACCACT…
XIST, dog …GCATGAGGATCCTCCAGGGGAAAAGCTCACTACCACT…
XIST, mole …GCTTGAGGACCCTCCAGGGGAAAAGCTCACTACCACT…
Lnx3, chicken …G ATGAGAATAGTT  GGGGGTAAGGACACG CCACT…

Figure 4.31.  Derivation of XIST gene from Lnx3 gene sequences  
[141, 142]
Upper diagram: Parts of the XIST gene derived from Lnx3 are indicated 
by grey lines. Dotted boxes in XIST are exonised in other eutherians. 
Lower diagram: a comparison of sequences from eutherian XIST exon 4 
and chicken Lnx3 exon 4.
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controls the activity of the body plan-specifying homeobox genes. 

HOTAIR regulates the regulators. It is absent from non-mammals and 

monotremes, and appeared de novo in eutherian–marsupial ancestors 

[145]. The recruitment of TEs, especially ERVs, as building blocks of 

long non-coding RNAs has been widespread [146]. And genes from 

which are transcribed regulated long non-coding RNAs (in OWMs) 

have been identified as the sources of 24 new protein-coding genes 

that have appeared in hominoids [147].

4.8  Generating genes and genealogies

A further mechanism of gene generation might be considered. This 

takes us back to genetic upheavals that occurred in deep time. Many 

gene families are organised around four members. It has been pro-

posed that early in vertebrate development, many genes multiplied 

fourfold when the entire genome underwent two successive duplica-

tions: the first around the time when jawless fish arose and the second 

when cartilaginous fish arose. The whole-genome duplications were 

followed by widespread pruning of redundant genetic material.

This mechanism may be adduced in those cases where series 

of distantly related genes occur in the same order in different parts 

of the genome: so that ‘gene A–gene B–gene C’ has its counterparts 

‘gene A′–gene B′–gene C′’ elsewhere, with up to four related gene 

series. The fourfold reiteration of homeobox gene tandem arrays is 

a classical example [148]. The two-genome duplication scenario is 

reflected in various gene families.

The •	 α-actinin family is a select group with four members. Two of these 

are found in all cells, and contribute to the cytoskeleton – the protein 

network that holds cells together and enables them to migrate. The other 

two proteins, α-actinin-2 and -3, are present in muscle cells – although 

approximately a billion people lack α-actinin-3 because they share a 

particular mutation in the ACTN3 gene. The people possessing the 

pseudogene do not have disease because α-actinin-2 substitutes for the 

scrambled α-actinin-3. But people with two copies of the ACTN3 mutant 

gene are less likely to be elite athletes [149].
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Gene families that encode signalling proteins have been preferentially •	
expanded. Of interest to cancer biologists is the four-gene family that 

encodes receptors for epidermal growth factors. These receptors play vital 

roles in embryonic development, wound healing and (when deranged 

by mutations) cancer pathogenesis [150]. The seven-member relaxin/

insulin-like peptide gene family encodes hormones related to insulin, and 

probably expanded likewise. Subsequent losses or duplications occurred 

sporadically in particular lineages [151].

The •	 ATP2A genes, encoding calcium-transporting enzymes, comprise a 

candidate twice-duplicated family. The ATP2A1 gene is of particular note 

because it has been the location of a segmental duplication that enabled 

it to gain an intron – a rare event. An uninterrupted exon, containing 

the sequence …AGGT…, was duplicated to generate …AGgt … agGT… in 

which the (lower case) gt … ag bases came to provide splice donor and 

splice acceptor sites, marking the termini of a new intron (Figure 4.32). 

These factors indicate that the singular events that gave rise to the intron 

occurred in an ancestor of humans and zebrafish [152].

The appearance of new introns in pre-existing genes may be 

exploited to provide phylogenetic markers. Such rare innovations 

have been documented in genes that are derived from TEs (and that 

do not possess introns to start with). Intron-forming events have 

occurred at a trickle over chordate history. Some arose in the last 

common ancestors of tetrapods, of amniotes and of eutherian–mar-

supial mammals. But some 20 domesticated TEs have generated 

50 or more new introns in the ancestral line leading to eutherian 

mammals [153].

The study of gene families provides other phylogenetic mark-

ers from deep time. Gene sub-families appear sequentially, and the 

order of appearance can be used to deduce the order of relation-

ship of animal taxa. Mammals possess at least a hundred keratin-

associated proteins (KRTAPs) that contribute to the toughness 

of hair. The spawning of new KRTAP gene families has not been 

documented in primates; but the appearance of new families has 

been documented in both Boreoeutherian and eutherian–marsupial 

ancestors [154].
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human …ATTCCTGAAGGTCTGCCTGCA…
zebrafish …ATTCCTGAAGGTCTGCCCGCT…
lamprey …ATCCCCGAGGGCCTCCCGGCC…
lancelet …ATCCCCGAGGGTCTGCCTGCC…

