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Transposable elements have an ongo-
ing, largely parasitic interaction with 

their hosts. We are interested in the tim-
escale of this interaction. In a recent pub-
lication, we have examined the sequence 
divergence between class II DNA trans-
posons from mammalian genomes. We 
asked whether these sequences undergo a 
continuing process of turnover, keeping 
a family as an integrated whole, as mem-
bers of the family are continually created 
and lost. Alternatively, we envisaged that 
elements might have been involved in a 
burst of amplification, soon after they 
first occupied a mammalian genome, 
and the shared ancestry of present-day 
elements harks back to this initial ampli-
fication, a process that we termed a “life 
cycle.” We resolved between these pro-
cesses by estimating the time to com-
mon ancestry predicted from the genetic 
diversity of sequences found in a transpo-
son family, and also estimating, from the 
mammalian orders that currently pos-
sess copies of the family, the time when 
the family first entered the mammalian 
genome. These times are approximately 
the same, supporting the “life cycle” 
model. This casts light on how far we can 
infer genetic changes in the past through 
the study of DNA sequences from the 
present.

Transposable Elements  
and the Genomic Fossil Record

Transposable elements are, by the stan-
dards of living things, described using 
unusual terminologies. Thus, in consider-
ing these DNA sequences from our human 
chromosomes, one reads that these are 
“extinct,” following “mass extinctions”.1 
This is, at first sight, an unexpected way 
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to describe DNA sequences replicated in 
our chromosomes every time a cell divides 
and passed on faithfully to our offspring. 
But this reflects the unusual capacity that 
transposable element biologists have to 
reconstruct the past. “Extinct” elements, 
in this context, are not elements that have 
been lost from our chromosomes, they 
have merely become transpositionally 
inactive and live on in a slow process of 
decay. Thus, our chromosomes are said 
to contain “genomic fossils,” remnants 
from once active elements which continue 
to offer clues that allow us to reconstruct 
genomic events in the past.

The Search for Equilibria

The study of the history of transposable 
elements, which these genomic fossils 
allow, attracts the attention of evolution-
ary biologists. Evolutionary biologists, as 
a class, are particularly fascinated by the 
possibility of stable equilibrium states. 
Much of evolutionary biologists’ activi-
ties consist of studying dynamic processes 
of change, such as mutation, migration, 
selection and genetic drift. As a result of 
the constant operation of these processes, 
the genotype, the phenotype, and indeed 
the genetic diversity of populations, is 
expected to evolve toward an equilibrium 
state, and this expected equilibrium is 
taken as a prediction of the patterns that 
we expect to see. Indeed, levels of diver-
sity observed today can be used in the 
context of models to estimate population 
characteristics in the past, as when levels 
of human molecular diversity are used 
to predict a human effective population 
size, over the last million years, of around 
10,000,2,3 compared with the billions of 
individuals seen today. This search for 
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times to common ancestry of the elements 
within a family differed from element 
family to element family. The key ques-
tion was the relationship between this 
predicted time to common ancestry of ele-
ment copies from the human genome and 
the time when the element first prolifer-
ated through the genome of an ancestor. 
For human element families that were also 
found outside the primates, it was possible 
to estimate the time to common ancestry 
of elements in two other genomes, those 
of the cow and the dog, with the evolu-
tionary rate being estimated by finding 
element orthologs in the pig and in the 
cat and panda, respectively. The consis-
tent finding was that, approximately, the 
estimated times to common ancestry for 
a given family, from the three types of 
comparison, using Primates, Artiodactyls 
and Carnivores, were approximately the 
same and occurred before the divergence 
of these mammalian orders. This result 
is not what would be expected if the ele-
ments within a family had undergone a 
process of turnover that had continued 
after the divergence of the ancestors of the 
three orders studied. It appeared, on the 
contrary, that the time to common ances-
try of elements sampled from the three 
descendant orders were sufficiently similar 
that all were reflecting a single process of 
genomic proliferation in a shared ances-
tor. But what is the relationship between 
the time to common ancestry of the ele-
ment copies within a family and the time 
when that family first proliferated through 
its mammalian host genome? To investi-
gate the latter, we observed the distribu-
tion of the presence and absence of each 
element family across mammalian species 
and orders and, from these data, we esti-
mated the time when the element family 
first resided in an ancestral mammalian 
genome. In doing this, we assumed that 
if an element family is seen, albeit possibly 
being sparsely distributed, in two mam-
malian orders, then that family would 
have existed in the genome of the mam-
malian group that was the ancestor of 
those orders. Thus, we explicitly modeled 
a patchy distribution of a family as being 
the result of stochastic losses of the family 
in some descendant lineages of ancestral 
groups that possessed it, rather than the 
patchy distribution reflecting horizontal 

