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Abstract

The Dynamic Eukaryote Genome: Evolution,
Mobile DNA, and the TE-Thrust Hypothesis

Abstract

The discovery of transposable elements (TEs) by Barbara
McClintock in the 1940s, triggered a new dawning in the
development of evolutionary theory. However, similar to Gregor
Mendel’'s development of the laws of heredity in the nineteenth
century, it was a long time before the full significance of this
discovery was appreciated. Nevertheless, by the beginning of the
21% century, the study and recognition of TEs as significant
factors in evolution was well underway. However, many
evolutionary biologists still choose to ignore them, to highlight the
loss of fitness in some individuals caused by TEs, or concentrate
on the supposed parasitic nature of TEs, and the diseases they

cause.

The major concept and theme of this thesis is that the ubiquitous
and extremely ancient transposable elements are not merely “junk
DNA” or “selfish parasites” but are instead ‘powerful facilitators of
evolution’. They can create genomic dynamism, and cause
genetic changes of great magnitude and variety in the genotypes

and phenotypes of eukaryotic lineages.

A large variety of data are presented supporting the theme of TEs
as very significant forces in evolution. This concept is formalised

into a hypothesis, the TE-Thrust hypothesis, which explicitly

Murdoch University, Perth, Australia i



Abstract

presents detaill of how TEs can facilitate evolution. This
hypothesis opens the way to explaining otherwise inexplicable
aspects of evolution, such as the mismatch between the phyletic
gradualism theory, and the punctuated equilibrium concept, which

is based on the fossil record.

Data from the studies of many metazoans are analysed, with a
focus on the well studied mammals, especially the primates. Data
from the seed plants are also included, with a strong focus on
Darwin’s ‘abominable mystery’, the rapid origin, and the

extraordinary success of the flowering plants.

TEs are ubiquitous and many of them are extremely ancient,
probably dating back to the origin of the eukaryotes, and some are
also found in prokaryotes. TEs can build, sculpt and reformat
genomes by both active and passive means. Active TE-Thrust is
due to transpositions by members of the TE consortium, or their
retrotransposition of retrocopy genes, or by new acquisitions of
TEs, or by the endogenisation of retroviruses, and other similar
phenomena. Major results of this are that the promoters carried by
TEs can result in very significant alterations in gene expression,
and that sequences from the TEs themselves can become
exapted or domesticated as novel genes. TEs can also cause
exon shuffling, possibly building novel genes. Passive TE-Thrust
is due to large homogenous consortia of inactive TEs that can act
passively by causing ectopic recombination, resulting in genomic
deletions, duplications, and possibly karyotypic changes. TE-
Thrust often works together with other facilitators of evolution,

such as point mutations, which can occur in duplicated, or
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retrocopy genes, sometimes resulting in new functions for such

genes.

A major concept in the TE-Thrust hypothesis is that although TEs
are sometimes harmful to individuals, and can lower the fitness of
a population, they endow the lineage of that population with
adaptive potential and evolutionary potential. These are extremes
of a continuum of intra-genomic potential, and are not separate
entities. This adaptive/evolutionary potential due to the presence
and activities of the TE consortium of the genomes in a lineage,
greatly enhance the future survival prospects of the lineage, and
its ability to undergo evolutionary transitions, and/or to radiate into
a clade of multiple divergent lineages. Lineages may acquire a TE
consortium by new infiltrations of TEs, either by horizontal
transposon transfer, de novo synthesis, or endogenisation of
retroviruses. Lineages lacking an effective TE consortium are
likely to lack adaptive/evolutionary potential and could fail to
diversify, become *“living fossils”, or even become extinct, as many

lineages ultimately do.

The opposite of extinction is the fecund radiation of lineages, and
it is shown here that fecund species-rich lineages such as rodents
(Order Rodentia) and bats (Order Chiroptera) and the
angiosperms, are all well endowed with many viable active TEs.
The Simian Primates which have undergone major evolutionary
transitions are also well endowed with viable and periodically
active TEs, and/or large homogenous populations of TEs. Data on

the “living fossils” such as the coelacanth and the tuatara are very
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limited, but indicate a lack of new acquisitions of TEs, and/or the

mutational decay of ancient TE families in their genomes.

Lineages are often in stasis, but a new acquisition of TEs, or other
factors such as stress, hybridisation, or whole genome
duplications (especially in angiosperms) may trigger a major burst
of activity in the TE consortium, resulting in an evolutionary
punctuation event. The TE-Thrust hypothesis thus offers an
explanation for the punctuated equilibrium, frequently observed in

the fossil record.

There are many other known facilitators of evolution, such as
point mutations, whole genome duplications, changes in allele
frequency, epigenetic changes, symbiosis, hybridisation, simple
seqguence repeats, karyotypic changes, drift in small populations,
allopatric and sympatric reproductive isolation, co-evolution,
environmental and ecological changes, and so on. In addition,
there may be some as yet unknown facilitators of evolution.
However, TEs usually make up between 20 to 80 percent of the
genomes of eukaryotes, as against one or two percent of coding
genes, and are known to be able to make genomic modifications
(“mutations”) that cannot be made by other facilitators of
evolution. TEs also come in many superfamilies, and in thousands
of families, which make up the mobile DNA of the earth’s biota. It
is apparent then that their influence on, and facilitation of,
eukaryotic evolution has been very significant indeed. In this
thesis data are presented, which indicate that these ubiquitous
and extremely ancient TEs are powerful facilitators of change,

essential to the evolution of the earth’s biota.
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The TE-Thrust hypothesis, when fully explored, developed, and
tested, if confirmed, must result in an extension to the Modern
Synthesis, or even become a part of a new paradigm of

evolutionary theory.
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Chapter 1: General Introduction

Chapter 1

General Introduction

1.1 Barbara McClintock’s Transposable Elements

Major discoveries, by Gregor Mendel, and by Barbara McClintock,
were two very important breakthroughs that were very slow in
gaining recognition (Fedoroff 1999). When Gregor Mendel carried
out his experiments on crossing different lines of peas (Pisum
sativum), and formed the concepts that have become the basis of
modern genetics he was unknowingly investigating a genomic
modification due to a transposable element (TE). The difference
between the dominantly inherited full round seeds, and the
recessively inherited wrinkled seeds, is due to the insertion of a
TE, similar to Ac/Ds in maize, into the SBEI gene for a starch-
branching enzyme, which reduces starch synthesis, and results in
wrinkled yellow seeds (Bhattacharyya et al. 1990), as indicated in
Figure 1-1. However, Mendel's paper was ignored for 35 years,
even though it contained insights essential for an understanding of
genetics. Similarly, Barbara McClintock discovered TEs in the
1940s (McClintock 1950; 1956; 1984) and it took another 30 years
and more, for the significance of her finding to be appreciated,
when TEs were eventually recognised as creators of genomic
variation, on a large and multifaceted scale, that was
unimaginable to the contemporary biologists prior to this (Kidwell
and Lisch 1997).
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Figure 1-1. Google’'s 2010 Tribute to Gregor Mendel, who
unknowingly used a pea plant with a TE insertion in the SBEI
gene (Bhattacharyya 1990), in his derivation of the laws of
inheritance. Although long ignored, his work eventually resulted in
big advances in evolutionary theory, which are relevant to the
present day.

McClintock won the Nobel Prize in 1983, largely for the
introduction of a completely new concept in which chromosomes
were no longer considered to be rigid structures, but to be flexible,
thus allowing reorganisations of the genetic material. This
reorganisation is catalysed by transposable elements (which she
called ‘controlling elements’), which not only jump from one place
to another in the genome, but can also influence the expression of
other genes (Comfort 2001a). The prescient nature of this concept

has been repeatedly confirmed.

‘Late in life, she synthesised her life’'s work into a vision of the
genome as a sensitive organ of the cell, capable of rearranging
itself in response to environmental cues.” (Comfort 2001b). This
vision is supported by Shapiro (2010) who states that
McClintock’s studies taught her that maize had the ability to detect

X-ray induced broken ends of chromosomes, bring them together
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and fuse them to generate novel chromosome structures,

including deletions, inversions, translocations, and rings.

At the conclusion of her Nobel Prize lecture McClintock said ‘In
the future, attention will undoubtedly be centred on the genome,
with greater appreciation of its significance as a highly sensitive
organ of the cell that monitors genomic activities and corrects
common errors, senses unusual or unexpected events, and

responds to them, often by restructuring the genome.’

However, long before McClintock’s 1983 Nobel Prize, in an
influential paper Britten and Davidson (1971) called TEs ‘repetitive
DNA sequences’, as it was not known at this time that they could
transpose. However, among many other things, they state that the
incorporation of repeated DNA into the genome does not seem
likely to be a continuous process, but occurs as sudden (on an
evolutionary timescale) replication events. They give an example
of a ~300 bp sequence that is present in a million copies in the
mouse, but only <50 copies in the closely related rat. From this
they deduce that this highly repetitive sequence family must have
been produced in a relatively sudden event since the lineages
leading to these species separated within the last few million
years. Further to this they suggest that a possible mechanism of
such saltatory replication could be the integration into the genome
of many copies of a viral genome or viral-borne sequence. The
prescient nature of such observations and speculations will

become evident later, in the body of this thesis.

1.2 A Selection of Early Publications Suggesting or Stating

the Value of TEs in Adaptation and Evolution
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As indicated by the following selection, the study and appreciation

of at least a possible role for TEs in adaptation and evolution was

well underway by 1999-2000, despite the negative assessments
of TEs by Orgel and Crick (1980) and Doolittle and Sapienza

(1980).
Table 1-1 Early Contributions on the Value of TEs
in Adaptation and Evolution
Date Authors Publication details
1982 Schmidt CW & The Alu family of dispersed repetitive
Jelinek WR seqguences. Science 216: 1065-1070.
1984 Ginzburg LR. On the theory of speciation induced by
Bingham PM & Yoo S | transposable elements. Genetics 107: 331-
341.
Georgiev GP Mobile genetic elements in animals and their
biological significance. European Journal of
Biochemistry 145: 203-220.
1988 Wessler SR Phenotypic diversity mediated by the maize
transposable elements Ac and Spm. Science
242:399-405.
1989 Jurka Ja Subfamily structure and evolution of the
human L1 family of repetitive sequences.
Journal of Molecular Evolution 29: 496-503.
Jurka Jb Novel families of interspersed repetitive
elements from the human genome. Nucleic
Acids Research 18: 137-141.
1990 Bhattacharyya MK, | The wrinkled-seed character of pea described
Smith AM, Ellis THN, | by Mendel is caused by a transposon-like
Hedley C & Martin C | insertion in a gene encoding starch-branching
enzyme. Cell 60: 115-112.
Daniels SB, Peterson | Evidence for horizontal transmission of the P
KR, Strausbaugh LD, | transposable element between Drosophila
Kidwell MG & species. Genetics 124: 339-335.
Chovnick A
Dennis ES & Brettell | DNA methylation of maize transposable
RI elements is correlated with activity.
Transactions of the Royal Society of London
Biological Science 326:217-219.
Howard BH & Alu interspersed repeats: selfish DNA or a
Sakamoto K functional gene family? New Biologist 2: 759-
770.
1991 Brettell RI & Dennis | Reactivation of a silent Ac following tissue
ES culture is associated with heritable alterations
in its methylation pattern. Molecular General
Genetics 229: 365-372.
1992 Simmons GM Horizontal transfer of hobo transposable
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elements within the Drosophila melanogaster
species complex: evidence from DNA
sequencing. Molecular Biology and Evolution
9:1050-1060.

1993 Bailey AD & Shen CK | Sequential insertion of Alu family repeats into
specific genome sites of higher primates.
Proceedings of the National Academy of
Science of the USA 90: 7205-7209.
1995 McDonald JF Transposable elements: possible catalysts of
organismic evolution. Trends in Ecology and
Evolution 10: 123-126.
1995 Robertson HM & Recent horizontal transfer of a mariner
Lampe D] transposable element among and between
Diptera and Neuroptera. Molecular Biology
and Evolution 12: 850-862.
1995 Wessler SR, Bureau | LTR-retrotransposons and MITEs: important
TE & White SE players in the evolution of plant genomes.
Current Opinion in Genetics & Development 5:
813-821.
1996/7 | Jurka ], Kapitonov Identification of new medium reiteration
VV, Klonowski P, frequency repeats in the genomes of Primates,
Walichiewicz ] & Rodentia and Lagomorpha. Genetics 3: 235-
Smit AF 247.
1997 Capy P, Langin T, Do the integrases of LTR-retrotransposons and
Higuet D Maurer P & | class Il element transposases have a common
Bazin C ancestor? Genetica 100: 63-72.
Kidwell M G & Lisch | Transposable elements as sources of variation
D in animals and plants. Trends in Ecology and
Evolution 15: 95-99.
McFadden ] & Escape from evolutionary stasis by transposon
Knowles G mediated deleterious mutations. Journal of
Theoretical Biology 186: 441-447.
Villarreal L P On viruses, sex, and motherhood. Journal of
Virology. 71; 859-865.
1998 Capy P A plastic genome. Nature 396: 522-523
Jurka ] Repeats in genomic DNA: mining and meaning.
Current Opinion in Structural Biology 8: 333-337.
1999 Bénit L, Lallemand J- | ERV-L elements: A family of endogenous

B, Casella J-F,

retrovirus-Like elements active throughout the

Philippe H & evolution of mammals. Journal of Virology 73:
Heidmann 3301-3308.
Borodulina OR & Wide distribution of short interspersed elements

Kramerov DA

among eukaryotic genomes. FEBS Letters 457:
409-413.

