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Abstract

Given that transposons are so abundant in mammalian genomes, it is natural to assume that through their main-
tenance the host gains some net benefit. This need not be true; sexual reproduction allows a transposon to go
to fixation if the reduction in fitness of the host is anything less than two-fold. Obligate outcrossing sexual
reproduction therefore favors the evolution of aggressive transposons, which in turn select for the evolution of
host mechanisms that suppress transposon activity. Hosts that have asexual or self-fertilizing generations will
select for transposons that are more benign and self-limiting than those of obligate sexuals, and obligate asexuals
and uniparental organelle genomes will be free of active transposons if these impose any fitness penalty. We are
interested in host mechanisms that suppress transposons in sexuals and have found that mammals (all of which are
obligate sexuals) control their large populations of potentially active retroposons by methylating the five position
of cytosine residues within promoter elements. This causes strong transcriptional repression and assembly of the
affected sequences into the condensed state. Methylation also causes permanent inactivation in the germline by
driving C→T transition mutations at methylated sites. It is now known that methylation remains in place for the
large majority of the life of germ cells and is essential for control of the very large transposon burden. There is
pressure on transposons to evolve mechanisms that overcome host suppression, and over evolutionary time, the
balance swings back and forth between parasite and host. The ability of the mammalian genome to absorb and
accumulate additional transposons has caused the amount of reverse transcriptase coding sequence in the human
genome to far exceed the sum total of all cellular coding sequence. While transposons could, in principle, contribute
functions useful to the host, the fact that asexual species and uniparental organelle genomes lack transposons is
strong evidence that transposons have a net deleterious effect even in genomes that might be thought to require
an additional source of plasticity. The abundance of transposons in many genomes cannot be taken as evidence
of a mutualistic relationship, and the conflict between transposons and genomes may have actually retarded rather
than accelerated evolution. It is suggested that the relationship between sex and transposons is as follows: (i)
Obligate sexuals will tend to harbor aggressive transposons limited largely by host suppressive mechanisms, which
in mammals involve methylation of transposon promoters. (ii) The aggressiveness of transposons in facultative
sexuals and self-fertilizing sexuals will be in part self-limited and will be proportional to the relative frequency
of asexual and outcrossing sexual generations. (iii) Obligate asexuals and organelles transmitted in a uniparental
manner will have no active transposons if these have a net negative effect on host fitness.

Introduction

The original formulations of the selfish DNA theory
stipulated that transposons must have minimal effects
on fitness of the host (Crick & Orgel, 1980; Doolittle

& Sapienza, 1980). Hickey (1982) realized that the ef-
fects of sexual reproduction had been overlooked and
that transposon fixation in sexual populations is nearly
certain provided that the coefficient of selection im-
posed by the transposon is less than 0.5 when there
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is one or more transposition events per generation
(Figure 1). Fixation is due to the fact that transpo-
sons can increase in number at twice the Mendelian
rate to which non-transposable genes are limited (re-
viewed by Partridge & Hurst, 1998). Transposons
are therefore parasitic, not merely selfish, and can
go to fixation in a sexual population even if the pen-
alty to the host is substantial. Harmful transposons in
sexual hosts will in turn select for the evolution of host
mechanisms that suppress transposon activity. (This
activity involves not only new transposition events but
also rearrangements due to homologous recombina-
tion between non-allelic repeated sequences and the
dysregulation of cellular genes by the activation of
local transposon promoters). I point out here that in
an asexual host a transposon that imposes a reduction
in fitness will be subject to negative selection (because
the fitness of the transposon in an asexual is equal to
that of the host, but twice that of the host in a sexual),
and the theory holds that asexual species or organelle
genomes that are subject to uniparental inheritance
will be free of transposons. The relationship of sexual
reproduction to transposon aggressiveness is shown in
Figure 1B and 1C.