some time in the past. If there is a process 
of turnover of the elements within a fam-
ily, elements will be replicating to produce 
new elements, and other element copies 
will be lost. Over time, in such a con-
tinuous process of gain and loss, the ele-
ment that is the MRCA of the family will 
move forward in time. This is the same 
process that is seen systematically at the 
population genetics level for alleles within 
a population of organisms. If we were to 
look at the collection of alleles present at a 
human autosomal locus today, then these 
would have a common ancestor at some 
time in the past- for humans the aver-
age time to common ancestry is approxi-
mately 800,000 y ago. But if we were to 
go back 400,000 y to the population from 
which we are descended and in which the 
ancestral alleles of the present variation 
existed, the time to common ancestry of 
all the alleles in such a population would 
not be 400,000 y earlier (i.e., 800,000 y 
before now). The time would be much 
more likely to be around 800,000 y earlier 
than our 400,000 y old sampling, since 
the alleles present 400,000 y ago that have 
had the good fortune to still have descen-
dants today would be just a subset of the 
variation that existed at that time.

This simple picture of element turnover 
is, of course, just one end of a continuum, 
when applied to transposable elements. 
It could be that, as time proceeds, ele-
ments are still being created and lost, and 
the MRCA is moving forward, but not as 
fast as is time itself, such that the time to 
MRCA is systematically lengthening.

For each of the element families from 
the human genome, the time to the most 
recent common ancestor of the copies of 
the family was estimated, using the soft-
ware BEAST,10 more typically used for 
population genetic diversity. Any estimate 
of the time of common ancestry using 
sequence diversity requires some estimate 
of the rate of evolutionary change and in 
our analysis this was derived by looking at 
the sequence divergence between human 
and chimpanzee orthologs (members 
of the same sequence family at the same 
chromosomal location and derived from 
a unique insertion event in an ancestor 
of the human and chimpanzee). In a fur-
ther analysis, we replaced the chimpanzee 
sequences with orang utan orthologs. The 

stable equilibria is at the very heart of evo-
lutionary theory, in that the adaptation to 
the environment that is observed through-
out the living world is explained though 
this state being a stable equilibrium state 
in the dynamic process that is evolution by 
natural selection.

It was in this tradition that one of us 
has sought to predict equilibrium states for 
families of transposable elements.4,5 But 
the expectation that systems will occupy 
the equilibrium states defined by their 
dynamic properties rests on the assump-
tion that the parameters that determine 
the dynamic process change, if at all, on 
a timescale that is slow relative to the rate 
at which the dynamic process that they 
define moves toward its equilibrium state. 
For transposable elements, the dynamics 
of their genomic spread and copy num-
ber changes are slow, and, throughout 
these slow processes, the state parameters 
of their evolutionary processes are them-
selves changing due to host adaptation.6

No Equilibria in Mammalian  
Class II Elements

Previous work has indicated that there 
is a lack of homogeneity in the spread 
of transposable elements in mammalian 
genomes. The human genome project7 
used genomic fossils to catalog the activi-
ties of class I and class II transposable ele-
ments at various times in the past and saw 
times when elements were active and other 
times when they were relatively quiescent. 
But, as always, the picture of the past that 
genomic fossils supply is incomplete, since 
comparisons can be used only for those 
elements that have left descendants today.

We have investigated the spread of 
transposon (Class II) families through 
mammalian genomes by estimating times 
to common ancestry of the elements. 
Following an initial study as a proof of 
principle using the Golem family of trans-
posons8 a more extensive analysis exam-
ined the DNA sequence variation between 
sequence copies of 29 families of class II 
transposons from mammalian genomes.9

The idea behind our analysis is that, 
if we examine the collection of copies of 
a given transposable element family in a 
given genome, these elements have a Most 
Recent Common Ancestor (MRCA) at 
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existed, present day mitochondrial varia-
tion is silent about any even earlier human 
demographic changes.