I
P

E
G L

P
AATP2A, ATP2A2

no intron

human …ATCCCCGAAGgt … intron … agGTCTTCCTGCA…
zebrafish …ATTCCTGAAGgt … intron … agGTTTGCCCGCT…

I
P

E
G L

P
AG

ATP2A1
SD + intron

Figure 4.32.  Acquisition of an intron in the ATP2A1 gene [152]
The upper four sequences represent a conserved region of the human, 
zebrafish (ATP2A2), lamprey and lancelet (ATP2A) genes. The lower 
two sequences are from the ATP2A1 genes of humans and zebrafish, 
interrupted by an identically located intron. Letters in circles represent 
amino acids.
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Figure 4.33.  A summary of our evolutionary history

 

 



The origins of new genes264

Do new genes arise? The selected empirical findings described 

herein have amply documented ways by which new genes have been 

fabricated, and multiple steps are often involved. Comparative ana-

lyses have identified ancient lineages in which these happenings 

occurred. By abstracting representative genetic markers from those 

described in the preceding chapters, we end up with a coherent and 

firmly established picture of our evolutionary history (Figure 4.33).
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We have reviewed aspects of the nascent and burgeoning field 

of comparative genomics. We have found that DNA sequences 

archive DNA history, and that our genome has arisen from those 

of (now extinct) progenitors by mechanisms that are intrinsic to 

genetic systems.

But it might be asserted that the interpretations placed upon 

the genetic data are dependent on scientists’ evolutionistic presup-

positions. When we discuss presuppositions, which we all possess 

(even if we are unaware of them), we have left science and entered the 

realm of metaphysics. I have sought to reflect exclusively on science 

in Chapters 1–4. My guiding presupposition is that the laws of nature 

are consistent (albeit incompletely known) – which is an underlying 

assumption fundamental to scientific practice. An Alu element that 

arises in the human germ-line today operates through basically the 

same biochemical mechanisms as did an Alu element that arose in 

an anthropoid ancestor.

What of the charge that evolution is a religion? The genetic 

considerations outlined are precisely those that prevail in the starkly 

technical environment of a genetics laboratory. We have consid-

ered only the molecules and mechanisms of heredity. We have not 

approached phylogenetics from the perspective of some arcane ‘evolu-

tionary’ logic. On the contrary, my realisation that lineages of species 

may be defined by characteristic genetic fingerprints had compelling 

power only because, as a common-or-garden cell biologist, I was 

steeped in the principles by which lineages of cells are defined by the 

same familiar categories of heritable markers. The casanova principle 

is integral to heredity. If the conclusions drawn from Chapters 1–4 

are invalid, then the genetic basis of such academic disciplines as 
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developmental biology, virology, bacteriology, immunology, haema-

tology and oncology must be questionable. A principled rejection of 

such conclusions necessitates a principled rejection of every branch 

of science that considers DNA in its purview.

Evolution, of course, may be transmogrified into a metaphys-

ical system. This occurs when biological evolution is co-opted as the 

basis of a comprehensive world-view or of a system of ethics. But 

we have restricted ourselves to discussing the scientific evolutionary 

world-picture – upon which all of us, regardless of religion or world-

view, should readily agree. Nevertheless, as people, we reflect also 

on what this genetic history might mean for our humanity. Does the 

comprehensive genetic story we have surveyed encompass all that 

needs to be said about our humanness?

Such reflection should attend to category boundaries and keep 

certain distinctions in mind. Biologically, we constitute a twig of the 

mammalian branch of the phylogenetic tree. It does not follow that 

ontologically, we are merely another one of the millions of species that 

comprise that tree. Physically we are apes, genetically continuous with 

lemurs and platypuses. It does not follow that metaphysically we are 

nothing but another kind of ape. Our distinctively human body plan is 

specified by our distinctively human gene complement. This is not the 

same thing as the dogmatic belief that we exist only to serve our genes, 

or that our life histories are genetically predetermined. People who 

would desist from monkey wars must distinguish between biological 

evolution and metaphysical extrapolations therefrom.

Genomic science has included a search for the genes ‘that make 

us human’. That aim may engender anxiety, if not hostility, in peo-

ple who see themselves as more than genes. More integrative assess-

ments emphasise how humanness arises from the non-dissociable 

mix of genetics, environment and culture [1]. Our genes are neces-

sary – but not sufficient – to account for our humanity. This may be 

illustrated by the inability of genetics alone to specify the function of 

two biological tissues that underlie our health and humanity. These 

tissues are responsible for immunity and conscious thought.
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During the development of each individual, the immune and 

neural systems arise by evolutionary strategies involving Darwinian 

selection of cells into functional networks. Both immune and brain 

networks develop only in intimate interaction with the environ-

ment. The immune system requires cues from the microbial milieu 

in order to provide adequate surveillance for potential disturbances 

in the body. The neural system requires sensory input and social 

interaction with persons to develop into the substrate of a fully 

human personality. Neither system is genetically determined. The 

genes that specify immune and neural function require the tutelage 

of independent players in the outside world.