Brosius ] Retroposons - seeds of evolution. Science
251:753.
Dimitri P & Revising the selfish DNA hypothesis, new

Junakovic N.

evidence on accumulation of transposable
elements in heterochromatin. TIG 15: 123-124.

Fedoroff N Transposable elements as a molecular
evolutionary force.
Gilbert N & Labuda CORE-SINEs: Eukaryotic short interspersed
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D

retroposing elements with common sequence
motifs. Proceedings of the National Academy of
Science of the USA 96:2869-2874.

Jurka ] & Kapitonov
VVa

Sectorial muragenesis by transposable elements.
Genetica 107: 239-248.

Kumar A & Benetzen
JL

Plant Retrotransposons. Annals New York
Academy of Sciences 251-264.

Matzke MA, Mette
FM, Aufsatz W,

Host defenses to parasitic sequences and the
evolution of epigenetic control mechanisms.

Jakowitsch ] Genetica 107: 271-287.
&Matzke A]M
Shapiro JA Transposable elements as the key to a 21st

Century view of evolution. Mobile DNA 1:4.

2000 Benetzen JL Transposable element contributions to plant gene
and genome evolution. Plant Molecular Evolution
42:251-269.
Casavant NC, Scott The End of the LINE?: Lack of Recent L1 Activity in
LA, Cantrell MA, a Group of South American Rodents. Genetics 154:
Wiggins LE, Baker R | 1809-1817.
& Wichman HA
Fedoroff N Transposons and gene evolution in plants.
Proceedings of the National Academy of Science of
the USA 97:7002-7007.
Kidwell MG & Lisch | Transposable elements and host genome
DR evolution. Proceedings of the National Academy
of Science of the USA 94: 7704-7711.
2001 Borodulina OR & Short interspersed elements (SINEs) from
Kramerov DA insectivores. Two classes of mammalian SINEs
distinguished by A-rich tail structure.
Mammalian Genome 12: 779-786.
Kidwell MG & Lisch | Perspective: transposable elements, parasitic
DR DNA, and genome evolution. Evolution 55: 1-
24.
1.3 More recent Papers Suggesting or Affirming

Contributions to Adaptation and Evolution by TEs
In recent years there has been a veritable explosion of published
papers describing TEs (Figure 1-2) and exploring the possible
roles of TEs in evolution. A large number of these papers are cited
throughout the major chapters (Chapters 2 to 5) of this Thesis. It
is harder now to find recent authors anthropomorphising TEs as
‘selfish or parasitic DNA’, and ‘ultimate parasites’ as Orgel and
Crick (1980) and Doolittle and Sapienza (1980) did, although
some still emphasise their lowering of fitness (Vinogradov 2003;
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Pasyukova 2004). However, there does not seem to be a great
deal else published recently about TEs lowering fitness, except in
asexuals (Arkhipova and Meselson 2004) and in prokaryotic
lineages (Rankin et al. 2010), but only by mathematical modelling
in the Rankin paper, not by experimental results, or by empirical
findings. TEs do, however, have the potential to cause diseases in
individuals (Deininger and Batzer 1999; Bacolla and Wells 2009;
O’Donnell and Burns 2010; Baillie et al. 2011; Beck et al. 2011),
but this is more than offset by the continuum of ‘intra-genomic
potential’ (‘adaptive potential’, and ‘evolutionary potential’)
benefits they bestow on the lineages to which these individuals
belong (Oliver and Greene 2009a; b; 2011). Unfortunately, many
evolutionary biologists appear to go on ignoring TEs altogether,
and concentrate on the coding genes, in all of their concepts
regarding evolutionary theory. As TEs make up 45% of the human
genome, and only one or two per cent consists of coding genes,
this suggests that some changes would be helpful in a

reformulation of evolutionary hypotheses or theories.

1.4 The Recent Formulation of the TE-Thrust Hypothesis

Many papers have indeed been published in recent years on the
possible role of TEs in evolution. However, it is only in the
Chapters 2 to 5 included in this thesis that a role for TEs in
evolution has been formalised into a definite hypothesis, the ‘TE-
Thrust hypothesis’, and four modes of TE-Thrust proposed.
Furthermore, ‘Adaptive Potential’ and ‘Evolutionary Potential’, as
extremes of a continuum of ‘intra-genomic potential’ due to TE
activity, have been posited, and have been assessed, with the
finding of much significant data which suggest support for the TE-

Thrust hypothesis.
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Chapter 1: General Introduction

In the Modern Synthesis it seems that empirical growth has
almost always exceeded theoretical predictions and most
discoveries have not been predicted by theory, but have come as
complete surprises (Federoff 2000). For example, the discovery of
transposable elements (TEs), the very large introns of eukaryote
genes, and reverse transcription (RNA to DNA), were seemingly
complete surprises. In contrast to this, the TE-thrust hypothesis,
although only a hypothesis, is not based on the a priori
assumptions of population genetics or the Modern Synthesis, but

is derived purely from empirical data.

The rapidly growing knowledge of TEs and the possible role they
could play in adaptation and evolution has forced a move from the
concept of a static eukaryotic genome, wherein all genes
occupied their specific immovable locus, to the concept of a
dynamic eukaryotic genome. In these dynamic genomes TEs
make a significant contribution both to phenotypic adaptation, and
to phenotypic evolutionary transitions, radiations, and evolutionary
novelties. Such changes often occur in a punctuated equilibrium
manner (Oliver and Greene 2009a; b; Parris 2009; Zeh et al.
2009).

The concept that TEs are “selfish parasitic DNA” comes mainly
from the rather speculative essays of Orgel and Crick (1980) and
Doolittle and Sapienza (1980). These papers did rightly perhaps
liberate us from the then prevalent notion that it was phenotypic
selection that optimised genome structure. Unfortunately,
however, the concept of TEs being “selfish” and “parasitic” did

become an impediment to the study of the historical and
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Chapter 1: General Introduction

contemporary contributions of TEs to chromosome structure
(Federoff 2000) and to the processes of evolution. From humble
beginnings via the groundbreaking work of Barbara McClintock
(1950; 1956; 1984), and pioneers such as Ginzburg et al. (1984),
it is now becoming accepted by many biologists that TEs are
powerful facilitators of evolution, as we proposed in our peer
reviewed published reviews and syntheses of earlier work (Oliver
and Greene 2009a (Chapter 2), and 2009b (Appendix 1), 2011
(Chapter 3), and in Chapters 4, and 5. (Chapter 4 is being
prepared for submission for publication, and Chapter 5 has been
submitted for publication). It is hard now to see how anyone could
deny that Transposable Elements are indeed powerful facilitators
of evolution, but many still seem to ignore the possibility of even a

small role for TEs in evolution.

1.5 A Brief Initial Outline of the TE-Thrust Hypothesis
(This brief outline of the hypothesis, shown diagrammatically in
Figure 1-3, is developed much more fully in Chapter 6, from the

data available in Chapters 2 to 5)

1.5.1 Posit (1): Transposable Elements (TEs) are ubiquitous and
many are extremely ancient, although some of them are of
recent origin (<100 Myr). They are not merely “junk”, or
“parasitic DNA”, but are mostly beneficial to lineages, and are

potentially, powerful facilitators of evolution.

1.5.2 Posit (2): TEs can cause genetic changes of great
magnitude and variety within genomes, making genomes
flexible and dynamic, so that they drive their own evolution

and the evolution of their phenotypes.
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1.5.3 Posit (3): TEs can cause many genomic modifications that

cannot be caused by any other mutagens.

1.5.4 Posit (4): TEs can greatly modify single gene regulation, and

can modify the regulation of networks of genes.

1.5.5 Posit (5): TE-Thrust can build, sculpt, and reformat genomes
by both active and passive means. Active Genomic Drive is
due to the active transposition of TEs from either a
heterogenous or homogenous population of TEs. Passive
Genomic Drive is due to ectopic recombination between
homologous TE insertions. Such ectopic recombinations are
common only when there are large homogeneous

populations of TEs.

1.5.6 Posit (6): TE-Thrust, via intermittent bursts of TE activity
sometimes results in macro-evolutionary punctuation events
in lineages in stasis, or gradualism; these often result in a
drive towards novelty, diversity, or complexity and a radiation

of species. This is punctuated equilibrium

1.5.7 Posit (7): Successful lineages do not destroy TEs, but there
are strong genomic controls on transposition of TEs in the
soma where TEs are potentially damaging. However, there is
less control of TE activity in the germ line and the early
embryo in mammals, where their activity can generate both
potentially useful and deleterious variation in the progeny.

Useful variants then increase, often to fixation, and
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Figure 1-2: Simplified Diagrammatic Representation of some Major

Orders, Classes and Superfamilies of TEs (not to scale)

Class | elements (Retrotransposons)

Autonomous retrotransposons

LTR e.g. endogenous retrovirus (<10 kb)

POL [ ENV

— RT EN

NonLTR e.g. LINE-1 (<6 kb)

GAG-like EN RT polyA

Non-autonomous retrotransposons

SINE (7SL-related) e.g. Alu (0.3 kb)

Letnoroner | L)
=

SINE (tRNA-related) e.g. MIR (0.26 kb)

= 8

—

Composite e.g. SVA (<3 kb)

T W
=3 poly

Class Il elements (DNA Transposons)

Autonomous DNA transposons

Transposon e.g. Mariner (1.4 kb)

-Transposase-

TIR TIR

Non-autonomous DNA transposons

MITE e.g. Made1 (0.08 kb)

L

LTR, long terminal repeat; GAG, group-specific antigen; POL, polymerase; ENV,
envelope protein; RT, reverse transcriptase; EN, endonuclease/integrase; UTR,
untranslated region; polyA, polyA addition site; ORF, open reading frame; VNTR,
variable number of tandem repeats; SINE-R, domain derived from a HERV-K; TIR,
terminal inverted repeat. Black arrows, RNA polymerase Il promoter (double arrows

denote bidirectionality); red arrows, RNA polymerase IIl promoter.
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deleterious variants decrease or are eliminated in future

generations of the lineage, by means of natural selection.

1.5.8 Posit (8): Although sometimes harmful to some individuals,
TEs can be very beneficial to lineages. There is, then, a
differential survival of lineages with those lineages endowed
with a suitable consortium of viable TEs being more likely to
survive and to radiate or proliferate, as such lineages have
enhanced adaptive potential and enhanced evolutionary

potential.

1.5.9 Posit (9): Clades or lineages deficient in viable TEs, and with
heterogenous populations of non-viable TEs, tend to be non-
fecund, can linger in prolonged stasis, and eventually may
become “living fossils” or become extinct. Conversely, clades
or lineages well endowed with viable and active TEs,
especially if the TEs are homogenous, tend to be fecund, or

species rich, and taxonate readily.

1.5.10. There is ample evidence of punctuated equilibrium type
evolution in the fossil record (Eldredge and Gould 1972;
Stanley 1981; Eldredge 1986; Gould 2002), and there is
independent evidence for it from extant lineages (Appendix to
Chapter 2).

1.5.11. The TE-Thrust hypothesis has been derived from, and is
supported by, the study of peer reviewed published empirical
data on mammalian evolution, and to a lesser extent,
angiosperm and insect evolution. The applicability, or
otherwise, of this hypothesis to other Classes, and to other

Phyla, needs much further study in the future.
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1.5.12. There is also some limited support for the TE-Thrust
hypothesis, from the very sparse data from the “living fossils”,

such as the tuatara, and the gymnosperm Ginkgo biloba.

1.5.13. Some support for the TE-Thrust hypothesis is also found
in the “enduring stasis” of “living fossil lineages” like the
lobe finned lungfish and the coelacanth lineages (Appendix
to Chapter 4).

1.5.14. The TE-Thrust hypothesis is put forward to complement
and supplement other accepted, hypothesised, or possibly as
yet unknown, facilitators or mechanisms of evolution, and not
to diminish or deny the validity of any other such facilitators or

mechanisms of evolution.

1.5.15. “Thrust” should not be understood in any teleological
sense. There is no implication that TE-Thrust is pushing the

evolution of lineages to some predetermined goal.

Non-viable and Non-functional

TEs are here designated as ‘non-viable’ when they are incapable
of transposition, often due to mutations in open reading frames
(ORFs) and are designated as ‘non-functional’ when they are so
corrupted by mutations that they lack enough homology for

ectopic recombination with others of their same kind.
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Figure 1-3: Diagramatic Representation of the TE-Thrust Hypothesis
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Chapter 1: General Introduction

1.6 The Structure of This Thesis

After this introduction, the main body of this Thesis consists of
four papers (Chapters 2, 3, 4, and 5), of which Chapters 2 and 3
have been peer reviewed and published, and Chapter 5 has been
submitted for peer review and publication. A paper based on
Chapter 4 will be submitted for peer review and publication. The
body of the Thesis concludes with a General Discussion in
Chapter 6. There are also three published Appendices, relevant to
the thesis, the first of which has been peer reviewed and
published, with the other two being published without peer review.
There is also a short unpublished Addendum, of a more personal

nature.

1.7 The Objectives of this Thesis

The main objective of this Thesis is to propose the TE-Thrust
hypothesis in great detail, and to assess much of the available
evidence as to whether or not this hypothesis is likely to be largely
correct, as it is presented here, in essence, if not in all of the finer
details. Investigating the specific value all of, or parts of, the TE-
Thrust hypothesis should stimulate much further research, as
more and more data become available. Although | believe much
data suggests that the TE-Thrust hypothesis is largely correct, |
abide by the statement of C. Stuart Gager (1910): ‘Hypotheses
are not statements of truth, but instruments to be used in the
ascertainment of truth. Their value does not depend upon ultimate
verification, but is to be measured by their effects upon scientific
research’. It is my hope that the TE-Thrust hypothesis will make a

valuable contribution to stimulating research, and to initiating new
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schools of thought, that together with other newly discovered
phenomena, new data, and new hypotheses, will result in an
extension of the Modern Synthesis, or its replacement with a new

paradigm of evolutionary theory.