For transposable elements under the 
“life-cycle” model, we are faced with a 
different situation. In its strongest form, 
as we trace ancestry back to a single com-
mon ancestor, we are indeed tracing back 
to a historically special event. So here, our 
ignorance of earlier events arises not just 
from the diversity at the present day ceas-
ing to reveal anything about those earlier 
events. Rather, those events were different 
in kind and represent either introduction 
of the family into the genome by horizon-
tal transfer, or the evolution of the fam-
ily from progenitors so diverged that their 
descendants can no longer be recognized.
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resolved, with weak bootstrap support for 
all bifurcations in the early topology.

Inferring the Past

The conclusion from our data was that the 
model of constant turnover of elements, 
such that the element diversity might 
indeed represent an equilibrium state in 
a dynamic model, is wrong. Rather, the 
diversity of the elements has a historical 
cause and reflects a proliferation of the 
elements soon after they were first intro-
duced into their host genome. We referred 
to this scenario as a “life cycle” model to 
distinguish it from a model of continuing 
turnover.

Our results and analysis, inferring 
the past of transposable elements, form 
an interesting contrast with the way data 
of genetic diversity between sequences is 
used in population genetics. Population 
geneticists use information about genetic 
variation today to reconstruct species 
population sizes in the past. Their ability 
to do so is based on the application of a 
set of population genetics tools called the 
coalescent. Theories of the coalescent are 
based on the idea that if we sample a set 
of sequences of shared ancestry today, 
these sequences are connected by a phy-
logeny. This phylogeny has mathematical 
properties that are dictated by coalescent 
theory—specifically, the expected times 
of changes in the number of ancestral 
lineages are determined by the effective 
population size at the time. Thus, the 
mitochondrial DNA variation in humans 
throws light on changes in human popula-
tion numbers and population movements 
over the last two hundred thousand years. 
A most recent ancestor of the mitochon-
drial DNAs is defined and confusingly 
referred to as the mitochondrial “Eve”.14 
This is confusing because, of course, this 
woman, possessing the common ancestral 
mitochondrial DNA, had a mother, and 
there would have been many thousands of 
other females in the population, each with 
their own, diverse, mitochondrial DNAs. 
The specialness of the time and identity 
of this particular female is defined only 
by stochastic events tens or hundreds of 
thousands of years after she lived. Since, at 
the time of “Eve” only one mitochondrial 
DNA ancestral to any modern DNAs 

transfers between groups. This choice to 
exclude horizontal transfer appears arbi-
trary, but turned out to be justified by the 
strong correlation that we found between 
the age of the most recent common ances-
tor of elements from a transposon family 
and the age of the first mammalian host 
inferred for the family, implying that 
patchy distributions are indeed the result 
of family losses (or incomplete genome 
information) and not the result of horizon-
tal transfers. It is hard to assess whether 
such wholesale losses (one might call these 
“extirpations” to distinguish them from 
the “extinctions” where it is only trans-
position activity that is lost) are likely. An 
analysis, using repeat masker,11 of the class 
II transposon family MER63B’s numbers 
in primate, rodent, carnivore and artio-
dactyls shows that this may be possible. 
Here, we find 2399 elements in the human 
genome, 2121 elements in the dog genome, 
2141 elements in the cow genome, 1733 in 
the squirrel genome, but only 50 in the rat 
genome, the majority of which are partial 
fragments. The reduced number of ele-
ments in the rat genome may be due to the 
increased rate of rearrangements found in 
murid rodents compared to other orders 
of mammals12 and, as such, may be a spe-
cial case. It does, however, suggest that 
if an ancestral number of thousands can 
diminish to 50, complete extirpation will 
also be possible. It is likely that extirpation 
of already extinct elements will be by sto-
chastic loss, possibly accompanied by very 
weak selection for reduction in genome 
size. Host resistance to transposable ele-
ments, such as that arising from the RNAi 
and Piwi pathways6,13 counters the expres-
sion and activity of transposable elements, 
rather than removing their inactive DNA 
remains.

If the MRCA of copies of a given class 
II element family in the human genome 
existed soon after the initial occupation 
of the genome by this family, and similar 
times are estimated for dog and cow ele-
ments’ MRCAs, the implication is that, 
if a phylogenetic tree of elements sampled 
from all three orders were constructed, the 
root of the tree may be the MRCA for all 
three sets of sequences, and we attempted 
to see if this was generally the case. 
Unfortunately, however, the roots of trees 
constructed in this way were very poorly 
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