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Review
Glossary

Argonaute: protein mediators of RNA silencing. Argonaute proteins form

complexes with small RNAs that are used as guides for the detection of RNA

with shared sequence complementarity. Argonaute endonuclease activity

mediates target mRNA destruction. This is known as Slicer activity. Argonaute

proteins also mediate other forms of silencing through their small-RNA-

mediated interactions with complementary target RNA.

Dicer: an RNase III endoribonuclease. Dicer recognizes double-stranded RNA

and cleaves it into 20 to 25 nt small-interfering RNAs (siRNAs).

Ectopic recombination: non-allelic recombination between dispersed chromo-

somal sites. Dispersed repeat sequences such as TEs can mediate ectopic

recombination through shared sequence complementarity. Ectopic recombi-

nation is a known source of chromosomal damage and is considered an

important mode of selection acting against the fixation of TE insertions.

Effective population size: the size of an idealized population with random

mating that provides an equivalent measure of genetic drift in the population

of interest. The effective population size is a measure of the importance of

genetic drift in determining the evolutionary dynamics of alleles. A population

with a small effective population size is more strongly influenced by the

random effects of genetic drift than one with a large effective population size.

Thus, a mildly advantageous allele (such as a repressor allele) has a greater

chance of fixation relative to a neutral allele in a population with a larger

effective size. Populations with large census sizes (such as the current human

population) could have small effective population sizes if they frequently

experience population bottlenecks.

Genetic drift: changes in allele frequencies that can be attributed to random

sampling of alleles across generations in finite populations. Genetic drift

reduces the deterministic nature of a population. Because of genetic drift,

advantageous alleles do not always fix and occasionally slightly harmful alleles

do.

Haldane’s rule: the observation by J.B.S. Haldane that if a hybridization event

produces one sterile or inviable sex, it will be the sex with two different sex

chromosomes (the heterogametic sex). The broad generality of this rule

indicates its great significance to understanding mechanisms of post-zygotic

reproductive isolation.

Heterochromatin: differentially staining chromatin with reduced transcrip-

tional activity. Heterochromatin also has a reduced amount of recombination.

Thus, TEs in heterochromatin are believed to be less likely to participate in

ectopic recombination.

piRNA: piwi-interacting RNA. Piwi proteins represent a class of Argonaute

proteins that have so far been found only in ciliates and animals. piRNAs are a

class of small silencing RNAs, typically 24 to 30 nt in length, that are found in

complex with Piwi proteins and are produced by Dicer-independent mechan-

isms. TE control is a known function of piRNAs, but sequence analysis

suggests there are other functions that have not been elucidated. The Dicer-

independent mechanisms of their production are poorly understood, but they

apparently arise from distinct loci (piRNA clusters) at different sites in the

genome.

Repressor allele/silencing allele: a TE insertion allele that produces TE-derived

small silencing RNA and mediates TE silencing in trans by either transcrip-

tional or posttranscriptional gene silencing. Generally, TE insertions that

produce double-stranded RNA mediate silencing through the production of

siRNAs and TE insertions that land in the proper orientation in piRNA clusters
Transposable elements (TEs) are selfish elements that
cause harmful mutations, contribute to the structure of
regulatory networks and shape the architecture of gen-
omes. Natural selection against their harmful effects has
long been considered the dominant force limiting their
spread. It is now clear that a genome defense system
of RNA-mediated silencing also plays a crucial role in
limiting TE proliferation. A full understanding of TE
evolutionary dynamics must consider how these forces
jointly determine their proliferation within genomes.
Here I consider these forces from two perspectives –

dynamics within populations and evolutionary games
within the germline. The analysis of TE dynamics from
these two perspectives promises to provide new insight
into their role in evolution.

Genomes and selfish elements
In sexually reproducing species, iterated rounds of meiosis
and fertilization establish evolutionary conflict because
genetic mixing allows harmful selfish elements to spread
to uncolonized genomes [1]. The classic example of a selfish
element is the transposable element (TE) – an element that
replicates itself in the germline and proliferates in the
genome across generations. TEs are key contributors to
variation in genome architecture [2]. Indeed, the genomes
of some sexually reproducing species are famously encum-
bered by TEs. Approximately 40% of the human genome is
made up of TEs,many of which are inactive and ancient [3].
In the Hydromantes salamander genome, one TE family
alone contributes 5 Gb of DNA sequence [4]. By contrast,
less than 3% of the pufferfish genome is made up of TEs [5].
Why is there such variation in TE content across species?