Many authors have written implying the need for an extended
Modern Synthesis, and many have gone much further, implying,
or explicitly stating, the need for a new paradigm in evolutionary
theory. A selection of examples of these are: (Dover 1982;
Margulis 1991; Bussel and James 1997; Margulis and Chapman
1998; Steele et al. 1998; Shapiro 1999; Ryan 2002; Shapiro and
von Sternberg 2005; Villarreal 2005; Caporale 2006; Pigliuchi and
Kaplan 2006; Ryan 2006; Wessler 2006; Ryan 2007; Ryan 2009;
Steele 2009; Shapiro 2010; Villarreal and Witzany 2010).

Just how big these proposed changes to the Modern Synthesis
will have to be is not clear at present, but in this Thesis | present

data that suggests that change will surely come.
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Chapter 2

Transposable Elements: Powerful Facilitators

of Evolution

2.1 Summary

Transposable elements (TEs) are powerful facilitators of genome
evolution, and hence of phenotypic diversity as they can cause
genetic changes of great magnitude and variety. TEs are
ubiquitous and extremely ancient and although harmful to some
individuals, they can be very beneficial to lineages. TEs can build,
sculpt and reformat genomes by both active and passive means.
Lineages with active TEs, or with abundant homogeneous inactive
populations of TEs that can act passively by causing ectopic
recombination, are potentially fecund, adaptable, and taxonate
readily. Conversely, taxa deficient in TEs or possessing
heterogeneous populations of inactive TEs may be well adapted
in their niche, but tend to prolonged stasis and may risk extinction
by lacking the capacity to adapt to change, or diversify. Because
of recurring intermittent waves of TE infestation, available data
indicates a compatibility with punctuated equilibrium, in keeping
with widely accepted interpretations of evidence from the fossil

record.

2.2 Introduction

Over 50 years ago Barbara McClintock, the discoverer of
transposable elements (TEs), (McClintock 1950) made the
prescient suggestion that TEs have the capacity to re-pattern

genomes (McClintock 1956). More recently, important work by
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numerous others has provided support for this idea by
characterizing TEs as potentially advantageous generators of
variation upon which natural selection can act (Fedoroff 1999;
Kidwell and Lisch 2001; Bowen and Jordon 2002; Deninger et al.
2003; Kazazian Jr. 2004; Brandt et al. 2005; Biémont and Vieira
2006; Volff 2006; Wessler 2006; Feschotte and Pritham 2007;
Muotri et al. 2007; Bohne et al. 2008). Here, we review and add
new perspectives to this data and bring many disparate strands of
evidence into one holistic synthesis about how the presence of
TEs within genomes makes them flexible and dynamic, so that
genomes themselves are powerful facilitators of their own
evolution. TEs act to increase the evolvability of their host genome
and provide a means of generating genomic changes of greater
variety and magnitude than other known processes. However, we
acknowledge that endosymbiosis, horizontal gene transfer
(especially in bacteria), endosymbiotic gene transfer, polyploidy
(especially in plants), short tandem repeat slippage, point
mutation, and other such phenomena are also very important in
evolution. We argue that TE-generated mutations are very much
complementary to these phenomena and are vital to evolution
because TEs can bring about a myriad of substantial changes
from sudden gene duplication events to rapid genome-wide
dissemination of gene regulatory elements. TEs can even
contribute coding and other functional sequences directly to the
genome. Such large-scale mutations, when subjected to natural
selection, can lead to major evolutionary change. This can have
manifold benefits to a host lineage in terms of facilitating taxon
radiation and adaptation to, or adoption of, new habitats, as well

as facilitating survival when confronted with environmental or
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biotic change or challenge. TEs maintain genomic evolvability in
the long-term by lineage selection, that is, by the natural selection
of those lineages whose genomes are endowed with a suitable
repertoire of them. We thus move the focus of changes to the
genome away from the fitness of the individual or the group, to the
fitness or evolutionary potential of the lineage. We propose also
that episodic surges of TE activity offer a ready explanation for

punctuated equilibrium, as observed in palaeontology.

We accept that unfettered TE activity within a host genome could
be catastrophic. However, in practice probably all organisms have
evolved cellular TE control measures to minimize harm to their
somatic cell DNA, while allowing some TE-generated genetic
variation to be passed on to future generations via the germ line
(Matzke et al. 1999; Schulz et al. 2006). As a further benefit, these
cellular mechanisms appear to have been adopted to control
normal gene expression on a genome-wide basis (Yoder et al.
1997; Buchon and Vaury 2006). All categories of TEs, especially
in the past, have been considered to be genomic parasites
(Doolittle and Sapienza 1980; Orgel and Crick 1980; Hickey
1982), but more recently, significant beneficial attributes for
facilitating evolution have been recognized (Fedoroff 1999;
Kidwell and Lisch 2001; Bowen and Jordon 2002; Deninger et al.
2003; Kazazian Jr. 2004; Wessler 2006; Brandt et al. 2005;
Biemont and Vieira 2006; Volff 2006; Feschotte and Pritham
2007; Muotri et al. 2007; Bohne et al. 2008). In our view, TEs are
almost essential for significant continuing evolution to occur in

most organisms. If they are parasites then they are “helpful
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parasites”, a view that is supported by a substantial and rapidly

growing body of evidence.

2.3 TEs as Powerful Facilitators of Evolutionary Change

It is now generally accepted that the emergence of increasingly
complex eukaryotic life forms was accompanied by a
corresponding increase in genome complexity, entailing both an
expansion in gene number and more elaborate gene regulation
(Ohno 1970; Bird 1995; Carroll 2005). Only DNA recombination in
the form of gene or segmental duplications, exon shuffling,
insertions, deletions and chromosomal rearrangements, can
adequately account for this increase in gene number and the
complexity of their regulation (Ohno 1970; Bird 1995; Carroll
2005). TEs, which possess a number of striking features that
make them suitable as general agents of genome and lineage
evolution (Table 2-1), have played a crucial role by acting as
mutagenic agents to either massively accelerate the rate at which
such events occur, or by making them possible in the first place
via de novo insertions, as in the origin of the jawed vertebrate

adaptive immune system (Schatz 2004).

Table 2-1 Features of TEs that make them highly suitable as
general agents of genotypic and phenotypic evolution,

lineage selection and taxonation.

TE Feature Comments

1) Mobile TEs are grouped into two main classes based

on their mode of transposition:

Class | TEs or retrotransposons (retro-TES)
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transpose via an RNA intermediate.
Autonomous elements: these encode reverse
transcriptase (RT) e.g. endogenous
retroviruses (ERVS), LTR retroelements, LINES.
Non-autonomous elements: e.g. SINEs,
which lack an RT gene but nevertheless can
retrotranspose using the transpositional

machinery of LINEs.

Class Il TEs or DNA transposons (DNA-TES)
transpose directly and can do so via an
encoded transposase enzyme or by utilising an
alternative mechanism such as rolling-circle
replication.

Reference 1,2

. .References

2) Universal TEs have been found in all genomes, |3
from bacteria to mammals. Their
ubiquitous nature is due to their strong
tendency to disseminate within a
genome as well as colonise other
genomes. Some TEs can arise
spontaneously from non-transposable
DNA sequences in the genome

(e.g. SINESs), while others can be

horizontally transferred between
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species.

3) Ancient

TEs have ancient origins that are
traceable to prokaryotes.

DNA-TEs are related to bacterial
insertion sequences and retro-TEs are
related to group Il introns. Some TEs
seem to have been present in
eukaryotes from their earliest
beginnings, possibly well over one

billion years ago.

4) Abundant

TEs often comprise a large, if not
massive, fraction of the eukaryotic
genome. For example, the sequenced
mammalian genomes are at least a
third TE in origin in non-primates and

around a half TE in primates.

TEs appear to be an important
determinant of genome size, with
organisms possessing extra large
genomes (e.g. plants) often having a
very much higher TE content (>60%),
compared to species with relatively
small genomes, such as yeast,
nematodes, insects and birds, which

have a much lower TE content

5,6,7-10
11,12,13
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(<20%).

5) Beneficial | TEs are powerful mutagens that can 14-25
be deleterious to some individuals —
such mutations are eliminated by
natural selection. However, beneficial
mutations, which can often be highly
advantageous to their lineage, are

conserved by selection.

1 (Wicker et al. 2007); 2 (Kapitonov and Jurka 2008); 3 (Pace et
al. 2008); 4 (Capy et al. 1997); 5 (Lander et al. 2001); 6 (Gibbs et
al. 2007); 7 (Pontius et al. 2007); 8 (Lindblad-Toh et al. 2005); 9
(Waterston et al. 2002); 10 (International Chicken Genome
Sequencing Consortium 2004); 11 (Gibbs et al. 2004); 12
(Mikkelsen et al. 2005); 13 (Kidwell 2002); 14 (Fedoroff 1999); 15
(Kidwell and Lisch 2001); 16 (Bowen and Jordon 2002); 17
(Deninger et al. 2003); 18 (Kazazian Jr. 2004); 19 (Wessler2006);
20 (Brandt et al. 2005); 21 (Biémont and Vieira 2006); 22 (Volff
2006); 23 (Feschotte and Pritham 2007); 24 (Ohno 1970); 25
(Bhone et al. 2008).

Table 2-2 Active mechanisms by which TEs generate the

genetic novelty required for dramatic evolutionary change

Role Comments References

Direct Contribution to Gene/Genome Structure

Entire genes | About 50 cases of “heogenes”
whose sequences are largely TE- 1,2,3
derived are known in the human
genome e.g. TERT, CENPB,
RAG1/2.
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TEs have made some
extraordinarily complex
evolutionary events take place that
otherwise might not have occurred
e.g. recombination signal
sequences involved in V(D)J Ag
receptor rearrangements. These,
like the RAG1/2 recombinase
genes themselves, appear to be

derived from an ancient DNA-TE.

Exons/partial | A substantial number of human 4-8
exons genes harbour TEs within their

protein-coding regions.

TEs often form independent exons

within genes, many of which are

alternatively spliced.
Extragenic 9
sequences
Direct Contribution to Gene Regulation
Entire/partial | Many TEs act functionally to drive | 10, 11-14

promoters,
enhancers,

silencers

gene expression, often in a tissue-

specific manner.

Besides their effect on individual
genes, TEs appear to have acted

Oliver KR & Greene W K 2009 BioEssays 31: 703-714.
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as mobile carriers of ready-made
promoters/enhancers to widely
disseminate discrete regulatory
elements throughout the genome.
This provides a plausible
mechanism by which an entire
suite of genes could become co-
regulated to fashion new cellular

pathways or build on existing ones.

Regulatory
(micro) RNAs

Many exonized TEs encode
microRNAs (miRNAS).

55 human miRNA genes derived
from TEs have been identified with
the potential to regulate thousands

of genes.

Indirect: Retrotransposition/Transduction of Gene Sequences

Gene
duplication,
exon
shuffling,
regulatory
element

seeding

Certain classes of retro-TEs (e.g.
LINE and LTR elements) have a
propensity to transduce host DNA
due to their weak transcriptional
termination sites. Duplication of
genes can also occur via the
appropriation of TE
retrotranspositional machinery by
host mMRNA transcripts.

15, 16-18
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There are reportedly over 1000
transcribed “retrogenes” in the
human genome, some have
evolved highly beneficial functions
e.g. GLUDZ2.

1 (Feschotte and Pritham 2007); 2 (Schatz 2004); 3 (Lander et al.
2001); 4 (Piriyapongsa et al. 2007b); 5 (Nekrutenko and Li 2001);
6 (Britten 2006); 7 (Bowen and Jordan 2007); 8 (Sorak et al.
2002); 9 (Sternberg and Shapiro 2005); 10 (Picard 1976); 11
(Jordan et al. 2003); 12 (Feschotte 2008); 13 (Bourque et al.
2008); 14 (Laperriere et al. 2007); 15 (Marques et al. 2005): 16
(Moran et al. 1999); 17 (Goodier et al. 2000); 18 (Burki and
Kaessmann 2004).

Table 2-3 Passive mechanisms by which TEs generate the

genetic novelty required for dramatic evolutionary change.

Role Comments References

Promotion of DNA Duplication (or Loss) by Unequal

Recombination

Gene The mere presence of inactive, 1,2
duplication, but similar, TEs in a genome, in

exon large numbers, creates multiple
duplication, highly homologous sites which
segmental tends to cause homology-driven
duplication ectopic (non-allelic)

recombination of DNA. This is
likely to account for most of the
continuing effects of TEs in

organisms with low TE activity,
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yet which have high TE content
coupled to low TE diversity.

DNA duplication events are
particularly important in evolution
since they create functional
redundancy and the potential for
gain of function and/or gene

expression.

Promotion of Karyotypic Changes by Ectopic Recombination

Intra- and inter- | TEs can passively underpin 3,4,5
chromosomal major chromosomal

DNA reorganizations by creating
rearrangements | highly homologous sites
dispersed throughout the
genome that are prone to ectopic
recombination. The Alu-mediated
translocation t(11:22)(q23:911) is
the most frequent constitutional

translocation in humans.

1 (Bailey et al. 2003); 2 (Jurka 2004); 3 (Evgen’ev et al. 2000);
4 (Schwartz et al. 1998); 5 (Hill et al. 2000).