1  Immune systems

Our immune systems provide essential defence mechanisms against 

infectious diseases. Genes, of course, underlie all the functional poten-

tialities of which our immune systems are capable (see Section 4.4.5). 

But genes encoding immune system components may malfunction in 

sterile germ-free environments. Those genes need to be schooled by 

products arising from the genes of other organisms if they are going 

to function appropriately. To be a healthy human is to integrate the 

action of one’s own genes with those of innumerable others.

Humans throughout history have lived in intimate interaction 

with microbes. Some microbes are pathogenic, and these have always 

dominated our thinking about the microbial world. Words such as 

plague, pestilence and pox carry unhappy associations. But most 

microbes are fellow travellers, and we are unaware of their existence. 

They constitute the diverse commensal microflora that live innocu-

ously in every nook and cranny of the surfaces of our bodies. The 

realisation is growing that many of them are beneficial to us. Their 

life-supporting effects are only now becoming apparent.

We frequently damage our skin. Cuts and abrasions are daily 

occurrences. The repair processes are in part regulated by bacteria 

that live in the skin: Streptococcus epidermidis is part of the repair 

process. It releases a product (lipoteichoic acid) that interacts with 
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cellular TLR3 receptors and contributes to the control of inflamma-

tion and thence to the repair and ongoing integrity of the epidermal 

barrier that separates ‘us’ from the ‘world out there’. For practical 

purposes these bugs are ‘us’ [2].

The same thing happens in the gut. Breaks in the lining of the 

intestine occur all the time. Repair is initiated in part by bacterial 

cell wall components called endotoxins (notorious for their damag-

ing effects) interacting with cellular TLR4 receptors and inducing 

the synthesis of prostaglandins that orchestrate repair [3]. Indeed 

microbes in the intestine are implicated in the maintenance of struc-

tural, metabolic and immune normality by interacting with epithe-

lial and immune cells [4]. Aggregates of lymphocytes and other cells 

mediating immunity (lymphoid follicles) are abundant in the wall of 

the intestine. They develop only in the presence of appropriate com-

mensal bacteria and their released peptidoglycans [5].

It is likely that, during human evolution, our forebears and their 

microbial passengers worked out highly beneficial mutual relation-

ships. Diverse communities of bacteria and worms lived with (pre-)

humans in such a way as to be minimally provocative and disruptive. 

They became indispensable parts of our biology. We may rightly con-

sider them to be ‘old friends’. They secreted products, now dubbed 

immunomodulins, that acted as essential regulators of immune 

reactivity. These substances induce the production of a class of lym-

phocytes (regulatory T cells) that act as the ‘fire extinguishers’ of the 

immune system.

But the suspicion is growing among biomedical scientists that 

with urbanisation, affluence and increased hygiene-consciousness, 

we have distanced ourselves from many of our ‘old friends’. In an 

ever more sanitised environment, their moderating influences have 

waned, and our immune systems have started to malfunction. This 

is an attractive explanation for the observation that, in wealthy over-

developed countries, diseases of immunity are increasing in frequency. 

These include inflammatory bowel diseases, autoimmune diseases 

(type 1 diabetes, multiple sclerosis) and allergies (hay fever, asthma). 
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A spectrum of ideas that fall under the heading of the hygiene or 

microbiota hypothesis posit that these ailments of advanced civilisa-

tion are becoming more prevalent because our immune systems lack 

the tutelage offered by our former microbiological entourage [6].

Human genes encode the potential for an appropriately func-

tioning immune system. Microbial genes allow that potential to 

be realised. An elaboration of this theme is that highly processed 

Western diets, deficient in fermentable plant fibre, affect the types of 

microbe in the gut and so indirectly promote asthma, autoimmune 

diseases and obesity [7].

The beneficial influences of ‘old friends’ have been shown exper-

imentally in mice. The development of inflammatory bowel disease 

can be suppressed by the presence of a bacterium called Bacteroides 

fragilis. This microbe releases an immunomodulin (polysaccharide 

A) that promotes the function of regulatory T cells, those soothing 

moderators of immune reactivity [8]. Other bugs contribute similarly 

[9]. Pedigree non-obese diabetic mice spontaneously develop type 1 

diabetes. Development of the disease can be suppressed if the mice are 

colonised with a group of human commensal bacteria, or if they are 

treated with material from one of several species of parasitic worms 

[10]. Experimental perturbations of the gut microflora affect the devel-

opment of that inflammatory condition known as obesity [11].

Dramatic results have been obtained in humans as well. 

