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Abstract

In this issue of Genome Biology, Nelldker et al. show
massive purging of deleterious transposable element
variants, through negative selection, in 18 mouse
strains.
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Genomes have been bombarded by insertions of trans-
posable elements (TEs), which have contributed nearly
half of our genetic material [1]. The major TE families in
the human and mouse genomes are LINEs and SINEs
(long/short interspersed nuclear elements) along with
endogenous retroviruses (ERVs). Although they still
retain a parasitic life cycle and can still cause harmful
mutations, TEs can also participate in gene regulation
and donate protein functions to the host, and they may
increase the evolvability of species [2,3]. Owing to their
multitude of potential effects, there is increasing interest
in identifying TE insertional variants (TEVs) and assess-
ing their role in genetic and phenotypic variation within a
species or between related species. Methods for detecting
such TEVs have evolved from the early days of Southern
blotting to high-throughput sequencing technologies
(Figure 1). Efforts to document TEVs among mouse
strains have been ongoing for years and include recent
studies that catalogued ERV TEVs in eight inbred mouse
strains and LINE TEVs in four inbred strains [4-6].

In this issue of Genome Biology, Nelliker et al. [7] have
massively increased the catalog of mouse TEVs by identi-
fying 103,798 such variants of all the major TE classes
(LINEs, SINEs and ERVs) in a total of 18 mouse genomes
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(14 laboratory strains and 4 wild-derived mouse species)
using whole-genome next-generation sequencing. Such
an impressive catalog will undoubtedly be of great value
for mouse geneticists. However, as pointed out by the
authors [7], the technology used does have drawbacks.
Owing to the short sequence reads, fine classification of
TEs into subfamilies was not possible and the false-
positive and -negative rates are somewhat higher than
those obtained with other methods [4,6]. In contrast,
PCR-based sequencing techniques, such as the trans-
poson junction assay designed by Li et al. [6], allow
specific TEV subfamily analysis in different mouse strains
and localization of the exact insertion site, but are,
nevertheless, limited in the number of TE subfamilies
studied (Figure 1). Hence, whole-genome sequencing
using short reads to find new TEVs is a tradeoft between
the number of new TEVs found and the information that
each TEV read carries. With continued advances in next-
generation sequencing technologies producing longer
and higher quality reads, it is expected that error rates
and fine resolution of TE families will improve.

ERV activity abounds in mice

It has been known for many years that ERVs have been
and continue to be highly active in mouse [4,6,8] and
indeed the Nellaker et al. study [7] confirms this fact. It is
interesting to compare the types of ERVs most prevalent
among the TEVs with the lists of ERVs known to cause
new germline mutations in inbred strains. Such a list was
published in 2006 [8] and revealed that, of 63 cases, 32
were due to intracisternal A-type particle (IAP) inser-
tions, 23 to early transposon (ETn) insertions and 8 to
other ERV types. The predominance of IAPs among both
the new, mutation-causing insertions and the old ERV
TEVs [7] indicates that this family has maintained high
activity, at least in some strains, to the present day. The
majority of new IAP-induced mutations occur in the
C3H background [8] and, as expected, IAPs account for
80% of all TEVs unique to this strain (Figure S1 in
Nelldker et al. [7]). In contrast, the low fraction of ERV
TEVs due to ETn insertions does not correspond to the
prominent role of this ERV family in contributing to
recent germline insertions. This finding suggests that,
again at least in some strains, ETn elements have become
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(a) Southern blot

(b) PCR-based methods

(c) Whole-genome sequencing
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Figure 1. History of transposable element variant (TEV) identification. (a) TEV detection using Southern blot, a technique based on genomic
hybridization using transposable element (TE)-derived probes. This approach is usually limited by restriction enzyme site availability and provides
only low sensitivity and specificity due to DNA hybridization. Only one single family of TE can be tested in each Southern blot. (b) TEV detection
using PCR-based methods. By using PCR amplification of partial TE and flanking sequences, this approach dramatically improves both the
sensitivity and specificity, and is suitable for detection of relatively high copy number TEs if sequencing is used. However, similar to Southern
blot-based techniques, this approach is also limited by the availability of restriction enzyme sites. The analysis of PCR fragments can be done by
gel electrophoresis or, as in [6], by sequencing. (c) TEV detection using genomic sequencing. Low-throughput sequencing involves cloning of
bigger fragments (in the order of 1 kb) and has been used to map IAP and ETn TEVs [4]. High-throughput sequencing can efficiently produce high
genomic coverage for a large number of strains [7]. Due to the much shorter average size of genomic DNA fragments (<100 bp), this approach
requires more sophisticated computational algorithms for sequence mapping and TEV detection. In the figure, strains may represent individuals,
populations or different species. RE, restriction enzyme; TE, transposable element; green arrows, RE sites.

more active or are less likely to be fixed, even within a
strain. The opposite situation occurs with mammalian
long terminal repeat transposon (MaLR) elements, which
contribute a relatively large fraction of ERV TEVs and of
strain-specific TEVs but which have only one reported
case causing a germline mutation [8]. These observations
suggest either very recent extinction of MaLR activity or
a lower likelihood of causing detrimental effects on
insertion.