Although it is likely that our current knowledge about the impact of
TEs still underestimates their true evolutionary value, there is now
much specific evidence indicating that TEs can generate genetic

novelty in one of two major ways: (i) actively, which can be by via
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de novo insertion to directly contribute to gene sequences or alter
gene regulation, or via retrotransposition of RNA transcripts to
generate duplicate genes or exons (Table 2-2); and (ii) passively,
by acting as homologous sequences to facilitate chromosomal
rearrangements and gene duplications, or deletions (Table 2-3).
In their active mode, even low levels of TEs will have a great
iImpact on the genome, and high activity is likely to recur with
every new wave of TE infiltration into a host lineage. In their
passive mode, high TE content coupled with low TE diversity has
a major impact on a genome through the promotion of ectopic
recombination. This is the situation in primates, for example,
where most TE sequence comprises either L1 LINEs or Alu SINEs
(Lander et al. 2001; Gibbs et al. 2007). In contrast, the sole
sequenced genome of one of the 25 species of the basal
chordate, amphioxus (Branchiostoma floridae), appears to be ill-
suited for passive TE facilitated evolution since, despite having a
TE content of 28%, its TEs are highly heterogeneous, belonging
to over 500 families (Putnam et al. 2008).

2.4 TEs: Harmful to Some Individuals, but Beneficial to
Lineages
The molecular mechanisms by which TEs act as powerful
facilitators of genetic change mean that TEs can be deleterious to
some individuals by very occasionally causing harmful mutations.
In humans, rare germ line mutations caused by TEs underlie a
number of genetic disorders (Belancio et al. 2008), but TEs pale
into insignificance next to point changes and other small-scale
DNA changes as an overall cause of mutation resulting in

disease. Less than 0.2% of known disease-causing mutations
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appear to be due to inactivation of genes by TE insertion events
(Deininger and Batzer 1999; Kazazian 1999; Hedges and Batzer
2005), reflecting the present low level of TE activity in humans. A
further 0.3% of pathogenic mutations in humans appear to result
from gene deletions or rearrangements due to the passive effects
of TEs as inducers of ectopic recombination, although this may be
an underestimate (Deininger and Batzer 1999). TEs then are a
minor cause of known deleterious mutations in humans, causing
just over 0.5% of hereditary disease. Such costs to a small
number of individuals are far outweighed by the longer-term
benefits to the lineage. TE insertion is more important as a cause
of DNA mutation in lineages that exhibit greater TE activity, for
example in mice and Drosophila, where 10% and 50% of
pathogenic mutations respectively are attributable to this
mechanism (Eickbush and Furano 2002; Maksakova et al. 2006).
Thus, there is a differential mutational burden of TEs across
different taxa, which reflects the ability of their lineages to undergo

adaptive radiation as we outline below.

25 TEs and the Evolution of Epigenetic Regulatory
Mechanisms
Most TE insertions are tolerated without causing deleterious
mutations, otherwise TEs could not have accumulated to such
high levels in eukaryotic genomes. Excessive disruption of a
genome can lead to a decline in individual and/or lineage fitness,
SO in practice TE activity is restricted, especially in somatic cells,
but also to a lesser extent in the germ line, by multiple control
mechanisms imposed by host lineages. Natural selection results

in the establishment of a finely tuned balance in which the
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mutagenic activity of TEs is kept at an acceptable level (Figure 1).
The primary countermeasure against TES in vertebrates involves
epigenetic modifications to chromatin, most notably DNA
(cytosine) methylation at CpG dinucleotides. Recent evidence
also implicates interfering RNAs, which can originate from TEs
themselves (Piriyapongsa et al. 2007a), as a means to counter TE
activity through targeted destruction of their RNA transcripts
(Smalheiser and Torvik 2006; Yang and Kazazian 2006).
Attesting to the fact that cellular defences against TEs are
multilayered, yet another mechanism for TE inhibition involves
antiretroviral resistance factors of the APOBEC3 family (Bogerd et
al. 2006).

Since TEs are primary targets for DNA methylation (Schmid 1991;
Hata and Sakaki 1997; Rodriguez et al. 2008), they can bring
methylation control to normal host genes that lie nearby (Yates et
al 1999), and they also facilitate X chromosome inactivation (Lyon
2000) and genetic imprinting (Suzuki et al. 2007). Indeed, both
DNA methylation and RNA interference (RNAIi) are thought to
have evolved primarily as cellular control devices for TEs,
whereupon they were subsequently exapted as genome-wide
regulatory mechanisms for the large-scale control of host gene
expression (Yoder et al. 1997; Buchon and Vaury 2006).
Therefore, TEs have seemingly not only generated a tremendous
amount of genetic variation from which beneficial adaptations
have been selected, but, as “helpful parasites”, TEs themselves

have been a focus for regulatory innovation.

2.6 TEs, Punctuated Equilibrium, and Evolutionary Stasis
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DNA sequence change, together with natural selection, underpins
evolutionary change, but the widespread assumption that lineages
evolve by the slow accumulation of adaptive mutations does not
concur with most of the fossil record. Instead, evolutionary novelty
has been observed to periodically arise fairly quickly and be
interspersed with intermittent periods of very slow evolution or
stasis. Periodic infestations of genomes by novel TEs predict
“punctuated equilibrium” (Gould and Eldredge 1997) as a
common occurrence (Figure 2-2), and therefore has the potential
to reconcile evolutionary theory with the findings of paleontology,
perhaps in a similar fashion as Darwinism and Mendelism were
reconciled in neoDarwinism. This inference is based on evidence
from multiple lineages indicating that TE activity does not
generally occur at a low and uniform rate, but rather tends to
occur in sudden episodic bursts (Gerasimova et al. 1985; Kim et
al. 2004; Marques et al. 2005; Ray et al. 2008). Infestation of a
genome by a modified or novel TE results in heightened TE
activity and evolution for a time, but as cellular control
mechanisms are refined and the new TEs succumb to
degradation by mutation, TE activity is greatly reduced until
eventually a new period of stasis can occur. Many TE families are
conspicuously lineage-specific, for example Alu SINEs in
primates, which strongly suggest that TE infiltrations have
occurred contemporaneously with the divergence of lineages. TEs
are thus likely to have been involved in promoting the evolutionary
change that led to the origin of the lineage in the first place. The
hominoid lineage provides an instructive example, where recent
findings indicate that periodic explosive expansions of LINEs and

SINEs, together with an exceptional burst of LTR elements 70
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Mya, correspond temporally with major divergence points in
primate evolution (Kim et al. 2004). Since some TEs predate the
eukaryotes, it is also tempting to suggest that they help to account
for other, more ancient evolutionary events, most notably the
seemingly rapid speed at which the Cambrian explosion occurred,
about 543 Mya.

In contrast to the rapid evolution seen in many lineages, genomic
stability and evolutionary stasis is predicted in lineages that are
not subject to intermittent infiltrations by TEs, either through de
novo generation or horizontal transfer from other taxa. Absolute
genome stability would appear to make a lineage unable to evolve
significantly and to be non-fecund. Such a lineage could not adapt
to changing requirements and ultimately would face prolonged
stasis and possible eventual extinction (Figures 2-1 and 2-2). As a
thought experiment, we can imagine a genome consisting almost
wholly of coding sequences without any TE-derived DNA from
which it can fortuitously, occasionally, engineer new functional
sequences. Such a genome would seemingly have little significant
evolutionary potential as it would have a greatly reduced capacity
to create new genes or regulatory sequences. Insufficient active
and passive TE effects may account for so-called “living fossil”
species such as the coelacanth and tuatara. The coelacanth
species (Latimeria menadoensis and L. chalumnae), two lobe-
finned fish closely related to the tetrapods (the amphibians,
reptiles, mammals and birds), were once thought to have been

extinct for 63 Myr.

Oliver K R & Greene W K 2009 BioEssays 31: 703-714. 32



Chapter 2: Transposable Elements: Powerful Facilitators of Evolution

Hypothesized Relationship Between TEs and
the Evolutionary Potential of Any Lineage

Genomic

Genomic

Cellular Controls
of TEs
e.g. DNA methylation

Genomic
stability

TE activity and/or abundance of homogeneous populations of inactive TEs
1 1

Evolutionary Implications: Stasis/ :Potential for Rapid Lineage : Lowered Fitness/
Possible Extinction :Evolution and/or Divergence: Possible Extinction
TE Benefit to Lineage: No : Yes : No
1 1
1 1
TE Cost to Some Individuals: Low ' Yes ' Yes
1 1
1 1
Pathogenic Mutation Rate: Low ' Tolerable ' High
1 1
1 1

Figure 2-1. Schematic representation of the hypothesized
relationship between TE activity and/or the abundance of
homogeneous populations of inactive TEs on genomic variability
in the germline and the evolutionary potential of any lineage.
Increasing TE activity and/or abundance (with a limited diversity of
inactive TEs) within a lineage promotes increased genomic
variability, which, at the extreme, could result in genomic
instability. In practice, most organisms have evolved strategies
(such as DNA methylation) to control unfettered TE activity.
Restricted, or optimum TE effectiveness (dashed box) promotes a
dynamic genomic architecture that benefits the lineage at a
tolerable cost to some individuals. Little or no viable TE
content/activity, or the predominance of heterogeneous
populations of inactive TEs, is predicted to result in stasis and the
possibility of extinction. Importantly, TEs are usually much less
controlled in the germ line than in the soma and TE activity is not
constant, but usually occurs in intermittent waves.
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Hypothesized Correlation Between Episodic
Genome Invasion of TEs and Lineage

Divergence
Static
l — Lineage
S\
S\
~ re— Fecund
Lineage

Evolutionary Time

A =sudden burst of TE activity (by invasion or de novo formation)

Figure 2-2. Simplified scheme illustrating the hypothesized
correlation between episodic genome invasion of TEs (or their de
novo formation) and lineage divergence. Sudden bursts of TE
activity (arrowheads) following genome invasion (horizontal
transfer) or de novo formation transiently increase genomic
variability and thus the potential for lineage divergence. This may
result in a fecund lineage that can undergo repeated taxonation
with probable or possible punctuated equilibrium. An absence of
such events within a lineage, other things being equal, is
predicted to result in long-term stasis.

With a fossil record dating back to about 410 Mya, this lineage
(the Sarcopterygii: coelacanths and lungfishes) gave rise to the
tetrapod lineages, yet the coelacanth itself has remained little
changed throughout this vast period of time. The coelacanth has
SINEs that have apparently been preserved for more than 400
Myr with very little change (Bejerano et al. 2006; Nishihara et al.

2006). By contrast, the SINE families known to be active in the
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tetrapods have been found to be restricted to specific clades,
indicating rather recent origins and thus a rather rapid turnover of
active SINE families on an evolutionary timescale (Lander et al.
2001; Waterston et al. 2002; International Chicken Genome
Sequencing Consortium 2004; Lindblad-Toh 2005; Gibbs et al.
2007; Pontius et al. 2007). Although only a small percentage of
its genome has so far been sequenced, the evidence suggests
that evolution has stalled in the coelacanth due to a lack of
intense intermittent activity by transient TE families. Thus, the
coelacanth has become, in a sense, a molecular fossil (Bejerano
et al. 2006), or a “living fossil,” possibly well adapted to a

seemingly stable habitat.

Another living fossil is the tuatara of New Zealand, (Figure 2.3.)
with two closely related species (Sphenodon punctatus and S.
guntheri) These are the last remaining representatives of a
previously abundant and highly diverse reptilian lineage known as
sphenodontids that co-existed with the early dinosaurs, around
220 Mya. The retro-TE content of 121 kb of tuatara genomic DNA
sequence was found to be only 2.7%, comprised of 0.11% SINEs
and 2.59% LINEs, the latter being heterogeneous (Wang et al.
2006). In a separate study, one DNA-TE was identified in the
tuatara (S. punctatus), but the coding regions contained several
stop codons indicating that it has been immobile for a very long
time (Kapitonov and Jurka 2006). It is difficult to make much of
such limited data except to note that Wang et al. (2006) reported

surprise to us as the low TE content, and the relatively high

diversity of retro-TE families in a living fossil are very compatible
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Figure 2-3 Tuatara, living fossil reptiles (Photos J McComb)
A: Sphenodon punctatus
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with the proposal of TEs as essential facilitators of evolution.

However, more data are needed to reach any firm conclusions.

2.7 TEs as a Prerequisite for Evolutionary Radiation

Why certain lineages are incredibly diverse and others are
species-poor remains an enigmatic question in evolutionary
biology. Many factors have been proposed to contribute to the
variability in species-richness observed among different taxa,
although none seem applicable to all taxa. A key factor, we
contend, are TEs, which serve to dramatically increase the rate of
molecular evolution and thus the probability of speciation,
depending on ecological and other factors. In the absence of
TEs, it is difficult to envisage how significant taxonation events
could occur, given that members of species tend to become
genotypically trapped at local optima metaphorically termed
“adaptive peaks” (Kauffman and Johnsen 1991). However, the
extent of the genetic change wrought by TEs permits the
emergence of new genes, the alteration of gene expression
patterns, and the structural rearrangements of chromosomes, all
of which are thought to be fundamental to the evolution of lineage
or species-specific traits (Barrier et al. 2001; Riesberg 2001; Orr
et al. 2004). Changes of this magnitude are important for
taxonation because they permit rapid crossings from one adaptive

peak to another, a phenomenon difficult to explain by gradualism.

The idea that TEs could promote the appearance of new species
has been proposed previously (Ginzburg et al. 1984; McClintock
1984; McFadden and Knowles 1997), but has received little

attention, largely due to a lack of strong evidence. While there are
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few complete genome sequences and insufficient data on TE
activity in a comprehensive range of taxa, some data is available
from diverse examples: In E.coli B there has been a high level of
Insertion Sequence (IS type TE) activity (including transpositions,
deletions, and horizontal gene transfer) since K12 and O157:H7
diverged from a common ancestor (Schneider et al. 2002). The
virilis group within the speciose genus Drosophila possesses rich
karyotypic variety that is significantly correlated with the position
of DNA-TE insertion sites (Evgen’ev et al. 2000). In plants, TEs
are the most significant factor in determining the structure of
complex genomes, often comprising the majority of the genome
(Bennetzen 2000).