Patients suffering from inflammatory bowel diseases have been fed 

worm embryos as part of their medical treatment, and have subse-

quently shown clinical improvement [12]. Medical science is reach-

ing new heights of sophistication with the transfer of faeces from the 

bowels of healthy people into the bowels of patients with chronic 

bowel infections, diabetes and ulcerative colitis. Bug therapy seems 

to help [13]. Patients with multiple sclerosis who were infected with 

worms during the course of their treatment had a much more favour-

able outcome than those who remained worm-free [14].

With respect to allergic disease, the safest environment is the 

microbially loaded context of the farm [15]. So could microbes be 
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used to treat allergies? Some children at risk of developing eczema 

are protected if exposed to the commensal bacterium Lactobacillus 

rhamnosus during fetal development (by feeding the mother) and for 

the first two years of life [16]. Out-of-control immune systems really 

do seem to reform if reunited with ‘old friends’.

People have widened the microbiota hypothesis. Synergising 

gut microbes may affect brain development and behaviour [17]. In 

overdeveloped countries, our estrangement from many species of 

commensal bacteria may promote the development of other inflam-

matory conditions including heart disease, cancer, neurodegenera-

tion and depression [18]. Epidemiological evidence supports these 

speculations. As we age, our very personal assemblage of microbes 

reflects our diet and correlates with general vigour, muscle mass, 

mental outlook and our ability to live independently [19].

To be healthily human is to have an immune system trained by 

our microbial environment. Our own genes for immunity are neces-

sary, but not sufficient, for optimal immune function. They must be 

taught how to function. They develop only by experience, in rela-

tionship with an invisible community of fellow travellers. Genes do 

not work in autonomous isolation.

2  Nervous systems

Much work has been done to see whether the brains of humans and 

of other hominoids show different patterns of gene expression [20]. 

This fascinating question might tempt the unwary to presuppose a 

simple ‘genes form brains’ paradigm. But there is also the vital ques-

tion of whether the brains of richly socialised humans and socially 

isolated humans might show differences in gene expression.

Just suppose we had identical twins: John enjoyed a rich net-

work of family and social connections; George had lived alone in the 

jungle since infancy. Only John would have learned language and all 

that goes with it. Might these histories be reflected in their brain 

transcriptomes? Such gene expression experiments cannot be done, 
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of course. Even if such genetically identical pairs existed, people’s 

brains are not biopsied routinely.

Humans undergo delayed brain development (called neoteny) 

relative to other primates [21]. Some genes in the prefrontal cortex are 

expressed later in humans than in chimps. The difference in expres-

sion of these genes is maximal at about 10 years of age. This delay 

in brain development reflects an extended period of neuronal plasti-

city, allowing children a longer time to acquire knowledge and skills 

from caregivers. Suppose that George of the jungle’s (human) genes 

for brain development operated in a chimp cultural milieu. His brain 

may have been configured very differently from John’s. Genes make 

a human animal. Living in community may be required to make a 

human person.

The development of the brain is hugely flexible. It is not deter-

mined by genes alone. In a much-cited study, the brains of London 

taxi drivers were compared with those of non-taxi drivers, using an 

imaging method known as structural MRI [22]. The brains of London 

cabbies were shown to have distinctive anatomical features: the pos-

terior hippocampus was increased in volume and the anterior hip-

pocampus was reduced. These changes were correlated with the time 

spent driving taxis, suggesting that they developed in response to 

the experience of navigating around London. In other words, people 

did not become taxi drivers because they started off with distinctive 

hippocampi.

Similar studies have been performed on other groups of trained 

people. Musicians have distinctively developed structural features in 

their brains. These are located in the precentral gyrus, the corpus 

callosum and the cerebellum. The extent of these changes correlates 

with the age at which musical training commenced, indicating that 

the changes are a consequence, not a cause, of musicianship. Jugglers, 

university students cramming for exams and elite golfers have their 

own characteristic brain morphologies and functional characteristics. 

These changes reflect experience-dependent neural plasticity [23].
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Autonomously acting genes are not the sole determinant of 

brain development. Genes function in environments. For many lead-

ing researchers, the old ‘nature versus nurture’ dichotomy is dead 

[24]. One cannot disentangle inherited and experiential influences on 

brain development. Simplistic either/or models have been replaced 

by new emphases on gene–environment interactions, genome regula-

tion by experience, and brain plasticity. Genes function optimally in 

neural development only as they are instructed by multiple environ-

mental cues: sensory stimulation, nurture, relationship, experience 

and training. Joan Stiles states that the ‘emerging picture of brain 

development is of a dynamic and adaptive system that is constrained 

by both inherited factors and the experience of the organism’ [25]. 

And if brain activity underlies mind, it follows that genes cannot 

fully determine how human minds develop.

2.1  Critical periods

Brain development in infancy is exquisitely sensitive to environ-

mental influences. These influences may be physical (light, sound) 

or social (the non-quantifiable quality of attentive loving nurture). 

Appropriate stimuli are required during critical periods for the laying 

down of the relevant neural circuits. The outside world modifies the 

function of genes in nerves.