A tremendous body of work has been devoted to this
question. This work is largely influenced by population
genetic theory – in particular, our understanding of the
balance between mutation and selection in populations.
However, the recent discovery of an ancient RNA-based
immune system that protects the genome from TE prolif-
eration has added complexity to our understanding of TE
evolutionary dynamics. Here I place our understanding of
these dynamics in the light of recent discoveries in host TE
control by small RNA.

Modes of TE control
The replicative nature of TEs allows their rapid exponen-
tial growth within populations. This raises the question:
what limits the spread of TEs? In response to this ques-
tion, a framework has been developed [6] to tease apart
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the various forces that determine genomicTEabundance –

transposition acting to increase copynumber, and excision
and natural selection acting to decrease copy number.
Considering these three forces, and also genetic drift
(Glossary), a TE copy-number equilibrium can be estab-
lished provided that certain conditions are met. Stabiliza-
to yield piRNA.
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Box 1. Modes of selection against TEs

Three major forms of selection have been proposed to limit the

fixation of TEs [7,8], selection acting against (i) the mutagenic effects

of insertion, (ii) the metabolic costs of TE transcription and

translation, and (iii) chromosomal damage arising from ectopic

recombination among dispersed copies, especially heterozygous

copies that lack pairing partners on homologous chromosomes [9].

Natural selection acting against TE fixation has long been con-

sidered to be a dominant force constraining their proliferation [7].

Two major predictions can be made if natural selection limits the

spread of TEs. First, TE insertions should segregate at low

frequencies in species with large population sizes. This is because

genetic drift is weaker in large populations and natural selection is

more effective in limiting the increase of harmful alleles. Second, TE

fixation events should be more likely in regions of the genome that

have reduced recombination rates. This is due to the reduced

efficacy of selection in low-recombining regions, known as the Hill–

Robertson effect [10], as well as the reduced likelihood for these

insertions to participate in ectopic recombination.

Results from extensive research in Drosophila melanogaster,

which has a large population size, confirm the two predictions

outlined above. In D. melanogaster most TE alleles segregate at low

frequencies and fixation events occur predominantly in the low-

recombining pericentric heterochromatin [7,11]. In vertebrates with

larger genomes and smaller population sizes TEs tend to segregate

at higher frequencies, indicating that selection is less effective

[12,13]. Inbreeding species, where the evolutionary dynamics of

regulation and selection are expected to differ [14,15], show

disagreement with some of the above predictions. As in D.

melanogaster, the low-recombining pericentric regions of the

selfing Arabidopsis thaliana are highly enriched for TEs. However,

there is no negative correlation between TE abundance and

recombination rate across the remainder of the genome [16]. A.

thaliana TEs also segregate at higher population frequencies

compared to TEs in its close outcrossing relative, A. lyrata [17]. In

the selfing nematode, Caenorhabiditis elegans, TEs are not enriched

in regions of low recombination and they segregate in populations

at higher frequencies compared to an outcrossing relative [18,19].

These observations from inbreeding populations have been attrib-

uted to the fact that inbreeding leads to increased homozygosity.

With greater homozygosity, ectopic recombination among dis-

persed TEs will be less frequent because even low-frequency

insertions will commonly be paired with an insert at the homo-

logous chromosomal position [20]. With decreased ectopic recom-

bination, selection against TEs is expected to decrease.
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tion of TE copy number may be achieved if net transposi-
tion rates – the difference between transposition and
excision – equal zero. This could occur under transposition
repression if the rate of transposition per TE copy
decreases with increasing copy number. Stabilization of
TE copy number may also be achieved under certain
selection regimes, for example, if each new copy in the
genome reduces the logarithm of fitness by an increased
amount. Selection against chromosome damage by TE-
mediated ectopic recombination (Box 1) satisfies this
condition [7].