In recent years a number of vertebrate, mainly mammalian,
genomes have been fully sequenced, which have yielded
comparative data on TE types and content (Lindblad-Toh et al
2005; Waterson et al. 2002; Gibbs et al. 2004; Lander et al. 2001;
Mikkeisen et al. 2006; Gibbs et al. 2007; Mikkeisen et al. 2007;
Pontius et al. 2007). In our view, genomes from species-rich
lineages would necessarily exhibit high TE activity and/or high
infiltration by homogeneous populations of TEs. We see such a
plastic genome architecture, if other factors are equal, as a
prerequisite for adaptive radiation as it provides the required
genetic variation for a lineage to exploit ecological opportunities
when old niches are emptied by extinctions or when new niches
are, or can be, created. The mammalian order, Chiroptera,
provides a good example of the creation of a new niche as
exemplified by the rapid and fecund radiation of the microbats

(suborder Microchiroptera) that began with an Eocene (55-34
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mya) “big bang” (Simmons 2005). A flying mammal that could
feed on flying insects was probably a hard niche to occupy, but
once occupied it allowed a massive radiation of such magnitude
that bats now account for over 22% of all mammalian species
(Wilson and Reeder 2005). The most fecund genus in the
microbats is Myotis (the mouse-eared bats) with 103 species.
Recent data for representatives of Myotis, most particularly Myotis
lucifugus, have revealed that many of the microbats are richly
endowed with TEs, both retro-TEs and DNA-TEs (Pritham and
Feschotte 2007; Ray et al. 2007; Ray et al. 2008). Previously,
DNA-TEs were thought to have been inactive in mammals for at
least 37 Myr (Lander et al. 2001; Gibbs et al. 2004; Pace and
Feschotte 2007). Remarkably, the Myotis DNA-TEs appear to be
still active and there have evidently been sequential waves of
DNA-TE activity in this lineage, resulting in massive amplifications
of individual elements (Pritham and Feschotte 2007; Ray et al.
2007; Ray et al. 2008). DNA-TEs have been implicated in the
duplication and shuffling of host genetic material (Pritham and
Feschotte 2007). Thus, it seems probable that the ability of the
genus Myotis to adapt to a range of niches, and thereby
spectacularly diversify is being underpinned by natural selection
acting on the dynamic genomes created, at least in part, by the
activity of DNA-TEs.

Among other mammals, genomic plasticity engendered by TEs
should also be found in the large orders Rodentia (~2,000
species) and Primates (~235 species). TEs in representative
species of two large rodent genera, Mus and Rattus are not only

guite homogeneous (Waterston et al 2002; Gibbs et al, 2004),
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being dominated by just a handful of elements, namely LINE-1,
ERV/sLTR, and Bl, B2, and B4-SINEs, but significantly, have
remained highly active (DeBerardinis et al. 1998; Gibbs et al.
2004; Maksakova et al. 2006). Viable ERVs are nearly extinct in
humans, but are particularly active in the rodents (Smit 1993;
Costas 2003; Gibbs et al. 2004) and LINE-1 elements have also
remained highly active (DeBeradinis et al. 1998; Brouha et al.
2003; Goodier et al. 2001). Although ecological and other factors
have likely contributed to the success of the Rodentia, the high
content, homogeneity and activity of TEs evident in rodent
genomes so far sequenced is strongly consistent with TEs being

an essential force in the Rodentia radiation.

TEs have also been highly active in the primate lineage (Lander et
al. 2001; Mikkeisen et al. 2005; Gibbs et al. 2007). This activity
has not been consistent over time; rather, primate evolution has
been marked by periodic explosions of TE activity with mobility
now having been largely curtailed from its peak about 40 Mya
(Kim et al. 2004; Khan et al. 2006; Mills et al. 2007; Pace and
Feschotte 2007) Even so, significant residual TE activity persists
(Mills et al. 2006). A critical feature of primate TEs is not only their
abundance but their remarkable homogeneity, with just two
elements, L1 LINES and Alu SINEs, accounting for over 60% of
all interspersed repeat DNA in this lineage (Lander et al. 2001,
Mikkelsen et al. 2005; Gibbs et al. 2007). This makes primate
genomes virtually ideal for the passive effects wrought by TEs. By
promoting homology-driven ectopic recombination of DNA, L1 and
Alu repeats can bring about both inter- and intra-chromosomal

rearrangements that underlie lineage- and species-specific
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genetic changes. Comparisons between the human and
chimpanzee genomes have revealed the significant extent to
which TEs have passively exerted their effects in the recent
evolutionary history of primates (Sen et al. 2006; Han et al. 2007).
The observed high enrichment of TE elements at low copy repeat
junctions indicates that TEs have also been an important factor in
the generation of segmental duplications that are uniquely
abundant in primate genomes (Bailey et al. 2003; Bailey and
Eichler 2006; Johnson et al. 2006a; Wooding and Jorde 2006).

Confirmation that TE-facilitated evolution is responsible for much
taxonation will require much more data from different taxa,
including a large increase in DNA sequence information.
Sequenced representatives of the fecund orders of rodents, bats
and primates certainly support the concept that TEs are powerful
facilitators of evolution. Importantly, we could find no
counterevidence in the form of any mammalian species-rich
lineages lacking significant TE content and/or active or passive
effects. We therefore see the effects of TEs as having the
potential to explain why certain other animal clades are

anomalously large. These are prime targets for future research.

2.8 TE Activity Increases under Conditions of Stress

The deleterious effects of TEs are minimised by mechanisms that
involve TE repression or excision, depending on the host taxon.
However, as first proposed by McClintock (1984) the cost/benefit
ratio of TE-facilitated variation in a host may shift during periods of
greater evolutionary stress. Under stress, increased levels of TE

transposition might be advantageous, accelerating the rate of
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genome restructuring and promoting potentially useful genetic
variability. Lineages able to diversify in this manner are more likely
to remain extant, by virtue of at least some progeny inheriting a
favourable adaptation to enable survival in the face of biotic or
environmental challenges. Much evidence indicates that a TE-
host relationship has indeed evolved whereby normally innocuous
TEs become much more active through transcriptional de-
repression at times of stress. This has been documented in a
wide range of taxa, from yeast to mammals. Cellular stressors
known to activate TEs, particularly SINEs, include heat shock (Liu
et al. 1995; Kimura et al. 2001; Li and Schmid 2001), genetic
damage (Rudin and Thompson 2001; Hagan et al. 2003),
oxidative stress (Cam et al. 2008), translational inhibition (Liu et
al. 1995; Kimura et al. 2001; Li and Schmid 2001) and viral
infection (Kimura et al. 2001; Li and Schmid 2001). An appealing
possibility is that TEs may actually be part of the normal
physiological response to cellular stress, with putative functional
roles in DNA double-strand break repair (Eickbush 2002; Olivares
et al. 2003) and the regulation of protein translation (Chu et al.
1998; Hasler and Strub 2006). Such roles would accord with
SINEs being disproportionately located within gene-rich areas of
the genome, a distribution that is possibly explicable if these
elements provide some benefit and are therefore subject to
positive selection (Lander et al. 2001). In any case, it would
appear that successful taxa specifically permit more TE activity
under conditions of stress, which would enhance genetic change
at times when it would provide most benefit to the lineage. As a
consequence, stress may be a contributing factor to punctuated

equilibrium by promoting sudden evolutionary bursts in lineages
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following periods of stasis.

2.9 TEs are Differentially Active in the Germline and During
Early Embryogenesis
Uncontrolled transposition of TEs in the soma cannot benefit the
lineage, but can be deleterious to individuals, for example, by
leading to cancers if oncogenically-relevant genes are affected
(Bannert and Kirth 2004). However, TEs can only be useful
facilitators of evolution if they are allowed some leeway to
propagate within the germ line, or at least within the very early
embryo, since only such genetic change can be inherited and be
of potential benefit to the lineage. Dramatic hypomethylation of
DNA within primordial germ cells and their descendents in the
germ line is a well-known phenomenon in mammals (Allegrucci et
al. 2005; Morgan et al. 2005; Reik 2007). This opens a “window
of opportunity” to allow some TE activity as the gametes are
formed, and thus inheritance of altered genomes by the zygote. A
second window of opportunity occurs in the preimplantation
embryo, where massive genomic demethylation occurs following
fertilization (Allegrucci et al. 2005; Morgan et al. 2005; Reik 2007).
During these hypomethylation windows, TEs temporarily become
transcriptionally active (Dupressoir and Heidmann 1996; Evsikov
et al. 2004; Peaston et al. 2004). This is reflected in enormously
high reverse transcriptase levels in mouse oocytes and
preimplantation embryos compared with somatic cells (Evsikov et
al. 2004), as well as in TE transposition activity, with several de
novo insertion events having been documented in the human
germ line or early embryo (Wallace et al. 1991; Brouha et al.
2002; van den Hurk et al. 2007). In support of the data that these
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hypomethylation episodes provide fertile ground for TE-mediated
evolutionary change, genes expressed during gametogenesis and
early development have a much greater chance of being
retrotransposed than genes expressed exclusively in somatic
tissues (Kleene et al. 1998; Evsikov et al. 2004). TEs thus
powerfully facilitate evolution and the reach of natural selection
extends to the gamete, the zygote, and the embryo. Intriguingly,
TE-mediated transcription during mouse embryogenesis actually
appears to be essential for normal preimplantation development
(Peaston et al. 2004; Beraidi et al. 2006), illustrating how TE

biology and normal host physiology are often heavily entwined.

Since some TE activity in the germ line, but not the soma, is
beneficial to lineages, the restriction of TE activity to the germ line
should be a widespread adaptation. Indeed, eukaryotes have
evolved many mechanisms for reducing harm to the soma while
allowing TEs to generate diversity in the germ line genome. In
Drosophila melanogaster and related species, the mobility of the
P element DNA-TE is limited to the germ line by an alternate
splicing mechanism, which generates two different TE-encoded
proteins: a repressor of transposition in somatic cells and a germ
line specific transposase responsible for genomic mobility (Rio
1990). Similarly, | element LINE retrotransposition is restricted to
the female germline (Picard 1976), whereas gypsy and ZAM LTR-
TEs are specifically expressed in follicle cells of the developing
oocyte; both then invade the oocyte before the vitelline membrane
forms (Song et al. 1997). Nuclear dimorphism in the ciliated
protozoan Tetrahymena thermophila provides an alternative

mechanism for differential TE activity. TEs are restricted to the
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germ line micronucleus since the somatic macronucleus
specifically undergoes programmed DNA rearrangements and
deletions to remove potentially deleterious TEs (Fillingham et al.
2004). These examples indicate that successful lineages, from
protozoa to mammals, permit TE activity in the germ line and

strictly minimise it in the soma, where it is potentially damaging.

2.10 The Differential Impact of TEs on Distinct Regions of the
Genome
TEs promote genome plasticity, but to be of most benefit to
lineages should selectively operate on genes whose evolvability
needs to be high for host fithess, and be excluded from highly
conserved genes with critical functions. Consistent with this, TEs
have been found to be enriched within and near rapidly evolving
genes with roles that demand flexibility, such as responses to
external stimuli, immunity, cellular signaling, transport and
metabolism (Grover et al. 2003; van de Lagemaat et al. 2003;
Chen and Li 2007). The accumulation of TEs to high densities
near such genes can subsequently promote ectopic
recombination. Accordingly, it has been proposed that TE-rich
regions, which undergo relatively frequent unequal crossover, can
be considered to be “gene factories”, that is, genomic sites where
gene clusters are preferentially formed (Mallon et al. 2004). Gene
families generated in this manner can benefit the host lineage by
undergoing subfunctionalization following on from sequence
divergence. However, highly conserved genes with crucial roles in
cell structure or the regulation of development have been found to
be TE-poor (Simons et al. 2006; Chen and Li 2007). Most notable

are the tightly linked vertebrate HOX gene clusters (four in
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mammals, seven in most fish) which are virtually devoid of TEs. A
paucity of TEs among the clusters of vertebrate HOX genes may
reflect extensive functional and organizational constraints that
strongly select against insertion events (Wagner et al. 2003; Fried
et al. 2004; Simons et al. 2006). It is also consistent with their
strict requirement for stability, since once HOX genes had evolved
distinct roles as master regulators of the complex vertebrate body
plan, it became unlikely that any significant flexibility engendered
by TEs would be tolerated by natural selection. Interestingly,
invertebrates, with over 30 phyla are radically more diverse in
body plan than vertebrates, and possess a more evolvable single
HOX gene cluster that is permissive to TE insertions (Wagner et
al. 2003; Fried et al. 2004). That TEs associate with dynamic
gene regions adds weight to the view that they have been a major

force in gene evolution in a wide range of taxa.

2.11 Evolutionary Potential is Compromised in Organisms
That Fully Control TEs.
Eukaryotes mostly suppress TEs rather than eliminate them, but
at least one organism, the ascomycete fungus Neurospora
crassa, has been able to totally rid itself of intact TEs by means of
a novel repeat-induced point mutation (RIP) mechanism (Galagan
and Salker 2004). A critical characteristic of RIP is that it not only
eliminates TEs, but also any newly formed gene duplicates. As
gene duplication is thought to be almost essential for effective
evolution (Ohno 1970), fungi such as N. crassa seem to have
destroyed their evolutionary potential in the interests of genome
defence. Just 0.1% of its 10,082 genes share greater than 80%

similarity (Galagan et al. 2003). Thus, RIP has seemingly come at
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the cost of deactivating TE facilitation of evolution almost
completely. If N. crassa has been able to evolve RIP then why
haven't other taxa taken such extreme measures to combat TES?
We would expect that selection for the destruction of TEs would
result in stasis and possible eventual extinction, and that selection
for very strong suppression in the soma, with some activity of TEs
maintained in the germ line, would promote evolvability, with
minimum fitness costs to individuals. This suggests a ready
explanation as to why nearly all extant taxa do not destroy their
TEs.