This article summarizes the role of DNA modi-
fication in host defense against transposons in mam-
mals (all of which are obligate sexuals) and presents
responses to past challenges of the host defense hy-
pothesis. Also included is a brief discussion of the
adaptive significance of transposons, which questions
the view of transposons as providers of beneficial
genome plasticity.

The host defense function of cytosine methylation

Because cytosine methylation increases the informa-
tion content of the genome, it is capable, in principle,
of many regulatory roles, and it is not surprising that
in the 50 years since the discovery of 5-methylcytosine
many plausible roles have been tendered. Most prom-
inent was the developmental control hypothesis, in
which reversible methylation and demethylation of
regulatory sequences would control gene activity dur-
ing development. It was later discovered that devel-
opment is controlled by strongly conserved regulatory
networks, none of them based on cytosine methylation
and many operating in organisms that lack modified
bases altogether. While a large body of experimental
evidence was compatible with the developmental hy-
pothesis, that evidence was indirect and correlative,

Figure 1. Relationship between host sexuality and transposon ag-
gressiveness. (A) Transposons can increase in number at twice the
rate of non-transposable sequences in a sexual population under
conditions where an uninfected genome is always infected by as-
sociation with an infected genome. This is not true of asexuals,
where the transposon and genome are in permanent association.
Transposons will only go to fixation in an asexual population if they
provide some net benefit to the host, while fixation will occur in a
sexual if fitness is not reduced by more than one-half. (B) Relation-
ship between sexual reproduction, transposon virulence, and host
suppression. The actual relationship is complex; straight lines are
used here for simplicity of presentation. Sexual hosts will be pres-
sured to evolve mechanisms that suppress transposon activity in the
germline, while strong selective pressures will be exerted on trans-
posons to limit the damage they do in asexuals, where the fitness of
transposon and host are tightly linked. (C) In facultative sexuals the
maximum reduction in fitness compatible with fixation of a trans-
poson is proportional to the ratio of sexual and asexual reproductive
cycles. This applies not only to asexual–sexual organisms such as
Saccharomyces cerevesiaebut also in a slightly modified version to
a selfing-outcrossing species such asArabidopsis thaliana; in both
cases there will be selection for benign transposons. Coefficient of
selection iss.

and it was not possible to identify a single gene
that could be confidently stated to be regulated by
reversible DNA methylation. The case against the de-
velopmental hypothesis is summarized in Walsh and
Bestor (1999). The importance of cytosine methyla-
tion in genomic imprinting and X chromosome inac-
tivation is well supported, but note that in these cases
methylation patterns in somatic tissues are not readily
reversible in normal development; reversibility is the
key attribute of the developmental hypothesis. Accu-
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mulating evidence against a role for methylation in
normal development left the large majority of m5C in
the mammalian genome without a function.

It was proposed that the primary function of
cytosine methylation in vertebrates might be host de-
fense against transposons and retroviruses (Bestor,
1990; Bestor & Coxon, 1993; Yoder, Walsh & Bestor,
1997). The original impetus for this hypothesis was
the discovery that mammalian DNA methyltransferase
1 (Dnmt1) has a catalytic domain that is closely related
to bacterial restriction methyltransferases (Bestor et
al., 1988); the bacterial enzymes are clearly involved
in host defense against bacteriophage, providing a
clue as to the function of cytosine methylation in
vertebrates (Although the situation is more complic-
ated than this; Kobayashi and colleagues have poin-
ted out that restriction-modification systems also act
as selfish or parasitic genetic elements (Kobayashi,
1998)). Another important influence was the work of
Selker (1997), which showed that repeated sequences
(including transposons) were subject to inactivation
by cytosine methylation and active mutation in the
ascomycete fungusNeurospora crassa.