Natural selection is widely credited as the dominant
force constraining TE proliferation in eukaryotes (Box 1),
and these forces have been discussed extensively else-
where [7,8]. However, hybrid dysgenesis in Drosophila
melanogaster has long indicated that additional factors
are at play. Hybrid dysgenesis is a phenomenon of hybrid
sterility [21,22] that occurs when strains possessing par-
ticular TEs are mated with those that lack them [23–25].
The salient feature of hybrid dysgenesis is that repression
of transposition across generations is mediated in the
female germline by the TEs themselves [26,27]. Thus,
24
TEs inherited from the father but absent from the mother
can become derepressed in progeny. This difference in
TE regulation between the male and female germline
indicates that transposition repression is, in addition
to natural selection, an important factor controlling TE
accumulation.

Repression of transposition can be mediated either by
TE lineages themselves or by the host. Self-repression is
exhibited by TE lineages that autoregulate and reduce
transposition to a rate below the maximum. Host-repres-
sion refers to a property of the host that reduces the
transposition rate. A host allele that reduces TE transpo-
sition rate is defined as a host repressor allele. The theo-
retical conditions necessary for the evolution of both self-
and host-repressive mechanisms have been determined
[28], and in both cases the rate of recombination is a crucial
factor. In asexual lineages, lack of genetic exchange per-
manently binds proliferating TEs to the harmful effects of
TE copies elsewhere in the genome [1,29]. Because asexual
lineages with highly active TEs will be outcompeted by
lineages with less active TEs, natural selection acting on
TE lineages in asexuals will favor self-repression. For
similar reasons, inbreeding can also favor TE lineages
exhibiting self-repression [20,28].

In outbreeding species, one might also assume that
selection favors self-repression. However, conditions for
the evolution of self-repression are restrictive in outbreed-
ing species with high recombination rates [28]. This is
because recombination allows TE lineages with high trans-
position rates to become unburdened from their deleteri-
ous consequences. A TE with a high transposition rate can
copy itself, resulting in a harmful insertion. However,
recombination will break up the association between the
parent copy and harmful daughter copy. Therefore, the fate
of the parent copy is minimally influenced by the fate of the
daughter copy, which could itself be removed quickly from
the population by natural selection due to its harmful
effects. Under this scenario, natural selection on the TE
lineage will favor high transposition rates, but not self-
repression. The exception to this are cases in which TE
insertions cause dominant lethality or sterility [28]. In
these cases, there is no opportunity for the parent copy
to escape its detrimental consequences. A daughter copy
that causes dominant lethality or sterility will eliminate
both itself and the parental copy from the population.

Conditions for the evolution of host-mediated regulation
of TE proliferation are more easily met. In particular,
selection will always act in favor of host mechanisms that
lead to TE repression, although the rate of recombination
still influences the magnitude of selection acting on a host
repressor. Importantly, the strength of selection acting in
favor of a host repressor allele will be higher when there is
greater linkage between the repressor allele and TE inser-
tion sites [28]. This is because a host repressor allele gains
an advantagewhen it ameliorates the harmful effects of TE
insertions. Within populations, this will occur more fre-
quently when a host repressor allele is physically linked to
harmful TE insertions.

A variety of host repressor alleles that reduce transpo-
sition rates have been identified in different species. In
maize, Mu killer initiates heritable dominant silencing of



Box 2. Mechanisms of TE control by small RNA

Mechanisms of TE control by small RNA have been extensively

reviewed elsewhere [36–39]. The two best understood classes of

small RNA that regulate TEs are small-interfering RNA (siRNA) and

piwi-interacting RNA (piRNA). siRNAs are produced from double-

stranded RNA (dsRNA) processed by the Dicer endoribonuclease,

whereas piRNAs are Dicer-independent. siRNAs and piRNAs repress

TEs through post-transcriptional gene silencing (PTGS) and tran-

scriptional silencing by both DNA methylation and heterochromatin

formation. In all cases, silencing by small RNA is mediated in

conjunction with members of the Argonaute (AGO) family of

proteins.

siRNAs play a crucial role in TE control in plants where Dicer-

dependent small RNAs (miRNAs and siRNAs) are the only known

class of silencing RNA. In plants, siRNAs repress TEs primarily

through RNA-directed DNA methylation [40]. Plant siRNAs are

known to be generated by two primary mechanisms [41,42]. Many

TEs possess inverted repeats and frequently insert in orientations

that yield sense and anti-sense RNA, producing dsRNA that is

processed into siRNAs. In addition, TEs residing within the

heterochromatin contribute siRNAs simply as a consequence of

their location in silent chromatin. Transcripts derived from these

regions are recognized as ‘aberrant’ and are targets of RNA-

dependent RNA polymerase activity that generates additional TE-

derived dsRNA [41–43].