One might suppose that vision, at least, is hard-wired in the 

brain. But vision arises in infancy, when the appropriate brain cir-

cuits are formed in response to neural input from the eyes. If for any 

reason an eye is (reversibly) closed during a critical period in infancy, 

then the necessary neural circuits are not assembled, and vision is 

permanently impaired. This is the phenomenon of amblyopia, which 

affects up to 5% of the human population [26]. Conversely, people 

who are blind from birth, or who lose their vision during a critical 

period (the first three years of life), redeploy a part of the brain that 

usually responds to moving objects that are seen, so that it responds 

to moving objects that are heard. The middle temporal complex 

adapts to serve whatever modality of sensory reception feeds impulses 

to it [27].
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Humans respond to faces  – especially those that express fear. 

This may be part of a mechanism that alerts individuals to danger, and 

is probably functional by 7 months of age – just when infants become 

hazardously mobile. Particular neural circuits mediate this sensitivity 

to fearful faces. The basic circuitry is gene-specified, but requires real-

life experience of people’s faces to acquire its fully functional form. 

This experience-driven fine-tuning may be especially efficient during 

a sensitive period when individuals first encounter faces [28].

The development of the normal range of auditory sensitivity 

requires exposure to sounds of the corresponding range of wave-

lengths. Such exposures sculpt the requisite neuronal connections 

in the primary auditory cortex [29]. The acquisition of language from 

infancy requires neural circuitry that is laid down by experience. 

Exposure to language is required for the neural connections that 

allow babies to discriminate between phonemes (the fundamental 

units of speech), syllables, syntax and words. Such learning is max-

imally efficient during critical periods of development. It seems to be 

necessarily social [30]. There may be connections between language 

and thinking. We may think both in images (initially) and in words. 

One must suppose that to think in words requires the capacity for 

using language, which requires a cultural context. It follows that the 

capacity for human thought is at least partially dependent on social 

milieu [31]. Even the capacity to read (whether acquired as a child or 

an adult) affects the functional circuitry of the brain [32].

Multiple aspects of the social environment in which children 

are raised (parenting, neighbourhood influences, economic and socio-

political context) affect early development. During critical periods 

in infancy, neurons become poised to respond to such inputs and 

form networks that support cognitive, sensory, muscular, emotional, 

behavioural and social competencies. Infancy is a critical period, 

when social inputs feature as lifelong determinants of health [33].

2.2  Learning from neglect

There is a new threat on the plains of Africa. Gang trouble. Family units 

have been disrupted, and groups of violent, antisocial adolescents are 
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terrorising their neighbours. The gangs are composed of young male 

elephants and their victims are rhinos. Young elephants need their 

mothers and the input of extended family groups to be socialised. 

The culling of elephant herds has disrupted bonds between moth-

ers and their offspring. It has led to the phenomenon of orphaned 

elephants that grow up to be delinquent – depressed, unpredictable 

and aggressive. Juvenile elephants that experience separation from 

their mothers, deprivation or trauma undergo perturbed brain devel-

opment. The production of neurons, synapses and neurotransmitters 

is abnormal [34]. Elephants’ genes produce optimally functioning 

elephants’ brains only in the context of elephants’ social networks.

Similar findings have accrued from studies of rodents, pigs and 

dogs. Early-life nurturing is essential for normal brain development. 

Maternal inattention, maternal separation or early weaning predis-

poses the offspring to later behavioural problems such as anxiety, 

aggressiveness and (in turn) poor mothering skills. Long-term learn-

ing and memory may be compromised. Such behavioural problems 

appear to reflect abnormalities in myelination, in the formation of 

dendritic spines, and in the production of neurons in the hippocam-

pus. Males may be more vulnerable than females to behavioural 

damage from neglect [35]. In mice, there is a critical period (the 

fourth and fifth weeks) during which social interaction drives mye-

lination and oligodendrocyte maturation in the medial prefrontal 

cortex, and establishes subsequent patterns of social exploration and 

memory [36].

Early-life anxiety generates long-term changes in the effects 

of glucocorticoid stress hormones. This is true whether one studies 

maternal inattention in rodents, or abuse and neglect of human infants 

[37]. Elevated stress hormones adversely modify brain development, 

and the consequences may extend (epigenetically) across generations. 

The neglect of young children deprives them of social and emotional 

inputs that are vital for their long-term development. Socioemotional 

deprivation has enduring effects on children’s behaviour, as well as 

on the function and the very structure of their brains.
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In one study, orphans who had spent most of their early lives 

in starkly impoverished institutions, and who were subsequently 

adopted and nurtured in families for several years, manifested normal 

executive functions (planning and decision-making) but performed 

poorly in at least some functions that are related to memory, atten-

tion and learning [38]. These observations suggest that there were 

persistent abnormalities in the circuitry of the prefrontal cortex and 

its connections with other areas.