The host defense hypothesis states that cells
identify and inactivate the promoters of transpos-
able elements via covalent modification of cytosine
residues within their promoters (Bestor, 1990; Bestor
& Tycko, 1996; Yoder, Walsh & Bestor, 1997; Be-
stor, 1998). This methylation represses transcription,
which prevents both transposition and harmful inter-
ference with the regulated expression of cellular genes.
The host defense hypothesis is based on three lines of
evidence. First, the large majority (>90%) of the 5-
methylcytosine in the mammalian genome is within
transposons (which themselves represent>40% of the
genome; Smit, 1999); little or no methylation is within
the regulatory regions of cellular genes in somatic tis-
sues except for those subject to genomic imprinting or
X inactivation. Second, transposon methylation occurs
at positions that prevent transcription and replicative
transposition. Third, removal of cytosine methylation
causes high rates of transcription and transposition of
endogenous transposons (Walsh, Chaillet & Bestor,
1998). Since 5-methylcytosine readily deaminates to
form thymine, cytosine methylation provides long-
term protection by driving mutations that inactivate the
transposon as well as short-term protection in the form
of transcriptional repression. The trigger for methyla-
tion of a transposon is likely to involve the interac-
tion of repeated sequences or recognition of structural
features characteristic of integration intermediates

(Bestor & Tycko, 1996). Repeat-induced promoter si-
lencing is common among organisms whose genomes
contain 5-methylcytosine; this includes vertebrates,
flowering plants, and diverse fungi (Selker, 1997). The
conflicting interests of transposon and host result in
an unstable system in which waves of transposon dis-
persal are interspersed with long periods of inactivity
imposed by host suppressive mechanisms. Most of the
Alu elements in the human genome accumulated in a
wave that lasted from 60 to 30 million years ago (Smit,
1996), and the genome of laboratory strains ofMus
musculusis currently accumulating endogenous retro-
viruses (especially of the IAP class) and L1 elements
(DeBererdinis et al., 1998) at a much higher rate than
in the past (Smit, 1999).

Methylation of the genome in germ cells

A transposon that reduces the fitness of the host by ac-
tivation in somatic tissues will be at a disadvantage, as
the host’s likelihood of reproduction and therefore the
rate of transmission of the transposon in the germline
will be reduced. Only germline transposition will carry
a transposon to fixation, and it is in the interests of the
parasite to be silent in somatic tissues and to transpose
only in the germline. There were some indications
that transposons were unmethylated in the mammalian
germline (cited by Bird, 1997), although the fact that
the frequency of C→T transition mutations at CpG
sites (the result of deamination of 5-methylcytosine)
is similar in the germline and in somatic tissues was
a strong indication that methylation of transposons is
similar in germ and somatic cells (reviewed by Cooper
& Youssoufian, 1988). Nonetheless, it was essential
to determine whether transposon populations were, in
fact, unmethylated for a significant period of time in
the mouse germline. Endogenous retroviruses of the
IAP (intracisternal A particle) class were chosen for
this study because they transpose at a relatively high
rate in extant populations of laboratoryMus musculus,
and many of the 1,000–2,000 proviruses in the gen-
ome are recent insertions that have not been eroded
by mutation and remain capable of replicative trans-
position. Purified germ cells were tested for evidence
of methylation of regulatory sequences. There were
two significant findings (Walsh, Chaillet & Bestor,
1998). First, the regulatory sequences of IAP provir-
uses were found to be heavily methylated in all germ
cells of both sexes, with the exception of the primor-
dial germ cell. These exist for only a few days early
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Figure 2. Methylation status of IAP retroviruses in the mouse
germline. Demethylation is restricted to primordial germ cells; the
entire population of germ cells is heavily methylated at IAP se-
quences for the large majority of their existence. PGC – primordial
germ cell.