Blame the father!

Compared with the chromosomal distribution patterns
for fixed TEs, Nellaker et al. [7] found that TEVs have a
more uneven distribution, with depletion of all three
TEV classes (LINEs, SINEs and ERVs) on the X chromo-
some. As discussed by the authors [7], this X depletion
suggests that the vast majority of TE insertions occur in
the male germline. Several differences between the

female and male mouse germline could account for this
male bias for TE insertions, including differential
epigenetic reprogramming and different mechanisms to
silence TEs [9]. Moreover, the male germline undergoes
many more divisions than the female one, providing
increased opportunity for retrotranspositions. In addi-
tion, the authors [7] confirmed other studies showing
positive selection for LINEs on the X, but they also noted
evidence for retention of ERVs and SINE TEVs on this
chromosome. Such retention could be due to several
factors, including reduced opportunity for recombina-
tional loss compared with the autosomes.

Not such a huge impact on gene expression

The million dollar question is of course whether TEVs are
responsible for functional differences between strains
and species. Nellaker et al. [7] approached this question
by examining quantitative trait loci (QTLs) and, out of all
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the QTLs associated with 100 traits studied, found only
12 loci that seem to be associated with TEVs. Further-
more, TEV classes are not associated with global changes
in gene expression between the strains studied,
suggesting that the impact of TEVs on gene expression is
very subtle or non-existent. However, when the authors
[7] filtered their panel of genes for those differentially
expressed between strains, they observed significant
association of those genes with TEVs. Therefore, TEVs do
not seem to be responsible for global gene expression
changes but require unknown segregating factors that
might be related to, for instance, gene structure, gene
regulation or TEV type. The authors suggest that TEs
surviving immediate selection have a small or no impact
on host gene expression. Indeed, fixed TEs and TEVs
have very similar distribution patterns with respect to
genes, including a strong orientation bias in introns, as
has been reported before [4,6]. All these characteristics
suggest that the vast majority of TEVs described by the
authors [7] have already survived natural selection,
implying a rapid and efficient purge of the mouse genome
against deleterious TEs. The effects of inbreeding on
TEVs may indeed contribute to fixation of neutral and
slightly detrimental traits but also to exclusion of TEVs
that have major consequences on the host genome.
However, the youngest ERV TEVs (for example, those
specific to just one strain), which were not extensively
analyzed by Nelldker et al. [7], do show less orientation
bias in gene introns, suggesting that some could indeed
be deleterious but have not yet been lost by selection [4].
Hence, it is likely that strain-specific TE copies will have
a larger role in gene expression differences than older
TEVs. Moreover, as proposed by Burns and Boeke [1], it
is possible that TEVs could act as soft modulators of gene
expression, with subtle effects on expression levels or
transcript structure that are not easy to detect.

What about humans?

Because mouse is the organism of choice for modeling
human development and disease, it is interesting to
compare the relative contributions of TEVs in these two
species during the more recent stages of evolution.
Although fixed TEs overall make up similar percentages
of the mouse and human genomes, mouse comes out on
top in terms of the number of TEVs. Nelldker et al. [7]
found 62,800 TEVs that differentiate the classical Mus
musculus strain C57Bl/6 from Mus spretus, representing
2 million years of divergence. In contrast, the reference
human and chimpanzee genomes, representing 5 to
6 million years of divergence, have accumulated fewer
than 16,000 TEVs, nearly all SINEs and LINEs [10]. These
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lower numbers are due mainly to an overall decrease in
activity of TEs, particularly ERVs, in primates [10]. It is
not unexpected, therefore, that the fraction of disease-
causing mutations due to new TE insertions is much
higher in mouse than in human [1,8]. Nonetheless,
intensive efforts to detect TE insertional variants among
humans have catalogued over 7,000 TEVs, and evidence
for cancer-specific TE insertions and normal cell-to-cell
diversity in TE insertions in the human brain are
beginning to be revealed (reviewed in [1]). Determining
the significance of such TE-based variation in normal
processes and in disease is an intriguing challenge.
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