Orphans who are institutionalised for the first few years of 

life, and who are given suboptimal levels of attention and care, often 

appear to be mentally retarded. When these children are adopted into 

supportive families, cognitive performance rapidly improves but 

subtle behavioural abnormalities may remain. The children tend to 

have reduced verbal skills, attention deficits and greater impulsiv-

ity. Sophisticated imaging techniques have shown that parts of these 

children’s brains remain abnormal, both functionally (in terms of 

metabolic rate) [39] and structurally (in terms of the volume of cor-

tical grey matter and the anatomy of connecting nerve tracts). In par-

ticular, a tract of nerve fibres known as the left uncinate fasciculus 

appears to be structurally altered [40].

Neglect of children is associated with altered anatomy, in 

adolescents, of the main nerve fibre tract in the brain, the corpus 

callosum [41]. Inadequate early-life nurturing predisposes people to 

an adulthood characterised by anxiety in social relationships. This 

is accompanied by alterations in neuronal structures, especially 

in brain areas implicated in emotional function [42]. Emotional 

neglect as children is associated with depression and reduced left 

hippocampal white matter volume as adults [43]. Genes alone do 

not determine the structure of white matter (nerve fibres) or grey 

matter (nerve cell bodies). Genes generate brains in the context of 

personal care.

Researchers try to distinguish the effects of socioemotional 

deprivation from other factors such as malnutrition and alcohol dam-

age, although confounding factors cannot be rigorously excluded in 
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human studies. Nevertheless, experimental studies on other primates, 

such as marmosets and macaques, designed to minimise confound-

ing factors, have established that neglect is causally related to endur-

ing abnormalities in behaviour, in brain structure and function, and 

(perhaps via the sympathetic nervous system) in long-term immune 

capability [44]. In captive macaques, smaller social networks (fewer 

animals per group) appear to lead to reductions in some grey matter 

areas and in certain neural networks (reduced coupling of activity in 

frontal and temporal cortex) [45].

Children from poor socioeconomic backgrounds experience 

more depression, anxiety, attention problems and conduct disorders 

than other children. The association between poverty and behav-

ioural difficulties is multifactorial. Stressed parents may be less 

involved with their children, who may thus manifest neurological 

sequelae of neglect [46].

Adequate levels of care may be particularly important during a 

defined phase of brain development. Nurture may be needed during 

a sensitive or even critical period. Young children transferred from 

institutional neglect into caring foster families show a big catch-up 

in brain function and structure. This capacity to rebound declines as 

the age of transfer increases [47].

In summary, children’s brains develop optimally in an envi-

ronment characterised by stable emotional attachments with their 

caregivers. Human genes make healthy human persons in the social 

milieu of human love and attachment – a love that is learned and 

freely given, and that must be categorically different from geneti-

cally encoded instinctive altruism [48]. Genes, sculpted over mil-

lions of years of biological evolution, generate a neural primordium 

that attains its potential only in the context of personal qualities 

such as love and all the virtues that go with it. To be human is to 

have evolved to the stage at which genes provide the capacity for the 

expression of those qualities that constitute optimal levels of rela-

tionship, and that may be seen as not merely biological but as moral 

and spiritual.
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3  Features of personhood

Being fully human entails a capacity known as mentalisation [49]. 

Our own mental abilities allow us to perceive and interpret men-

tal states in other people. As we observe how other people act, we 

can attribute to them feelings, thoughts, desires, goals and beliefs. 

It seems that we acquire such understandings as a ‘developmental 

achievement’. Mentalisation arises from the earliest relationships 

that we form with our first caregivers. It is not a ‘constitutional 

given’. We are not born with it. Our genes confer upon us the cap-

acity to develop it, but do not specify it. Inadequate relationships 

with early-life caregivers may lead to abnormalities of mentalisation, 

and may be factors in the development of mental disease.

A somewhat more narrowly defined capacity is known as the-

ory of mind (ToM). This is the ability to recognise that other people 

have a mind like one’s own, and that their understanding of a situ-

ation might be different from one’s own, as it depends on their own 

experience. Children who have experienced inadequate early-life 

nurturing show impaired ToM – a risk factor for enduring psychologi-

cal problems. Improved caregiver input enhances the development of 

ToM in preschool children [50].

The acquisition of language may be important for the develop-

ment of ToM [51]. This hypothesis arises from the study of a commu-

nity of deaf people in Nicaragua. These people developed a sign language 

spontaneously and for the first time. The language has been developing 

progressively over several decades. Early versions of the language lacked 

signs for mental states (verbs for belief and knowledge, such as think 

and know), and people who possessed this basic language had only a 

limited understanding of how others might act in situations in which 

they lacked the observer’s knowledge. The subsequent development 

of a more elaborate language with mental-state vocabulary conferred 

upon individuals the capacity to anticipate others’ actions. Language, 

in other words, is important for the development of ToM. The acquisi-

tion of ToM is not innate, but depends on social interaction.
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The role of culture and language in the development of ToM 

has been shown using functional MRI to identify those parts of the 

brain that are metabolically stimulated when people are involved 

in certain mental activities [52]. In both monolingual American 

and bilingual Japanese children, ToM is associated with the med-

ial prefrontal cortex and precuneus. But other areas are language- or 

culture-dependent: the temporo-parietal junction (in Americans) and 

the inferior frontal gyrus (in Japanese). There was variation in brain 

areas used in ToM depending on whether Japanese people had learned 

English as children or as adults.