in embryogenesis. It is therefore concluded that trans-
posons are heavily methylated and repressed by this
means for the large majority of the existence of the
germ cell, as shown in Figure 2. Second, the timing of
de novomethylation of transposons differs markedly
between the male and female germlines, although in
both cases methylation occurs in nondividing germ
cells (Walsh, Chaillet & Bestor, 1998). In the male
germline this occurs in prospermatogonia between
embryonic days 13.5 and 19.5, prior to meiosis and
in cells that are in growth arrest.De novomethyl-
ation in the female germline takes place in growing
oocytes, which are postmitotic and are arrested in the
dictyate stage of meiosis (a prolonged stage of mei-
otic prophase following the pachytene stage). Why the
timing of de novomethylation should be so differ-
ent between the sexes in not known, but is likely to
involve the establishment of sex-specific methylation
patterns at imprinted loci (Mertineit et al., 1998). The
timing of methylation of transposons in the germline is
fully consistent with the host defense hypothesis. The
very small proportion (�5%) of time when the gen-
ome is demethylated in primordial germ cells presents
only a small opportunity for transposon activity, and
methylation-independent repressive mechanisms may
operate there, as occurs in other organisms (Tabara
et al., 1999).

Methylation of the genome at the blastocyst stage

It has been held that the genome is largely, if not com-
pletely, demethylated at the blastocyst stage, which is
prior to allocation of the germline. If true, this could
allow transposon activation in the germline and would
argue against the host defense hypothesis. However,
the apparent demethylation at the blastocyst stage is
in part an artifact and is a reflection of demethyla-
tion in trophoblast (Manes & Menzel, 1981), which
has a maximum contribution to the conceptus at the

blastocyst stage; changes in methylation within the
inner cell mass (which will give rise to the embryo
proper) are less pronounced, and IAP proviruses are
not demethylated (Walsh, Chaillet & Bestor, 1998).
While it is frequently held that there is global de-
methylation at the blastocyst stage followed by the
establishment of new methylation patterns after im-
plantation, Figure 3 shows that this is not true of any
specific sequence, and that the apparent demethyl-
ation at the blastocyst stage is largely restricted to
trophoblast (Although there is some demethylation
and remethylation in the embryo proper.). The re-
methylation thought to occur after implantation is in
part the result of removal of trophoblast by dissection
of postimplantation conceptuses, while blastocysts are
analyzed as combined trophoblast and inner cell mass.
Methylation patterns acquired during gametogenesis
are for the most part transmitted faithfully through
to adult somatic tissues, although centromeric satel-
lite sequences undergode novomethylation and the
promoters of tissue-specific genes not associated with
CpG islands undergo demethylation after fertilization
(Walsh & Bestor, 1999). The selective demethylation
of trophoblast has been known for many years (Manes
& Menzel, 1981), and it is not clear why this was
not accommodated in the standard demethylation-de
novomethylation diagrams which depict the greatest
demethylation at the stage where trophoblast makes
the largest contribution to the conceptus.

Sea squirts versus the host defense hypothesis

Small regions of the genome of the sea squirtCiona
intestinaliswere screened for evidence of methylated
transposons (Simmen et al., 1999). The data seemed
to indicate that transposons were not methylated, and
that cellular sequences were. While the authors were
moved to reject the host defense function of cytosine
methylation (and to makead hominenremarks) on the
basis of these findings, there are numerous invalid-
ating deficiencies in the conception and execution of
this study. First, no mention was made of the fact
that Ciona intestinalisis hermaphroditic and capable
of self-fertilization (The frequency of self fertiliza-
tion varies between populations), and, as in the case
of true asexual reproduction, there will be selection
for benign transposons and a relaxed requirement for
host suppressive mechanisms in any organism that is
not a sexual outcrosser. No mammalian species repro-
duces by self-fertilization. Second, the method used
to identify sea squirt transposons was unsound. The
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Figure 3. Methylation dynamics after fertilization of different se-
quence compartments of the mammalian genome. While it is usually
held that the genome is demethylated at the blastocyst stage and
remethylated after implantation, this description does not hold for
any specific sequence. The apparent demethylation at the blastocyst
stage is largely the result of demethylation in trophoblast, which
makes a large contribution to the total mass of the conceptus at this
stage. The 5′ regions of tissue-specific genes are also demethylated
during cleavage divisions.De novomethylation after implantation
is largely restricted to certain classes of repetitive sequence, espe-
cially satellite DNA in and around centromeres. IAP retroviruses
are not appreciably demethylated at any stage of embryogenesis,
and sex-specific methylation differences at imprinted loci are es-
tablished during gametogenesis and are maintained throughout
development. Scale at bottom is in days post-fertilization; micro-
graphs illustrate appearance of mouse embryos at the indicated
stages.