Unlike plants, many animals have a designated germline, and in

the gonad Dicer-independent [44] piRNAs have assumed a domi-

nant role for TE control [36]. piRNAs are so named because they

mediate silencing through their interaction with Piwi proteins, a

distinct clade of the Ago gene family. Mechanisms of piRNA

biogenesis are best understood in D. melanogaster where they

arise from TEs that have landed within certain genomic loci

designated as piRNA clusters [45]. These clusters drive the

production of primary piRNAs that prime a larger pool of piRNAs

through iterated cycles of destruction of sense and antisense TE

transcripts. Although it has been established that this cycle destroys

target RNA by PTGS [46], the mechanism of piRNA biogenesis from

piRNA clusters is poorly understood. In mammals, piRNAs have a

crucial role for TE control in the male but not the female germline

[39], the latter probably relying on Dicer-dependent siRNAs [47,48].

Most of the evidence to date suggests that piRNAs repress TEs

through PTGS. However, mammalian piRNAs, like plant siRNAs,

have been implicated in DNA methylation of TE sequences [49] and

there is genetic and biochemical evidence for piRNAs contributing

to TE transcriptional silencing in D. melanogaster [50].
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the MuDR element [30]. In D. melanogaster, a dominant
allele of flamenco is known to silence the gypsy endogenous
retrovirus [31]. Interestingly, P-element insertions in D.
melanogaster telomeres also exhibit a general ability to act
as host repressor alleles of P elements across the genome
[32,33]. It is now clear that these well-characterized alleles
all mediate TE repression through small-RNA-mediated
mechanisms.

TE silencing by small RNA
The prediction that host-mediated regulation would evolve
more easily than TE self-regulation in outbreeding species
is supported by the discovery that host-mediated RNA-
based genome defense mechanisms are shared across
eukaryotes. Soon after the discovery of RNA interference
(RNAi), defined as post-transcriptional gene silencing
(PTGS) by double-stranded RNA, a role for RNA-mediated
silencing in host-mediated TE regulation was revealed
when nematodes defective in RNAi were found to have
greater TE activity [34,35]. Since then, diverse modes of
RNA-mediated genome defense have been revealed in
plants and animals (Box 2). Several core features of
small-RNA-mediated TE silencing are shared across
eukaryotes. First, the proliferative nature of TEs makes
them prone to insert into the genome in such a way that
both sense and antisense transcripts are produced; these
can then generate aberrant double-stranded RNA. Second,
the RNA from these insertion alleles is recognized by
several host mechanisms and is processed into small 21
to 30 nt RNAs and assembled into a complex that includes
Argonaute proteins. Third, using these small RNAs as
a guide, Argonaute proteins either mediate destruction,
translational repression or transcriptional silencing of
corresponding complementary RNAs [51] derived from
other TE copies elsewhere in the genome. A crucial feature
of TE silencing by small RNA is that silencing is mediated
by TE insertion alleles themselves – either insertions
that spontaneously produce aberrant double-stranded
RNA, yielding siRNA, or those that land within distinct
loci (Box 2). An example of the former is the Mu killer
allele in maize, which itself is an altered MuDR TE inser-
tion that produces a hairpin transcript and small RNAs
that target the silencing of other MuDR TEs [52]. Exam-
ples of the latter include gypsy insertions into the
D. melanogaster flamenco locus and P element insertions
into D. melanogaster telomeres [45,53]. In both cases, TE
insertions into distinct piRNA-generating loci (Box 2) yield
a source of piRNAs that silence corresponding TEs
throughout the genome.