Functional MRI has shown that brain areas associated with 

ToM are involved also in religious thinking. Relational and reli-

gious thinking share at least some neural circuits [53]. This finding 

resonates with spiritual frameworks such as those that are central 

to Christian thought, which emphasises the psychosomatic unity of 

human being, eschews mind/spirit–body dualism and emphasises the 

centrality of relationship in religious experience [54].

Humans can orientate their actions according to long-term 

goals. Intentionality is the capacity to entertain goals (and the plans 

on how to attain them) that extend beyond current sensory experi-

ence. Philippe Rochat proposes that ‘intentionality emerges as the 

by-product of reciprocal social exchanges’ [55]. In this framework, 

intentionality arises from the interpersonal realm. It is not innate 

(genetically specified) but is learned from others.

Peter Steeves has proposed that the burgeoning consciousness 

of the human infant will not develop human intentionality on its 

own, but requires the presence of a ‘significant other’ who is human. 

To develop human intentionality, one must be treated as one who 

has human intentionality. To be human is to be treated by humans 

as human. Human caregivers attending to infants are responsible 

for enabling human persons [56]. Such an understanding of human 

development is seen in the Xhosa saying ‘umuntu ngumuntu nga-

bantu’: a person becomes a person through persons [57]. Relationship 

is required for the realisation of human potential. Genes provide the 
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potential for personhood, but cannot suffice to make us human. The 

marvel of the human genome is that it supports social learning [58]. 

Western individualism may be a distorted metaphysical lens through 

which to interpret the nature of humanness.

4  Stories and narrative identity

In a period spanning the 1940s to the 1960s, thousands of children 

were raised under dehumanising conditions in orphanages in Quebec, 

Canada. Known as the ‘orphans of Duplessis’ (after the State Premier 

of the time) many of them experienced emotional hardship during 

adulthood. For selected individuals, the interplay between child-

hood experience, natural temperament and adult influence has been 

explored by following their stories. Bob, for example, was shunted 

between several institutions, could recall few positive relationships 

with staff, and was often hit, verbally abused or locked up. But he 

refused to be cowed. He found solace in music and, as an adult, relief 

with supportive families. His background threw a long shadow over 

his employment, in which his desire for independence meant that he 

often struggled to meet the expectations of others [59].

Psychiatrists have used the power of stories to elucidate the 

effects of trauma, such as early-life neglect and abuse, on subsequent 

emotional and social development. Stories ‘communicate experi-

ence, connect people to their past, and bring meaning to their present 

and future’ [60]. People’s stories may elucidate the basis of ‘organic’ 

diseases [61]. The ability to compose stories – narratives that inte-

grate and interpret events – may be intrinsic to our humanity and to 

the normal workings of our minds. Narratives may be fundamental 

constituents of conscious thought and of the way in which people 

communicate their thoughts to others. One of the functions of con-

scious thought may be to construct experience as stories: internal 

‘movies’ that simulate experience. Such narratives are vital ways of 

understanding the past and planning for the future [62].

The particularity of stories affects our personal develop-

ment throughout life [63]. Research indicates that we are authors, 
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constructing evolving stories of our lives. That is, we develop a life 

story or narrative identity that is integral to the concept of self. 

Parental discourse through infancy is essential for the development 

of the self-story in the child. We construct our narrative identities on 

the basis of stories learned from parents, family and the wider soci-

ety. It has been suggested that

stories are the substance of the self … To witness the 

construction of situated stories is to understand the dynamic 

development of the self. Indeed, sharing stories is the mechanism 

through which people become selves. [64]

The importance of stories explains why, in the heady year during 

which the human genome study was published (2001), Alex Mauron 

could write:

To be a human person means more than having a human genome, 

it means having a narrative identity of one’s own. Likewise, 

membership in the human family involves a rich nexus of 

cultural links that cannot be reduced to taxonomy. On the 

question of human nature, we need a philosophical fresh start 

that cannot be provided by genomics alone. [65]

The flood of spectacular findings issuing from genomics research pro-

vides an ever-present temptation to disregard these cultural aspects 

of humanness.