screen forCiona transposons depended on compar-
ison with a set of known transposon sequences from
Drosophila and a few other familiar species, appar-
ently under the mistaken assumption that transposons
are universal. In fact, there are many transposons
with restricted distributions; for example, the most
abundant transposon in the human genome (the Alu
element, which is derived from 7SL RNA) is re-
stricted to primates, and among the mammals only
primates and rodents have 7SL-derived transposons,
which appear to have had separate evolutionary ori-
gins (Capy et al., 1998). Many other transposons are
found only within specific lineages (Capy et al., 1998;
Smit, 1999). The minimal opportunities for interac-
tion of benthic sea squirts withDrosophila, a flying
terrestrial insect, greatly reduces the likelihood of ho-
rizontal transmission of transposons between the two,
and the methylated sea squirt ‘genes’ may in fact have
been transposons, which have not been well character-
ized in sea squirt. Third, while larval forms of most
sea squirt species contain a notochord and show bilat-
eral symmetry, it was perhaps a mistake to exaggerate
the minor similarities between sea squirts and verteb-
rates and to ignore the profound differences; reference
to mammals and sea squirts as ‘chordates’ does not
obligate them to share all important characteristics.
According to Darwin, “sea squirts are invertebrate,
hermaphrodite, marine creatures permanently attached
to a support. They hardly appear like animals, and con-
sist of a simple, tough, leathery sack, with two small
projecting orifices” (Darwin, 1871). Sea squirts di-
verged from the stock leading to mammals in the Cam-
brian, soon after the metazoan radiation. The time that
has elapsed since the sea squirt-mammal divergence is
only slightly less than that which separates mammals
and arthropods, and the adult sea squirt shows few or
no affinities of morphology or life history with any
true vertebrate; the host-parasite interaction with re-
gard to transposons could easily be equally divergent.
As has been previously noted, there is great diversity
in the mechanisms that suppress transposons in dif-
ferent taxa (Yoder, Walsh & Bestor, 1997). Fourth,
genome evolution has clearly been very different in
sea squirts and vertebrates. The genome ofCiona is
similar in size to that ofDrosophila, and far smaller
than that of any vertebrate. It should be noted that the
amount of L1 DNA in the human genome is equivalent
to three times the entire sea squirt genome, the amount
of Alu two times, and the amount of endogenous retro-
virus approximately equivalent. As mentioned above,
sea squirts are hermaphroditic, and even occasional
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self-fertilization will select against aggressive trans-
posons, while obligate sexual reproduction selects for
aggressive transposons. Even in the unlikely event that
the sea squirt studies should be found to have some
basis, the validity of the host defense hypothesis for
cytosine methylation in vertebrates is unaffected; it is
hardly surprising that host-parasite interactions should
differ between taxa so fundamentally different as sea
squirts and vertebrates.

It has also been argued that there is no need for host
defense mechanisms against transposons, as the author
was under the impression that natural selection will
act to remove transposons that reduce the fitness of the
host (Bird, 1997). However, it has been known in qual-
itative form since 1945, and was formally stated by
Hickey in 1982, that this is not true of sexual species,
where transposons can proliferate while imposing a
significant penalty on the host (reviewed by Partridge
& Hurst, 1998). There was also some indication that
transposons are not methylated in the germline, but as
described earlier, direct experiments have shown that
transposons are in fact methylated for the large major-
ity of the existence of the germ cell. This conclusion
is also supported by the similar rates of methylation-
driven C→T mutations in germ and somatic cells,
which has been known for some time (reviewed by
Cooper & Youssoufian, 1988).