2.12 Conclusions

Mutational variability is vital to evolution because it provides the
raw material upon which natural selection (and/or random drift)
can act to lead to evolution and taxonation. Here, we bring
together seemingly overwhelming evidence that supports a major
evolutionary role for TEs as an irreplaceable source of genetic
novelty. Far from being junk, TEs have established dynamic
genome architectures and have an evolutionary legacy that is
breathtaking in scope, ranging from the creation of novel genes
and gene families to the establishment of complex gene
regulatory networks. In humans, TE sequences have directly
contributed to about a quarter of transcribed gene sequences,
including a significant number of protein-coding regions, and a
quarter of gene promoter regions. TEs are not curious and
infrequent causes of genomic change but have repeatedly made
very significant contributions to genome evolution. Moreover, as
“helpful parasites” TEs appear to have prompted the emergence

of genome-wide regulatory processes such as DNA methylation
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and RNAI. In many cases, TE biology and normal host physiology
have become interwoven, with TEs being directly implicated in
critical processes such as epigenetic gene silencing, embryonic
development, X-chromosome inactivation, DNA repair, stress
response and antigen-specific immunity. Nevertheless, given
their ancient origins, the biological and evolutionary impact of TEs
Is probably still underestimated, since much of their influence may

now be untraced, and untraceable.

A very important feature of TEs is that they produce a bewildering
variety of mutations, including highly complex ones that are very
unlikely to arise by any other means. Functioning actively, or
passively as homologous sites for ectopic recombination, TEs can
suddenly duplicate, modify, or remove coding regions, greatly
alter gene expression patterns, or rearrange chromosomes.
Although such changes can be detrimental, natural selection, and
the evolution of host TE-control mechanisms such as DNA
methylation ensure that a balance is achieved between a tolerable
level of deleterious effects on individuals and long-term beneficial

effects for the lineage.

TEs possess all the qualities needed to be powerful facilitators of
evolution. They are seemingly universally distributed, incredibly
ancient, highly abundant and actively mobile. Since TE activity
tends to occur in sudden episodic bursts, for example following
horizontal transfer, or de novo derivation, TEs predict punctuated
equilibrium as a common feature of evolution. An abundance of
TE activity and/or passive homogeneity of TEs, provides a

prerequisite explanation, other things being equal, as to how
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certain lineages are able to diversify spectacularly. In contrast,
genomes without significant TE activity or homogeneity of inactive
TEs are predicted to be liable to evolutionary stasis. Much more
data will be available in the near future and if this data supports
the hypothesis clearly emerging from this review, it could become

a new paradigm in evolutionary theory.

Oliver K R & Greene W K 2009 BioEssays 31: 703-714. 49



Chapter 2: Transposable Elements: Powerful Facilitators of Evolution

Supplementary note for Chapter 2

Non-coding RNAs

The overwhelming complexity of the non-protein coding
transcriptome, and its function in gene regulation is rapidly
becoming apparent (Werner & Swan 2010). piRNAs (piwi
interacting RNAs) are germ line specific RNAs, and male mice
that lack key enzymes in piRNA become sterile (Lau et al. 2006).
pPiIRNAs derive from distinct non-coding regions of the genome
and suppress TE activity by transcriptional silencing. Thus in this
way they impact on the TE-Thrust hypothesis. In plants siRNAs
(short interfering RNAS) represent a powerful defence strategy
against viruses, and plant cells produce virus-derived SiRNAs
upon infection whereas animal cells do not (Ding & Voinnet 2007).
This is because defence against viruses is largely covered by the
immune system in animals, so the biological role of siRNAs in
animals is speculative (Okamura & Lai 2008). The siRNAs are
noted here as in future some of their actions in plants may be

important in relation to the TE Thrust hypothesis.

Reference: Werner & Swan 2010 and the references therein.
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Appendix to Chapter Two

Biological Evidence Supporting Punctuated

Equilibrium Type Evolution

A2.1 Summary

In contrast to the concept of gradualism in evolution current
among many biologists (in line with Darwin’s proposals),
paleontologists found a pattern of punctuation events
interspersed with relative stasis in the fossil record, which they
named punctuated equilibrium. Of late, some biologists have
sought to determine which model was the correct one, or whether
gradualism and punctuated equilibrium both occurred on
occasions, and some have also proposed hypotheses to possibly
explain this type of evolution. An explanation for both gradualism
and punctuated equilibrium is an important component of the TE-
Thrust hypothesis. Some recent studies by biologists support the
occurrence of both punctuated equilibrium and gradualism. In
addition, karyotypic changes associated with bursts of TE activity
appear to be a potent source of reproductive isolation and
speciation, although it is noted that there are multiple other

causes of reproductive isolation which may result in speciation.

A2.2. Introduction
Gradualism and Punctuated Equilibrium are two possible modes

of evolution, or perhaps two extremes of a continuum. Recent
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evolutionary thought has been dominated by an assumption that
biological lineages evolve by the slow and gradual accumulation
of adaptive mutations, that is, by gradualism, and that
macroevolution (the origin of higher taxa) can be explained by an
extrapolation of microevolution (the origin of races, varieties and
species) into the distant past (Kutschera and Niklas 2004; and
many others). This line of thought has been mostly dominant
since Charles Darwin who, influenced by Lyell's concept of very
slow changes in geology, regarded gradualism as fundamental to
his theory. Darwin unreservedly said Natura non facit saltum
(nature does not make a leap). Despite a number of early
dissenters such as Bateson in the 1890s who strongly advocated
evolution by discontinuous variation or sudden leaps, gradualism
was eventually incorporated into neoDarwinism and the Modern
Synthesis (Bowler 2003). However, many palaeontologists have
found that gradualism does not concur with the majority of the
fossil record. Instead, new species are found to arise abruptly and
periodically and there are intermittent and often long periods of
stasis, punctuated by periods of rapid change and branching
speciation. These punctuations often occur during different
periods in diverse lineages, so are apparently not always related
to environmental changes. The observed persistence of ancestors
in stasis, following the abrupt appearance of a descendant, is an
indicator of punctuated equilibrium (Eldredge and Gould 1972;
Gould and Eldredge 1977; Stanley 1981; Eldredge 1986, 1995;
Gould 2002). Punctuated equilibrium, as detailed by the
palaeontologists cited above, has been observed in certain very
fine grained strata, and entails intermittent periods of rapid

evolutionary change, over an estimated 15,000 to 40,000 years
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(Gould 2002), which gives birth to a new taxon that remains little
changed (i.e. in a period of stasis, or gradualism) until it becomes
extinct, usually four to ten million years later (Appendix to Chapter
4. A4.1 to A4.8). This taxon, while it is extant, is often the
progenitor of other taxa in the same lineage. Contemporaneous,
or successor taxa, in the same lineage eventually suffer the same
fate. Mass extinction events can interrupt this pattern, but they
account for less than 5% of all extinct species and recovery from
them tends to be slow, about 5 million years in the Early Triassic,
after the end of Permian great mass extinction (Erwin 2001). This
seems to make the “Cambrian explosion” seem all the more

remarkable.

That gradualism occurs sometimes is not denied. Fortey (1985),
from a study of Ordovician trilobites, estimated that the ratio of
punctuated equilibrium type speciation to gradualist speciation is
10:1, while Ridley (2004) posits that although both occur, and
punctuated equilibrium appears to be the more common, they
may be extremes of a continuum. It seems, therefore, that the
ratio of these types of speciation events, one to the other, is
somewhat uncertain. Gould (2002) states that punctuated
equilibrium should not be confused with the hypothesised
evolution of “hopeful monsters” by saltations (Goldschmidt 1940).
Many palaeontologists have observed punctuated equilibrium, but
they could not explain it in terms of the Modern Synthesis. Now,
however, intermittent waves of transposable element activity have
very recently been hypothesised to be a major causal factor of
punctuated equilibrium (Oliver and Greene 2009a;b Zeh et al.

2009; Parris 2009). This finally reconciles evolutionary theory to
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punctuated equilibrium and the fossil record. However, whereas
Zeh et al. (2009) place heavy emphasis on environmental stress
as a trigger for TE activity, we additionally consider recent
acquisitions of TEs as intermittent events that can trigger new
waves of TE activity (Oliver and Greene, 2009a). Parris (2009)
also proposes that intermittent germ line endogenisations by
retroviruses, possibly in concert with environmental change, are
an example of a trigger for intermittent rapid taxonation, and |

agree that this also occurs

A2.3 Biological Evidence for Punctuated Equilbrium

There are data, independent of that from paleontological data,
which suggest support for the occurrence of punctuated
equilibrium type evolution. These data further support the TE-
Thrust hypothesis modes, which predict punctuated equilibrium
type evolution due to intermittent bursts of TE activity. These can
occur as either punctuation events interrupting stasis, or as

punctuation events interrupting gradualism (Table 3-1).

A2.4 to A2.7 below, are also quite independent of any reliance on

the consideration of studies of TE activity.

A2.4 Cubo (2003) in a study of extant ratites (Aves:
Palaeognathae) finds evidence for speciational change, rather
than gradual change in extant ratites. In speciational models
morphological change is assumed to occur during or just after
cladogenesis in both daughter species, and the resultant
morphologies remain in stasis over long periods of time until the

next cladogenetic event.
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A2.5 In their study of various sub-clades of extant mammals the
Bayesian estimates of Matilla and Bokma (2008) suggest that
gradual evolution is responsible for only a small part of body size
variation between mammal species. They conclude that as
gradual evolution only explains perhaps one-third of interspecific

variation, gradual evolution seems to be grossly overvalued.

A2.6 In a study of extant ratites Laurin et al. (2011) confirm the
conclusion of Cubo (2003) and find that ratite evolution has been
mostly speciational (close to the punctuated equilibrium model)
for shape related characters. However, their data suggest that it

has been mostly gradual for size related characters.

The TE-Thrust hypothesis offers an explanation for both
punctuated equilibrium and gradualism (Table 3-1), so these data
are in accord with the predictions of this hypothesis, and suggest

that it may be correct.

A2.7 Co-evolution

Independent support for evolution by punctuated equilibrium has
also come from an example of co-evolution (Togu and Sota
2009).

A2.8 Archaeogenomic Angiosperm Studies

In extant and ancient plant genomes of Gossypium (cotton)
species there is archaeogenomic evidence of punctuated genome
evolution due to intermittent TE activity. It was found that an
apparent TE-consortium enlargement (punctuation) event in G.

herbaceum has occurred in far less than 2,000 years, as
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comparative analyses of retro-TE profiles from archeological
(1,600 years old) and modern G. herbaceum genomes show
significantly different genomic TE composition. This suggests that
the TE activity and evolutionary development of this domesticated
lineage has been occurring at a high level. In contrast to this,
there was minimal differentiation in the TE consortia between
some recent and archaic samples of G. barbadense genomes.
This was despite the samples being separated by over 2,000
miles in distance and 3,000 years in time, thus suggesting

stability or stasis within this lineage (Palmer et al. 2012).

A2.9 Whole Genome Duplication (Polyploidy)

Whole genome duplication (WGD or polyploidy), which is
abundant in angiosperms and which can result in punctuated
equilibrium type evolution (4.11 & 4.12), has not entirely ceased in
vertebrates, where an allotetraploid rodent species has been
identified (Gallardo et al. 2004; Gallardo et al. 2006), although
most occurrences of whole genome duplication in vertebrates are
thought to be of very ancient origin. The duplication of the HOX
clusters is thought to have occurred via WGD (Kassahn et al.
2009). Retained ohnologs are highly biased towards those for
signalling proteins and transcription factors, suggesting that this
large pool of new genes could have enabled the complex
regulation required for the vertebrate body plan. There have been
two rounds of WGD in all jawed vertebrates, and this accounts for
the genesis of almost one third of human genes. Most fish have
undergone a third WGD more recently (Manning and Scheeff
2010) These duplications of Hox clusters, by WGD, from one to

two, and from two to four, or more, followed by eliminations of
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some genes in some of the duplicated clusters clearly marks a

major feature of vertebrate evolution (Gould 2002).

A2.11 Further Evidence for the TE-thrust Hypothesis as an
Explanation for Punctuated Equilibrium

Several lines of investigation suggest that various types of

genomic disruption can play an important role reproductive

isolation and speciation, and that such speciation may owe more

to ephemeral and essentially arbitrary events than to a gradual

response to natural selection. Almost 80% of new species appear

to originate due to rare stochastic events (Venditti et al. 2010).

There are an astounding 529 species in 122 genera in the
Rodentia, Muridae subfamily Murinae (Michaux 2001). The
pattern of karyotype evolution in the Mus subgenera of this Old
World subfamily Murinae, supports punctuation event type
evolution. This pattern is not consistent with evolutionary
gradualism, and suggests that taxonation is due to rare abrupt

events.