Evolutionary dynamics in populations
Phases of TE invasion

The discovery of RNA-based genome defense against TE
proliferation places our understanding of TE evolutionary
dynamics in a new light [54]. We now understand that TE
invasions can occur in several distinct phases and this is
supported by recent simulation studies of the population
dynamics of repressor allele evolution [55] (Figure 1). The
stereotypical scenario is likely to proceed in four distinct
phases. First, there is an initial phase of TE invasion
within a population [56–58]. Second, after invasion, there
will be a period of time in which the TE family proliferates
within the population. Third, TE insertion alleles that
initiate the production of small silencing RNA (Box 2)
could appear, increase in frequency, and fix within the
population. Fixation takes place due to the fratricidal
strategy of small-RNA production, which results in repres-
sion of other members of the TE family. Formally, this
silencing should be considered host-mediated rather than
self-mediated because repression is the property of a TE
insertion allele, not the property of a TE lineage. Fourth,
a more quiescent state will persist after the silencing
allele has fixed within the population. In this time, unless
the silencing allele is strong enough to drive transposi-
tion rates towards zero with increasing copy number,
transposition will continue at a reduced rate and selec-
tion against insertions will still be required to stabilize
copy number. During this final phase, TE extinction could
occur through the accumulation of mutations within
TE copies. With transposition rates on the order of
10-5 to 10-4 per copy per generation [59], and a genomic
mutation rate on the order of 10-8 per generation [60], a
5 kb TE is expected to experience on the order of one
25
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Figure 1. Phases of TE invasion. TE proliferation and fixation of alleles that silence TEs by small RNA are likely to take place in discrete phases. Soon after (a) invasion, a

persistent state of (b) proliferation, polymorphism and fixation will be maintained by a balance between transposition, natural selection removing TE copies from the

population, and drift that allows mildly deleterious elements to either fix or segregate within the population. Dark green indicates decreasing recombination rate. Selection

against ectopic recombination, gene disruption and the Hill–Robertson effect will favor fixation in these regions. (c) A repressor allele can arise either by a structured

insertion that drives the formation of dsRNA or by insertion in the proper orientation into an RNA silencing locus. (d) Fixation of the repressor allele will be more favored

when closely linked to the targets of repression, but this fixation will also lead to silencing of other unlinked targets. Fixation in a region of low recombination is also favored

by the reduced likelihood of participation in ectopic recombination. If transposition rates are reduced to a sufficiently low value, TE insertions will accumulate damaging

mutations faster than the transposition rate, leading to TE decay. (e) A silencing allele will not always fix. Some factors that act against fixation are shown.
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mutation between transpositions, excluding the muta-
tions that occur during transposition itself [8]. Thus, at
low enough transposition rates, mutations can accumu-
late in a TE family, leading to its extinction within a
population. The fixation of alleles that reduce transposi-
tion rates is expected to accelerate this process. Impor-
tantly, TE families are not expected to always pass
through these four phases. The emergence of a host
repressor allele is a serendipitous event that might never
happen. Even in the circumstance that such an allele
arises, it is not guaranteed to fix. In the absence of host
repressor alleles, TEs could proliferate at a higher rate
until extinction of the TE family occurs.

Evolutionary dynamics of repression by small RNA

An important consequence of host TE control is that trans-
position rates and selection coefficients acting against TE
26
insertions prior to the fixation of repressor alleles will be
different from those in populations that have achieved
RNA-mediated TE control. This has important implica-
tions for the evolution of TE repression. Previous estimates
of transposition rates in D. melanogaster are of the order
10-5 to 10-4 per copy per generation [59]. These low trans-
position rates were previously used to argue that the
selection pressure for host-control is modest (see discus-
sion of these matters in [8,61]). However, these estimates
were derived fromTEs such as roo, which are now known to
be under the influence of RNA-mediated silencing [44,62].
In the early invasion phase prior to the origination of roo
silencing alleles, transposition rates could have beenmuch
higher. If true, selection for host control in this phasemight
be more plausible than previously considered.