Stories contribute to the formation of our world-views: the 

frameworks by which we perceive and interpret the world. We all 

possess a world-view, whether or not we are aware of it. Theologian 

Tom Wright suggests that a key feature of all world-views is the 

element of story. Our lives are ‘grounded in and constituted by 

the implicit or explicit stories which humans tell themselves and 

one another’. Indeed world-views and their stories are normative: 

they claim to make sense of reality. Stories articulate, legitimate 

and support, modify, challenge, subvert or even destroy world-

views [66].
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Stories to which we are attentive effectively structure our expe-

riences, guide and orient our lives, and shape our senses of virtue, 

value, vision and obligation [67]. It is stories that form and sustain 

the moral life: maxims and precepts are merely skeletal abstractions 

of the contents of stories. Stories give coherence to the intentionality 

that orients our lives, and so are important factors in moulding the 

consistency of our behaviour. That is, stories are character-forming. 

As Hauerwas states, ‘theories are meant to help you know the world 

without changing the world yourself’ but ‘stories help you deal with 

the world by changing it through changing yourself’ [68].

Genes cannot induce virtue in individuals, create loving and 

supportive families and communities, engender integrity in lawyers 

or even in scientists, generate just societies, or sustain democracies. 

It is the stories we assimilate that direct the courses of our lives. 

Prevailing stories may describe the inane world of celebrity culture. 

They may portray compunction-free strategies for amassing wealth. 

They may glamorise military conquest and the subjugation of oth-

ers. Individuals and communities that regale themselves with such 

stories end up by re-enacting them.

But there are stories that take us by surprise, haunt, inspire 

and potentially ennoble us. We may stumble upon stories that are 

counterintuitive but that address us with compelling authority. One 

may be disturbed, excited or even enraged. This is where religiously 

motivated opposition to biological evolution seems so incongruous. 

No branch of biology can be expected to provide a formative, human-

ising narrative. Should not the constituents of the anti-evolution 

lobby instead direct their energies to the narrative summarised as: 

‘Love your enemies, do good to those who hate you’ [69] – a perennial 

challenge issuing from a historical context of injustice, foreign mili-

taristic oppression and seething revolutionary ferment?

This story is embodied in the injunction to ‘love your neigh-

bour as you love yourself’ – where neighbour was defined as anyone to 

whom one might show compassion, regardless of the most-enduring 

or deep-seated traditions of tribal, cultural or political animosity 
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[70]. Holmes Rolston has said of an individual who fulfils this moral 

imperative [71]:

Such a person acts, on the moral account, intending to benefit 

others at cost to himself, and, on the genetic account increasing 

the likelihood of the aided person’s having offspring over one’s 

having them.

This maximally inclusive understanding of neighbour-love repre-

sents an ethic that is foreign to the mindset of, and the institutions 

created by, Homo economicus or H. industrialis. It stands in radical 

contrast to the destructive stories and attitudes that legitimate self-

interest and sustain long-lasting hostilities between communities.

This story inverted human values with the challenge, ‘If one of 

you wants to be great, he must be the servant of the rest, and if one of 

you wants to be first, he must be the slave of all’ [72]. This story tran-

scends and contravenes the logic of genetics. It presents people with 

the moral choice to disregard their own genetic fitness (reproductive 

success) for the sake of that of non-reciprocating, even hostile, stran-

gers. Science provides indicatives (the oceans are acidifying); stories 

provide imperatives (my consumptive lifestyle is selfish).

We should be alert for any tacit assumption that the possession 

of a human genome guarantees the perpetuation, let alone the con-

tinual progress, of human civilisation. The evolutionary geneticist 

Svante Paabo has argued as follows.

We need to leave behind the view that the genetic history of our 

species is the history par excellence. We must realise that our 

genes are but one aspect of our history, and that there are many 

other histories that are even more important … it is a delusion to 

think that genomics in isolation will ever tell us what it means to 

be human. To work toward that lofty goal, we need an approach 

that includes the cognitive sciences, primatology, the social 

sciences, and the humanities. [73]
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Evolutionary geneticist Francisco Ayala has quipped that ‘In 

matters of value, meaning and purpose, science has all the answers 

except the interesting ones.’ The scientific story does not reveal the 

world of persons. Again, to quote Ayala: ‘Successful as it is, and uni-

versally encompassing as its subject is, a scientific view of the world 

is hopelessly incomplete’ [74]. If we are to defuse the evolution wars, 

scientists who pronounce on others’ stories (such as the formative 

history of Christianity) must show the same informed openness to 

that history as they would require of a religious non-scientist who 

pronounces on biological history.

Our genomes embody a fascinating and highly enlightening 

story of our evolutionary development and biological history. This 

story has been explicated by rigorous empirical investigation. Perhaps 

there is a tendency among scientists, obsessively absorbed in their 

fields of study, to see humanity only in terms of those preoccupying 

academic disciplines. Professional tunnel vision may make us oblivi-

ous to our own formative narratives and uncritically dismissive of 

those of others. It is easy to forget that we are formed as persons by 

the particularities of human history, and these should be assessed 

on their own merits. A critical openness is needed when we investi-

gate histories, for when it comes to being human, genetics is not the 

whole story.
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