The four subgenera of Mus (Murinae) diverged nearly
simultaneously within a million years during which karyotypic
changes occurred at the rate of about 13 per Myr. In contrast to
this the karyotypic change rate was change of only about one per
Myr during the next 6-7 Myr. That is, the pattern of karyotypic
change exhibited a short phase of intensive change, followed by a
stage of much slower karyotypic change. In Mus the period of high
karyotypic change coincided with cladogenetic events: the

separation of the four subgenera occurred during this period.
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Compared to the high rates of chromosome change in the very
speciose Muridae, other mammalian lineages generally display a
low rate of karyotypic change of about 0.1 to 0.2 changes per Myr
(Veyrunes et al. 2006). This suggests that it may be no
coincidence that the very speciose Muridae (26% of extant
mammal species) are highly infested with persisting retroviruses
and endogenised retroviruses (Maksakova 2006) which are
causal to karyotyic changes via ectopic recombination of the
large-sized, and abundant, ERV insertions (Feschotte and Gilbert
2012). It also suggests a link between punctuated karyotypic

changes and punctuated speciation in the Muridae.

A similar pattern of rapid evolution and karyotypic change has
been found in many of the rodents of the vey speciose New World
Muridae, subfamily Sigmodontinae (6.16.2) which have very
numerous MysTR ERVs (Cantrell et al. 2005; Erickson et al.
2011). The Sigmodontinae contains an extraordinary 79 genera
and 432 species (Michaux et al. 2001).

Bush et al. (1977) in a study of extant and extinct species in 225
vertebrate genera, found that speciation rate strongly correlated
with the rate of chromosomal evolution, and that average rates of
speciation in lower vertebrate genera were only one fifth of those

in the mammalian genera.

A2.12 Other factors in Reproductive Isolation and Speciation
| do not suggest that karyotypic changes are the only source of
reproductive isolation, which often precedes the divergence of
species, or of higher taxa, as there are many other causes of

reproductive isolation. These include subdivision of a population
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into semi-isolated demes with a small effective population size
(Wright 1931; Bush et al. 1977; Eldredge 1995; Jurka et al. 2011).
This can be due to patchy distribution, organisation into clans or
harems, low adult mobility and juvenile dispersal, or strong
individual territoriality as in some rodents, e.g. Mus musculus
(Bush et al. 1977), and to many other factors, e.g. environmental
changes, behavioural changes, and genetic or other genomic
changes (Venditti et al. 2010). Mating preference can also be a
cause of reproductive isolation due to differing fly microbiota, as
has been demonstrated experimentally in  Drosophila
melanogaster (Sharon et al. 2010). In plants, reproductive
isolation can be caused by ploidy differences, or to endosperm
balance number (EBN) differences in angiosperms (Box 4-1) as

well as many other factors.

A2.13 TE-Activity, Adaptation, and Speciation

In their short review Rebollo et al. (2010) argue that:

e Some bursts of TE activity are able to induce speciation
through karyotypic changes.

e Generation of multiple L1 LINE families occurred concurrently
with intense speciation in <0.3 Myr, within Rattus (Murinae;
Rodentia).

e Bursts of transposition are not always associated with
speciation, e.g. the P (DNA-TE) and | (LINE, retro-TE) TEs
have recently been acquired by Drosophila melanogaster,
without any observed speciation occurring. However, in this
regard, | would note that D. melanogaster, has very recently

(<400 years) colonised the world, from its sub-Saharan origin,
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suggesting a recent increase in, or realisation of its adaptive
potential (5.10, 5.11). This further suggests that this
occupation of new habitats, possibly combined with other
factors (A.2.12) may eventually result in speciation, as
estimates of the time required for a punctuation event are
15,000 to 40,000 years (A2.2; 5.17) and other estimates of
the time needed for speciation are much higher (e.g.100,000
years: Byron Lamont, personal communication).

e Bursts of transposition may be driven by selective release of
viable TEs as the result of epigenetic response to the
environment, as TEs are subject to epigenetic regulation.
This appears to have a Lamarckian flavour (4.6.1).

e Bursts of transposition result in a renewal of genetic diversity,
that is, they result in adaptive potential, and/or evolutionary
potential (Box 5-1), which may be realised in the present or at
some time in the future (5.10, 5.11).

A2.12 Conclusion

Punctuated Equilibrium type evolution has long been recognised
by paleontologists (Eldredge and Gould 1972; Gould and
Eldredge 1977; Stanley 1981; Eldredge 1986, 1995; Gould 2002).
In agreement with this there are data, independent of
paleontology and also in many cases of studies of TEs and TE
activity, which support both the occurrence of punctuated

equilibrium type evolution and gradualism. These data, combined
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with the paleontological data, suggest that the rigid gradualism of
Darwin, and of the Modern Synthesis, although it sometimes
occurs, is very unlikely to be able to account for the whole of the
evolution of life on earth. Intermittent TE activity is likely to be a

major contributor to punctuated equilibrium.
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Chapter 3

Mobile DNA and the TE-Thrust Hypothesis:

Supporting Evidence from the Primates

3.1 Summary

Transposable elements (TES) are increasingly being recognised
as powerful facilitators of evolution. We propose the TE-Thrust
hypothesis to encompass TE-facilitated processes by which
genomes self-engineer coding, regulatory, karyotypic or other
genetic changes. Although TEs are occasionally harmful to
some individuals, genomic dynamism caused by TEs can be
very beneficial to lineages. This can result in differential survival
and differential fecundity of lineages. Lineages with an abundant
and suitable repertoire of TEs have enhanced evolutionary
potential and, if all else is equal, tend to be fecund, resulting in
species-rich adaptive radiations, and/or they tend to undergo
major evolutionary transitions. Many other mechanisms of
genomic change are also important in evolution, and whether
the evolutionary potential of TE-Thrust is realised is heavily
dependent on environmental and ecological factors. The large
contribution of TEs to evolutionary innovation is particularly well
documented in the primate lineage. In this paper, we review
numerous cases of beneficial TE-caused modifications to the
genomes of higher primates, which strongly support our TE-

Thrust hypothesis.

Oliver KR & Greene W K 2011 Mobile DNA 2: 8
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3.2 Introduction

Building on the groundbreaking work of McClintock (1956) and
numerous others (Georgiev 1984; Brosius 1991; Fedoroff 1999;
Kidwell and Lisch 2001; Bowen and Jordan 2002; Deininger et al.
2003; Kazazian Jr 2004; Wessler 2006; Biémont and Vieira 2006;
Volff 2006; Feschotte and Pritham 2007; Muotri et al. 2007; B6hne
et al. 2008), we further advanced the proposition of transposable
elements (TEs) as powerful facilitators of evolution (Oliver and
Greene 2009a) and now formalise this into ‘The TE-Thrust
hypothesis’. In this paper, we present much specific evidence in
support of this hypothesis, which we suggest may have great
explanatory power. We focus mainly on the well-studied higher
primate (monkey, ape and human) lineages. We emphasise the
part played by the retro-TEs, especially the primate-specific non-
autonomous Alu short interspersed element (SINE), together with
its requisite autonomous partner long interspersed element
(LINE)-1 or L1 (Figure 3-1A). In addition, both ancient and recent
endogenisations of exogenous retroviruses (endogenous
retroviruses (ERVs)/solo long terminal repeats (SLTRs) have
been very important in primate evolution (Figure 3-1A). The Alu
element has been particularly instrumental in the evolution of
primates by TE-Thrust. This suggests that, at least in some
mammalian lineages, specific SINE-LINE pairs have a large
influence on the trajectory and extent of evolution on the different

clades within that lineage.
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Figure 3-1: Summary of the effect of TES on primate evolution. (A) Transposable elements (TEs) implicated in the
generation of primate-specific traits. (B) Types of events mediated by TEs underlying primate-specific traits.
Passive events entail TE-mediated duplications, inversions or deletions. (C) Aspects of primate phenotype
affected by TEs. Based on the published data shown in Tables 3-3 to 3-6.
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3.3 The TE-Thrust Hypothesis

The ubiquitous, very diverse, and mostly extremely ancient TEs
are powerful facilitators of genome evolution, and therefore of
phenotypic diversity. TE-Thrust acts to build, sculpt and reformat
genomes, either actively by TE transposition and integration
(active TE-Thrust), or passively, because after integration, TEs
become dispersed homologous sequences that facilitate ectopic
DNA recombination (passive TE-Thrust). TEs can cause very
significant and/or complex coding, splicing, regulatory and
karyotypic changes to genomes, resulting in phenotypes that
can adapt well to biotic or environmental challenges, and can
often invade new ecological niches. TEs are usually strongly
controlled in the soma, where they can be damaging (Matzke et
al. 1999; Schulz et al. 2006), but they are allowed some limited
mobility in the germline and early embryo (Dupressoir and
Heidmann 1996; Brouha et al. 2002; van den Hurk et al. 2007),
where, although they can occasionally be harmful, they can also
cause beneficial changes that can become fixed in a
population, benefiting the existing lineage, and sometimes

generating new lineages.

There is generally no Darwinian selection for individual TEs or
TE families, although there may be exceptions, such as the
primate-specific Alu SINEs in gene-rich areas (Lander et al. 2001;
Walters et al. 2009). Instead, according to the TE-Thrust
hypothesis, there is differential survival of those lineages that
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contain or can acquire suitable germline repertoires of TEs, as
these lineages can more readily adapt to environmental or
ecological changes, and can potentially undergo, mostly
intermittently, fecund radiations. We hypothesise that lineages
lacking a suitable repertoire of TEs are, if all else is equal, liable to

stasis, possibly becoming “living fossils” or even becoming extinct.

TE activity is usually intermittent (Haring et al. 2000; Gerasimova
et al. 1985; Kim et al. 2004; Marques et al. 2005; Ray et al. 2008),
with periodic bursts of transposition due to interplay between
various cellular controls, various stresses, de novo syntheses, de
novo modifications, new infiltrations of TEs (by horizontal
transfer), or new endogenisations of retroviruses. However, the
vast majority of viable TEs usually undergo slow mutational decay
and become non-viable (incapable of activity), although some
super-families have remained active for more than 100 Myr.
Episodic TE activity and inactivity, together with differential
survival of lineages, suggests an explanation for punctuated
equilibrium, evolutionary stasis, fecund lineages, and adaptive
radiations, all found in the fossil record, and for extant “fossil
species” (Oliver and Greene 2009a,b; Zeh et al. 2009).

TE-Thrust is expected to be optimal in lineages in which TEs are
active and/or those that possess a high content of homogeneous
TEs, both of which can promote genomic dynamism (Oliver and

Greene 2009a). We hypothesise four main modes of TE-Thrust
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(Table 3-1), but as these are extremes of continuums, many
intermediate modes are possible.

* Mode 1: periodically active heterogeneous populations of TEs
result in stasis with the potential for intermittent punctuation
events.

 Mode 2: periodically active homogenous populations of TEs
result in: 1) gradualism as a result of ectopic recombination, if
the TE population is large, with the potential for periodic
punctuation events, or 2) stasis with the potential for periodic
punctuation events if the TE population is small.
* Mode 3: non-viable heterogeneous populations of TEs, in the
absence of new infiltrations, result in prolonged stasis, which can
sometimes result in extinctions and/or “living fossils”.

 Mode 4: non-viable homogenous populations of TEs, in the
absence of new infiltrations, can result in: 1) gradualism as a
result of ectopic recombination, if the TE population is large or 2)

stasis if the TE population is small.

These modes of TE-Thrust are in agreement with the findings of
palaeontologists (Gould 2002) and some evolutionary biologists
(Ridley 2004) that punctuated equilibrium is the most common
mode of evolution, but that gradualism and stasis also occur.

Many extant “living fossils” are also known.

We acknowledge that TE-Thrust acts by enhancing evolutionary
potential, and whether that potential is actually realized is heavily

influenced by environmental, ecological and other factors.
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Moreover, there are many other “engines” of evolution besides
TE-Thrust, such as point mutation (Pollard et al. 2006), simple
sequence repeats (Kashi and King 2006), endosymbiosis
(Margulis and Chapman 1998), epigenetic modification (Monk
1995) and whole-genome duplication (McLysaght et al. 2002),
among others. These often complement TE-Thrust; for example,
point mutations can endow duplicated or retrotransposed genes
with new functions (Dulai et al. 1999; Burki and Kaessmann 2004).
There may also be other, as yet unknown, or hypothesised but

unconfirmed, “engines” of evolution.

3.4 Higher Primate Genomes are very suited to TE-
Thrust as they Possess Large Homogeneous

Populations of TEs

Human and other extant higher primate genomes are well
endowed with a relatively small repertoire of TEs (Table 3-2).
These TEs, which have been extensively implicated in
engineering primate-specific traits (Table 3-3; Table 3-4; Table
3-5; Table 3-6), are largely relics of an evolutionary history
marked by periodic bursts of TE activity (Kim et al. 2004; Batzer
and Deininger 2002; Bailey et al. 2003). TE activity is presently
much reduced, but extant simian lineage genomes remain
well suited for passive TE-Thrust, with just two elements, Alu and
L1, accounting for over 60% of the total TE DNA sequence
(Lander et al. 2001; Mikkelsen et al. 2005; Gibbs et al. 2007).

In humans, there are 10 times as many mostly
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Table 3-1: Hypothesised Major Modes of Transposable Element (TE) Thrust

Mode TE Activity TE homogeneity TE population size  Evolutionary outcome Type of TE thrust
1 Viable and intermittently Heterogeneous Large Stasis with punctuation events Active
active
Small Stasis with punctuation events Active
2 Viable and intermittently Homogeneous Large Gradualism with punctuation Active and passive
active events
Small Stasis with punctuation events Active
3 Non-viable/inactive Heterogeneous Large Stasis®” Minimal®
Small Stasis®” Minimal®
Non-viable/inactive Homogeneous Large Gradualism? Passive©
4
Small Stasis®” Minimal®

4Unless new infiltrations or reactivation of TEs occur.
PFossil taxa are a possible outcome of prolonged stasis

‘Inactive/non-viable TEs can be exapted in a delayed fashion, which could cause some resumption of active TE-Thrust.
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homogeneous class | retro-TEs as there are very heterogeneous
class Il DNA-TEs (Lander et al. 2001). Only L1, Alu, SVA (SINE-
R, variable number of tandem repeats (VNTR), Alu) and possibly

some ERVs, remain active in humans (Mills et al. 2007).