Several important factors will influence the dynamics of
repressor allele fixation. One of these factors is genetic drift
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[6,7,63]. Reduced effective population size has been cred-
ited as a crucial factor leading to expansion of TE content in
the human lineage due to reduced efficacy of natural
selection in purging TEs [64]. Reduced effective population
size will also lead to lower probabilities of fixation by
natural selection for repressor alleles. A second factor
influencing the dynamics of repressor allele fixation is
recombination. Increased linkage between repressor
alleles and target insertions increases the advantage of
repressor alleles [28]. Simulation studies have confirmed
that repressor alleles will increase in frequency when the
targets of silencing reside on the same chromosome [65].
This role of linkage could contribute to the observation in
D. melanogaster that piRNA clusters are frequently found
in pericentric heterochromatin, where recombination rates
are low. TE insertions in these regions could be important
targets for driving piRNA repressor alleles to fixation.
Finally, like any TE insertion, insertions that yield piRNA
in these regions are more likely to fix because they are
shielded from participating in ectopic recombination
[54,65].

Selection against TE insertions during different phases

of invasion

The magnitude of TE selective effects will change before
and after the fixation of a silencing allele. This is suggested
by the fact that TE insertions that are the targets of RNA-
mediated silencing drift to higher frequencies, as a result of
relaxed selective pressure, than those insertions that are
not targets of RNA-mediate silencing [65]. Following the
fixation of RNA-mediated silencing alleles, destruction of
TE coding RNA by PTGS will eliminate the energetic costs
of producing TE-encoded proteins [66]. Furthermore, tran-
scriptional silencing of TEs will reduce the energetic costs
of producing both TE mRNA and protein. Moreover, if a
silencing allele initiates or maintains heterochromatin
formation at TE insertion sites, this is expected to reduce
ectopic recombination among dispersed homologs. Hetero-
chromatin has a reduced rate of recombination [67] and a
host repressor allele that initiates or maintains a hetero-
chromatic state at TE insertions could reduce ectopic
recombination within TE families [68]. Ectopic recombina-
tion is considered one of the primary forces of selection
acting against TE insertions and the fixation of such trans
acting factors could reduce the harmful effects of individual
TE insertions [54,55] of a TE family with a given copy
number.

Limits on the evolution of host-repression

From this perspective, it might appear that natural selec-
tion on the part of the host would favor transcriptional
silencing over PTGS. However, transcriptional silencing
has some inherent negative effects. In particular, the
nucleation of silent chromatin formation by small RNA
can spread in cis [69] and have the harmful effect of
silencing neighboring genes. A signature of natural selec-
tion against these cis effects has been observed in plants –

methylated TEs are found further away from genes than
unmethylated TEs [70]. In light of these potentially detri-
mental consequences, there are specialized mechanisms
that limit small-RNA-mediated transcriptional silencing
in trans and cis. For example, the ERI-1 exonuclease in the
fission yeast limits transcriptional silencing by siRNA in
trans [71,72]. In D. melanogaster, the piRNA machinery
contributes to cis transcriptional silencing by the 1360
element, but silencing is observed only in pericentric het-
erochromatin and not in the euchromatin [73]. This indi-
cates the presence of mechanisms restricting cis silencing
in gene rich regions of the genome.

Barring damaging cis effects, one might expect that
natural selection on the part of the host would always
favor full TE repression by small RNAs. However, there
are some circumstances in which a repressor allele will be
selected against. Although TE insertions are generally
parasitic and harmful, they can also play a role in host
adaptation through shaping the evolution of regulatory
networks [74,75]. One example is the imprinted retrotran-
sposon-derived gene Peg10 [76]. Peg10 is maternally meth-
ylated and paternal expression is necessary for proper
placental growth in mice. Such a gene is unlikely to evolve
in the presence of alleles that produce piRNA and target
DNA methylation of this TE family in the male germline
[49,77]. After fixation of Peg10, the fixation of a male
germline host repressor allele could thus be precluded,
allowing the continued proliferation of other members of
this retrotransposon family until sufficient divergence
accumulates between the TE family and the co-opted
TE. This form of ‘hostage taking’ on the part of TE lineages
could contribute to their success in some species. Because
selection coefficients associated with host-mediated TE
repression are not especially high [7], selection favoring
a TE-derived regulatory module could outweigh selection
for repression of an associated TE lineage.