The ‘transcriptional noise’ conjecture, in which
‘spurious and inappropriate promoters’ are createdde
novo by genetic drift (Bird, 1995), suffers from the
inconvenient fact that no such promoter has ever been
observed (or even defined), and there is no evidence
of a need for a defense against them. In fact, it is
deleterious non-transposable cellular sequences (such
as ‘spurious and inappropriate promoters’) that will be
removed by natural selection, while transposons will
go to fixation in sexual populations even when they
inflict a substantial penalty on the host. It is quite pos-
sible that a problem (‘transcriptional noise’) that does
not exist in nature has been invented to fit the solution,
and reality has been inverted with the argument that
transposons will be eliminated by natural selection
while deleterious cellular sequences will somehow be
immune to selection and require a mechanism for their
suppression (Bird, 1997).

Parasite or ‘genome’s little helper’?

Transposons can spread within a sexual population if
they reduce host fitness by any amount less than half.

This nearly two-fold penalty can double the two-fold
cost of sexual reproduction itself. Hickey (1982) pro-
posed that transposons drive their hosts to practice
sexual reproduction on behalf of their own dispersal,
which might explain why sexual reproduction persists
despite the associated penalties. (The idea that much
of human and animal behavior could be driven by
the interests of transposons arouses significant human
anxiety and as a result does not seem to have been
considered in a rational way.) In a sexual population
the transposon is under no obligation to reward the
host for its maintenance, and great care must be taken
when ascribing host benefits which may not exist. The
sheer number of transposons (Smit, 1999) means that
nearly every gene will be associated with one or more
transposons or transposon remnants, and stringent cri-
teria must be met before it can be concluded that these
are involved in the regulation of the host gene.

Transposons are self-replicating entities that lack
means of sensing the condition of the host, and unless
they are suppressed by the host there is a constant risk
of runaway replication and extinction of the host pop-
ulation (this may have nearly happened in the case of
the recent P and I element invasions of theDrosophila
melanogastergenome (reviewed by Capy et al., 1998),
and local populations ofD. melanogasteror any other
sexual species may have been driven to extinction by
the invasion of transposons for which a limiting mech-
anism was not available). Self-replication is too liable
to separate the interests of the transposon from those
of the host, and it is highly unlikely that any essen-
tial cellular process depends on a true transposon. It
is important to note that no self-replicating element
has been shown to have a function essential to the
host; the Het-A and TART retroelements that maintain
Drosophila telomeres might appear to be exception,
but they are not self-replicating; a promoter in the 3′
region of one transposon in a tandem array drives tran-
scription of a downstream element (Danilevskaya et
al., 1997). The transcriptionally-active element does
not transpose, and there is no benefit to one element
in driving the transposition of another element; any
harm done to the host will be felt by the transposon
that furnished the promoter.

Obligate asexual genomes (such as those of dbel-
loid rotifers and of organelles transmitted in a uni-
parental manner, such as mammalian mitochondria)
are relatively static, and might be expected to be-
nefit most from new sources of genome plasticity
(a common benefit ascribed to transposons). How-
ever, asexual genomes are the only genomes in which
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active transposons have not been found (M. Mesel-
son and I. Arkhipova, personal communication). This
is fully in keeping with the suggestion of Hickey
(1982), according to which transposons are harmful
and depend on sexual reproduction of the host.

To summarize the major points discussed here,
at equilibrium it is expected that: (i) Obligate sexu-
als will harbor aggressive transposons limited largely
by host suppressive mechanisms, which in mammals
involve promoter methylation. (ii) The aggressive-
ness of transposons in facultative sexuals will be in
part self-limited (New insertions will be rare and tar-
geted to sites that do not harm the host), and will be
proportional to the relative frequency of asexual and
outcrossing sexual generations. (iii) Obligate asexu-
als will have no active transposons if there is a net
negative effect on host fitness.
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