L1 and the primate-specific Alu predominate in simians (Lander
et al. 2001; Mikkelsen et al. 2005; Gibbs et al. 2007), and thus
strongly contribute to TE-Thrust in this lineage (Figure 3-1A). The
autonomous L1 is almost universal in mammals, whereas the
non- autonomous Alu, like most SINES, is conspicuously lineage-
specific, having been synthesized de novo, extremely unusually,
from a 7SL RNA-encoding gene. The confinement of Alu to a
single mammalian order is typical of younger SINEs, whereas
ancient SINEs, or exapted remnants of them, may be detectable
across multiple vertebrate classes (Gilbert and Labuda 1999). Alu
possesses additional unusual characteristics: extreme abundance
(1.1 million copies, occurring every 3 kb on average in the human
genome), frequent location in gene-rich regions, and a lack
of evolutionary divergence (Lander et al. 2001; Labuda and Striker
1989). Their relatively high homology is most easily explained as
being the result of functional selection helping to prevent
mutational drift. Thus, Alus have been hypothesised to serve
biological functions in their own right, leading to their
selection and maintenance in the primate genome (Walters et al.
2009). For example, A-to-l RNA editing, which has a very high
prevalence in the human genome, mainly occurs within Alu
elements (Levanon et al. 2004), which would seem to provide

primates with a genetic sophistication beyond that of other
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mammals.  Alus may therefore not represent a peculiar,
evolutionary neutral invasion, but rather positively selected
functional elements that are resistant to mutational degradation
(Mattick and Mehler 2008). This has significance for TE-Thrust, as
it would greatly prolong the usefulness of Alus as facilitators of
evolution within primate lineages. Other human retro-TEs
include the fossil tRNA mammalian-wide intespersed repeat
(MIR) SINE, which amplified approximately 130 Mya (Lander et
al. 2001; Krull et al. 2007) and the much younger SVA, a non-
autonomous composite element partly derived from ERV and Alu
sequences, which is specific to the great apes and humans
(Ostertag et al. 2003). Like Alus, SVAs are mobilised by L1-
encoded enzymes and, similar to Alu, a typical full-length SVA is
GC-rich, and thus constitutes a potential mobile CpG island.
Importantly, ERVs are genome builders/modifiers of exogenous
origin (Mayer and Meese 2005). Invasion of ERVs seems to be
particularly associated with a key mammalian innovation, the
placenta (Table 3-4). The endogenisation of retroviruses and the
horizontal transfer of TEs into germlines clearly show that the

Weismann Barrier is permeable, contrary to traditional theory.

The DNA-TEs, which comprise just 3% of the human genome,
are extremely diverse, but are now completely inactive (Lander et
al. 2001; Pace and Feschotte 2007). Although some have been
exapted within the simian lineage as functional coding sequences
(Table 3-3; to Table 3-6), DNA-TEs, it seems, cannot now be
a significant factor for TE-Thrust in primates, unless there are

new infiltrations.
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3.5 TE-Thrust Influences Evolutionary Trajectories

A key proposal of our TE-Thrust hypothesis is that TEs can
promote the origin of new lineages and drive lineage divergence
through the engineering of specific traits. Ancestral TEs shared
across very many lineages can, by chance, lead to the delayed
generation of traits in one lineage but not in another. For
example, more than 100 copies of the ancient amniote-
distributed AmnSINE1 are conserved as non-coding elements
specifically among mammals (Nishihara et al. 2006). However,
as they often show a narrow lineage specificity, we hypothesise
that younger SINEs (with their partner LINES) may have a large
influence upon the trajectory and the outcomes of the evolution
within clades, as is apparent with the Alu/L1 pair in primates
(Figure 3-1A). Probably not all SINEs are equal in this ability; it
seems that some SINEs are more readily mobilised than
others, and when mobilised, some SINEs are more effective
than others at facilitating evolution by TE-Thrust. The extremely
abundant primate Alu dimer seems to illustrate this. Whereas the
overwhelming majority of SINEs are derived from tRNAs, Alus
may have proliferated so successfully because they are derived
from the 7SL RNA gene (Ullu and Tschudi 1984), which is part
of the signal recognition particle (SRP) that localises to
ribosomes. Alu RNAs can therefore bind proteins on the SRP
and thus be retained on the ribosome, in position to be
retrotransposed by newly synthesized proteins encoded by their
partner L1 LINEs (Dewannieux et al. 2003).
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Among the primates, the simians have undergone the greatest
evolutionary transitions and radiation. Of the approximately 367
extant primate species, 85% are simians, with the remainder
being prosimians, which diverged about 63 Mya. Significantly,
large amplifications of L1, and thus of Alus and other
sequences confined to simians, offer a plausible explanation
for the lack of innovation in the trajectory of evolution in the
prosimian lineages, compared with the innovation in the simian
lineages. Since their divergence from the basal primates, the
simians have experienced repeated periods of intense L1
activity that occurred from about 40 Mya to about 12 Mya
(Khan et al. 2006). The highly active simian L1s were responsible
for the very large amplification of younger Alus and of many
gene retrocopies (Ohshima et al. 2003). Possibly, differential
activity of the L1/Alu pair may have driven the trajectory and
divergence of the simians, compared with the prosimians. The
greater endogenisation of some retroviruses in simians
compared with prosimians (Bénit et al. 1999) may also have
played a part. These events may also explain the larger genome

size of the simians compared with prosimians (Liu et al. 2003).

A significant feature of Alus is their dimeric structure, involving a
fusion of two slightly dissimilar arms (Quentin 1992). This added
length and complexity seems to increase their effectiveness
as a reservoir of evolutionarily useful DNA sequence or as an
inducer of ectopic recombination. It may therefore be no
coincidence that simian genomes are well endowed with dimeric

Alus. Viable SINEs in the less fecund and less evolutionary
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innovative prosimians are heterogeneous, and include the
conventional dimeric Alu, Alu-like monomers, Alu/tRNA dimers
and tRNA SINEs (Schmid 1998). This distinctly contrasts with
simian SINEs; in simians, viable SINEs are almost entirely
dimeric Alus. Thus, both qualitatively and quantitatively, the Alu
dimer seems to represent a key example of the power of a SINE

to strongly influence evolutionary trajectory.

Although these coincident events cannot, by themselves, be a
clear indication of cause and effect, distinct Alu subfamilies
(Alud, AluS, AluY) correlate with the divergence of simian
lineages (Batzer and Deininger 2002; Bailey et al. 2003).
Whereas the AluJ subfamily was active about 65 Mya when the
separation and divergence between the simians and the
prosimians occurred, the AluS subfamily was active beginning at
about 45 Mya, when the OId World monkey proliferation
occurred, followed by a surge in AluY activity and expansion
beginning about 30 Mya, contemporaneous with the split between
apes and Old World monkeys (Batzer and Deininger 2002; Bailey
et al. 2003). Thus, periodic expansions of Alu subfamilies in
particular seem to correspond temporally with major divergence
points in primate evolution. More recent Alu activity may be a
factor in the divergence of the human and chimpanzee lineages,
with Alus having been three times more active in humans than in

chimpanzees (Mikkelsen et al. 2005; Mills et al. 2006). Moreover,
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Table 3-2: Summary of the Major Transposable Elements (TEs) found in Humans

Family Percentage Number in Average Maximum Viable  Potentially autonomous
of genome genome length, bp length, kb
Type IlI: retro-TEs LTRYERV® 8.3 443,000 510 10 No Yes (via reverse
transcriptase)
LINE1® 16.9 516,000 900 6 Some Yes (via reverse
transcriptase)
LINE2 3.2 315,000 280 5 No Yes (via reverse
transcriptase)
Alu SINE® 10.6 1,090,000 270 0.3 Yes No
MIR® SINE 2.2 393,000 150 0.26 No No
SVA'SINE-like 0.2 3,000 1,400 3 Yes No
composite
Type Il: DNA-TEs Many 2.8 294,000 260 3 No Some (via transposase)

8LTR = Long terminal repeat
PERV = endogenous retrovirus
‘LINE = short interspersed nuclear element
SINE = short interspersed nuclear element
*MIR = mammalian-wide interspersed repeat

'SVA = SINE-VNTR-Alu




Table 3-3: Specific Examples of Transposable Elements (TEs) Implicated in Primate-specific Traits: Brain and Sensory

TE generated Gene Gene function TE Distribution® Type of event Effect Tissue Type of  Reference
trait affected responsible expression TE-
Thrust
snaRs Cell growth and Alu Afr. great Domestication  Novel Brain, testis Active Parrott and
translational ape/human genes Mathews,
regulation 2009
BCYRN1  Translational Alu Simian Domestication  Novel Brain Active Watson
regulation of gene and
dendritic Sutcliffe,
proteins 1987
FLJ33706 Unknown Alu Human Domestication  Novel Brain Active Li et al.,
Gene 2010
Neuronal SETMAR  DNA repair and Hsmarl Simian Exonization Novel Brain, various Active Cordaux et
stability? replication fusion al., 2006
gene
Survivin Anti-apoptotic/  Alu Ape Exonization Novel Brain, spleen  Active Mola et al.,
brain Isoform 2007

development
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Table 3-3 (continued)

TE generated Gene Gene function TE Distribution® Type of event Effect Tissue Type of Reference
trait affected responsible expression TE-
Thrust
ADARB1 RNA editing/ Alu >Human Exonization Novel Brain, various Active Lai et al.,
neurotrans- isoform 1997
mitter receptor
diversity
CHRNA1  Synaptic MIR® Great ape Exonization Novel Neuro- Active Krull et al.,
transmission isoform muscular 2007
ASMT Melatonin LINE-1° >Human Exonization Novel Pineal gland  Active Rodriguez
synthesis isoform et al., 1994
CHRNA3  Synaptic Alu Great ape Regulatory Major Nervous Active Fornasari
transmission promoter  system et al., 1997
CHRNA6  Synaptic Alu >Human Regulatory Negative Brain Active Ebihara et
transmission regulation al., 2002

7




Table 3-3 (continued)

TE generated Gene Gene function TE Distribution® Type of event Effect Tissue Type of Reference
trait affected responsible expression TE-
Thrust
NAIP Anti-apoptosis  Alu >Human Regulatory Alternative CNS, various Active Romanish
(motor neuron) promoters et al., 2009
CNTNAP4  Caell ERV? >Human Regulatory Alternative Brain, testis Active  van de
recognition/ promoter Lagemaat
adhesion et al., 2003
CCRK Cell cycle- Alu Simian Regulatory CpG island Brain Active Farcas et
related kinase al., 2009
Enhanced GLUD2 Neurotransmitt  Unknown Ape Retrotranspo-  Novel Brain Active Burki and
cognitive er recycling sition gene Kaessman
capacity/ n 2004
memory?
Altered CHRNA9 Cochlea hair Alu Human Deletion Exon loss Cochlea, Passive Sen et al.,
auditory development/ sensory 2006
perception? modulation of ganglia

auditory stimuli
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Table 3-3 (continued)

TE generated Gene Gene function TE Distribution® Type of event Effect Tissue Type of Reference
trait affected responsible expression TE-

Thrust
Trichromatic OPN1LW  Cone Alu Old World Duplication Novel Retina Passive Dulai et al.,
colour vision photoreceptor primate gene 1999

4 > = Maximum known distribution

®MIR = mammalian-wide interspersed repeat
°LINE = long interspersed nuclear element
YERV = endogenous retrovirus
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Table 3-4: Specific Examples of Transposable Elements (TEs) Implicated in Primate-specific Traits:

Reproduction and Development

TE generated Gene Gene function TE Distribution® Type of event Effect Tissue Type of Reference
trait affected responsible expression TE-
Thrust
Placental Syncytin-1  Trophoblast ERV® Ape Domestication Novel Placenta Active Mi et al.,
morpho- cell fusion gene 2000
genesis
Placental Syncytin-2  Trophoblast ERV Simian Domestication Novel Placenta Active Blaise et
morpho- cell fusion gene al., 2003
genesis
HERW1 Unknown ERV Simian Domestication Novel Placenta Active Kjeldbjerg
gene et al., 2008
HERW2 Unknown ERV Simian Domestication Novel Placenta Active Kjeldbjerg
gene et al., 2008
ERV3 Development ERV Old World Domestication Novel Placenta, Active Larsson et
and primate gene various al., 1994

differentiation?
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Table 3-4 (continued)

TE generated Gene Gene function TE Distribution® Type of event Effect Tissue Type of Reference
trait affected responsible expression TE-
Thrust
DNMT1 DNA methylation Alu >Afr. great Exonization Novel Fetal, Active Hsu et al.,
ape isoform various 1999
LEPR Leptin receptor SVA Human Exonization Novel Fetal liver Active Damert et
isoform al., 2004
IL22RA2 Regulation of LTR® Great ape Exonization Novel Placenta Active Piriyapong
inflammatory isoform saetal.,
responses/ 2007b
interleukin-22
decoy receptor
PPHLN1 Epithelial ERV/Alu/ Ape Exonization Novel Fetal, Active Huh et al.,
differentiation/ LINE-1° isoforms various 2006
nervous-system
development
CGB1/2 Chorionic Alu (snaR-  Afr. great Regulatory Major Testis Active Parrott and
gonadotropin G1/2) ape promoter Mathews,
2009
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Table3-4 (continued)

TE generated Gene Gene function TE Distribution® Type of event 