TEs, RNA-mediated silencing and hybrid sterility

A final consideration is the role of RNA-mediated silencing
and TE activity in hybrid sterility and reproductive isola-
tion. Intraspecific syndromes of hybrid dysgenesis in
D. melanogaster and D. virilis indicate that TE-induced
sterility can occur when males that possess a particular
TE family fertilize mothers lacking the corresponding
silencing RNAs [53,78]. Similarily to hybrid dysgenesis,
interspecific crosses between Arabidopsis thaliana and
A. arenosa can lead to activation of paternally inherited
TEs [79]. Reproductive barriersmight thus be reinforced in
populations with reciprocally different TE profiles and
silencing alleles. However, despite strong evidence that
TEs contribute to a variety of cases of hybrid sterility, it is
not clear whether these mechanisms contribute substan-
tially to the formation of long-term reproductive isolation
between species. This is because soon after interbreeding
both TEs [80] and repressor alleles could quickly invade
across populations. In addition, if these dynamics were
important during early speciation, we should expect ma-
ternal effects on sterility to evolve early, because protective
small RNAs are primarily transmitted through the female
germline in animals. The genus Drosophila has been ex-
tensively analyzed with respect to the genetics of specia-
tion and it appears that TEmobilization [81] andmaternal
effects [82] do not contribute as substantially to isolation as
do the hybrid incompatabilities that cause Haldane’s
rule [83]. A promising avenue of future research will be
27
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Figure 2. Evolutionary games in the germline. (a) In D. melanogaster, fifteen nurse cells contribute maternal resources to the developing egg, but are fated for apoptosis. (b)

In A. thaliana, multiple haploid nuclei contribute to the female gametophyte, but only the egg cell passes genetic material to the next generation. In both plants and animals,

flanking somatic tissues also promote gametogenesis but are excluded from subsequent generations. In D.melanogaster (a) piRNAs are derived from somatic cells and in

nurse cells within a structure called the nuage. An ancestral gene duplication has yielded specialization of the piRNA machinery within the developing egg chamber. piRNAs

produced by Aubergine function solely within the germline where as piRNAs produced by Piwi function in somatic follicle cells as well. These somatic piRNAs are

specialized to defend against retrovirus-like TEs that proliferate in the soma and spread into the germline. In flowering plants (b) multiple companion nuclei including

somatic nuclei, nuclei fated to the endosperm and nuclei within the pollen tube also contribute TE-derived siRNAs. Red arrows indicate the potential paths of TE

evolutionary escape from tissues that will not enter the next generation toward those tissues that do. AC, antipodal cells; NC, nurse cells; PN, polar nuclei; PTN, pollen tube

nucleus; SC, synergid cells; SN, somatic nucleus; Sperm.E, sperm fertilizing the central cell, thus establishing the endoderm.
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to determine the extent to which TE mobilization drives
reproductive isolation in both outbreeding and inbreeding
species. High levels of inbreeding could limit the spread of
both TEs and silencing alleles so that modes of speciation
involving regulation of TE proliferation might be more
likely to evolve within inbreeding species.

Evolutionary games in the germline
Cycles of immune system evasion and immune system
adaptation can result in an evolutionary arms race that
drives a high rate of adaptive evolution in parasites and
host. The interactions between TEs and hosts are analo-
gous and a signature of this evolutionary arms race has
been identified in the piRNA machinery of Drosophila
[84,85]. A second framework for understanding the evolu-
tionary dynamics of TEs in a small RNA world is to
consider these evolutionary games within the germline.
Of particular interest are the strategies that TE lineages
have evolved to proliferate within the germline and the
counter-strategies that have evolved on the part of the host
to limit this proliferation.

Gametogenesis can establish substantial conflict with
TEs due to the varying fates of different germline and
somatic components. In animals this is exemplified by
28
D. melanogaster oogenesis [86,87]. In the D. melanogaster
egg chamber the oocyte nucleus enters the gamete whereas
the fifteen nurse cell nuclei undergo rounds of endoredu-
plication and transcription, provisioning the developing
egg chamber with maternal resources. Eventually these
nurse cells undergo apoptosis. This mode of oogenesis sets
up substantial conflict with TE copies residing in the nurse
cells. Natural selection on the part of TE lineages will act
strongly for these inserts to copy themselves or transpose
from the nurse cells destined for apoptosis and into the
oocyte nucleus (Figure 2). For example, I element mRNA
transcripts leave the nurse cells [88] and directly target the
oocyte [89]. Similar targeting of the oocyte nucleus is also
seen by the Jockey and G2 elements [90]. TE proliferation
strategies are also not restricted to germline tissues. For
example, the retrovirus-like TEs ZAM and gypsy [91,92]
invade the germline from somatic follicle cells flanking the
developing egg chamber.

In response to these evolutionary strategies on the part
of TE lineages, D. melanogaster has evolved counter-strat-
egies to protect the genome. During oogenesis, biogenesis
of many piRNAs depends on the nuage, a structure that
forms a coating over the nurse cells and is enriched for
many components of the piRNAmachinery [45,93–98]. Any
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TEmRNA to escape the confines of the nurse cell must first
pass through the nuage, probably getting ‘sliced’ by Argo-
naute–piRNA complexes along the way. Another example
of host counter-strategy includes a gene duplication that
has produced niche specialization on the part of the piRNA
machinery to jointly combat TE proliferation from within
the germline and the flanking somatic follicle cells. Three
Argonaute paralogs, aubergine, argonaute3 and piwi, have
distinct functions in the ovary. Aubergine and Argonaute3
proteins function solely in the germline whereas Piwi
contributes to somatic silencing of retroviruses such as
gypsy and ZAM [94,99] in the follicle cells. Piwi and
aubergine are most closely related and arose through a
more recent gene duplication. This suggests that, as TEs
evolve specialized strategies of proliferation, the TE silenc-
ing machinery likewise evolves specialized strategies of
defense.

As with D. melanogaster nurse cells, companion nuclei
play crucial roles in germline function in plants (Figure 2).
The pollen tube nucleus propagates the pollen tube, and
the two sperm nuclei separately fertilize either the central
cell to form the endosperm or the egg gamete. During
oogenesis themegaspore undergoes three rounds ofmitosis
to produce an assemblage of nuclei that include the egg
cell, the polar nuclei, the synergid cells (which assist
fertilization) and the antipodal cells. Similar to D. mela-
nogaster nurse cells, these companion cells have an appar-
ent role in genome defense. In the female gametophyte
somatic companion cells [100] and endosperm cells [101]
function as a source of TE-derived siRNA, although in the
case of the endosperm it has not been established that this
siRNA functions to repress TEs. In pollen, the pollen tube
nucleus reactivates TEs at the transcriptional level
through deactivation of DECREASE IN DNA METHYLA-
TION, driving the production of a pool of TE-derived siRNA
[102]. These siRNAs appear to limit TE proliferation in the
sperm nuclei that contribute to fertilization.

Concluding remarks
Thediscovery of genomedefense by small RNAhas revised
our understanding of TE dynamics in populations. Natu-
ral selection was once considered the primary force con-
trolling TE proliferation. It now appears that these two
modes act jointly. Importantly, unless genome defense by
small RNA reduces transposition rates with increasing
copy number, natural selection is still required to stabilize
copy number within populations. A promising line of
further inquiry will be to determine the relative impor-
tance of these two factors by performing a joint evolution-
ary analysis of silencing alleles and TE proliferation.
Population genetic analysis of host repressor alleles in
wild populations could allow estimation of their selection
coefficients. Coupled with a genomic analysis of TE dy-
namics, one can disentangle the evolutionary history of
different phases of TE invasion. In particular, it is con-
ceivable that one could identify correlations between TE
proliferation events and the fixation of host repressor
alleles. An evolutionary perspective will also provide in-
sight into the many mechanistic questions that remain.
How have evolutionary arms races shaped the machinery
of RNA-mediated silencing? How have genome defense
strategies in the germline evolved in the context of TE
proliferation strategies? The essential function of the germ-
line is to protect genetic information across generations. In
sexually reproducing species, TEs pose a tremendous chal-
lenge to this function. By considering the complex evolu-
tionary game between host and TEs we will gain many
insights in our understanding of genome structure, epige-
netic inheritance and the mechanisms of gametogenesis.
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