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 Box 3 | Retrotransposon insertion polymorphisms as genetic markers

As revealed by pioneering studies on humans152–154, primates155 and non-primate 
groups156,157, retrotransposons provide several advantages that make them very 
powerful tools as genetic markers for studying human and non-human primate 
evolutionary history23,157,158. They are essentially homoplasy-free markers, as 
individuals that share retrotransposon copies at orthologous sites are almost certain 
to have inherited them from a common ancestor (the precise excision of 
retrotransposons is extremely rare)158,159. When comparing genomes, the absence  
of an element at a locus indicates that the individual carries an ancestral version of 
that locus, and this makes it possible to include hypothetical ancestors to root 
phylogenetic trees153. As there are only two possible character states for each locus 
— the presence or absence of the element — genotyping of individuals for 
retrotransposon insertions is technically straightforward. Furthermore, the vast 
majority of retrotransposon insertions are neutral residents of the genome160, and 
the gradual accumulation of elements over time makes it possible to determine the 
loci that are most suitable for investigating evolutionary relationships at a range of 
time points in primate history. As a result, retrotransposon insertion polymorphisms 
(most notably Alu elements) have been used to decipher the phylogenetic 
relationships of various primate groups161,162, including the resolution of the human–
chimpanzee–gorilla trichotomy that demonstrated the close relationship between 
humans and chimpanzees163.

Some retrotransposons were inserted so recently that they are polymorphic for 
presence or absence among human populations and individuals23,49,164. In particular, Alu 
elements have proved highly informative for the study of human origins by providing 
strong evidence for an African origin of anatomically modern humans153,154. More 
recently, Alu element insertion polymorphisms have been used to investigate human 
population structure and demography154,165,166. Retrotransposon insertion 
polymorphisms are also being used as forensic tools — for example, for species-specific 
DNA detection and quantification, for the analysis of complex biomaterials, for human 
gender determination and for the inference of geographic origin of human samples167.

Homoplasy
Similarity due to independent 
evolutionary change — that is, 
not inherited from a common 
ancestor.

X inactivation
The process by which, in 
female mammals, one of  
the two copies of the 
X chromosome is inactivated 
during early embryogenesis. 
The inactive X chromosome is 
silenced by being packaged 
into transcriptionally inactive 
heterochromatin.

the same approaches. Alternatively, the difference might 
reflect recent variation in the L1 retrotransposition rate 
or intense negative selection against L1 insertions. The 
current SVA retrotransposition rate has tentatively 
been estimated as approximately 1 insertion for every 
900 births based on genome comparisons49; this rate is 
more uncertain owing to the smaller data sets available 
for analysis. Although new heritable retrotransposition 
events take place in the germ line, retrotransposition also  
occurs in somatic tissues and has been implicated 
in processes ranging from cancer to brain develop-
ment8,51,52. Retrotransposon-induced somatic variation 
is a fascinating area of investigation that is likely to 
provide new insights into the biology of TEs and their 
impact on humans.

The amplification rates of TEs have not been uniform 
over time. For example, the majority of Alu elements 
were inserted ~40 Myr ago following a peak of amplifi-
cation during which there was approximately one new 
Alu insertion in every birth53. Similarly, over the past 
~70 Myr of evolution, variation in the L1 amplification 
rate has been observed, and the most prolific L1 sub-
families were amplified 12–40 Myr ago38. Genome-wide 
comparisons of the human and chimpanzee genomes 
have provided additional evidence for recent variation 
in L1, Alu and SVA retrotransposition rates, as judged by 
the different numbers of species-specific elements that 
have been inserted since the divergence of the two spe-
cies ~6 Myr ago14,54,55. Such fluctuation in amplification 
rates over a short timescale suggests influences at the 
host population level40,54.

Changes in copy number. Perhaps one of the most intuitive  
consequences of TE accumulation is their contribu-
tion to increases in genome size56: L1 and Alu elements 
alone have contributed ~750 Mb to the human genome3  
(FIG. 1a). This increase in genome size is an ongoing proc-
ess, as the human genome has accumulated ~2,000 L1, 
~7,000 Alu and ~1,000 SVA copies over the past ~6 Myr 
of human evolution, which is a combined addition of 
>8 Mb14. Equally importantly, the ongoing expansion 
of non-LTR retrotransposons has also created sig-
nificant inter-individual variation in retrotransposon 
content; several hundred new mobile element inser-
tions have been detected in multiple human genomic 
sequences49,57–59. These human-specific retrotransposon 
insertions are often polymorphic (present or absent) at 
orthologous loci among human individuals, and they 
constitute highly informative genetic markers that are 
being used to investigate human evolutionary history, 
population structure and demography (BOX 3).

Local genomic instability
Retrotransposons can generate genomic instability in 
many ways. In this section, we consider the effects of 
retrotransposons at a local genomic scale.

Insertion mutagenesis. The most straightforward way a 
retrotransposon can alter genome function, and thereby 
potentially influence genome evolution, is by inserting 
into protein-coding or regulatory regions (FIG. 2a). owing 
to the immediate phenotypic impact of such insertions, 
they were the first to be detected7. Examples of human 
genetic disorders caused by de novo L1, Alu and SVA 
insertions continue to accumulate, and 65 cases have been 
shown to cause heritable diseases, such as haemophilia, 
cystic fibrosis, Apert syndrome, neurofibromatosis,  
Duchenne muscular dystrophy, β-thalassaemia, 
hypercholesterol aemia and breast and colon cancers8,9,11. 
overall, it has been estimated that ~0.3% of all human 
mutations are attributable to de novo L1, Alu and SVA 
insertions10. Interestingly, L1 (and to a lesser extent Alu 
and SVA) disease-causing insertions seem to be enriched 
on the X chromosome8,9,11. This might partly be attrib-
utable to ascertainment bias, as X-linked genetic dis-
orders are often dominant in males and are thus more 
easily detected. Alternatively, L1 elements might pref-
erentially insert into the X chromosome. one possible 
explanation is that the preference might be linked to a 
proposed involvement of L1 elements in X inactivation60,61,  
in which they might help to spread silencing signals.

DNA double-strand breaks. It has recently been shown 
in mammalian cell lines that the number of DNA  
double-strand breaks (DSBs) generated by L1 oRF2 pro-
teins, which have endonuclease activity, is much higher 
than the number associated with actual L1 insertions62 
(FIG. 2b). The extent to which these DSBs contribute to 
human genomic instability remains unknown because 
levels of L1 expression under these experimental con-
ditions were much higher than those expected under 
normal cellular conditions. However, the repair of  
L1-mediated DSB lesions would leave no signature of L1 
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Identical by state
Alleles that have the same 
character state as a result of 
independent evolutionary 
changes (that is, the alleles 
were not inherited from a 
common ancestor).

Identical by descent
Alleles that have the same 
character state as a result  
of being directly inherited  
from a common ancestor.

microsatellites) shared by the human and chimpanzee 
genomes lie within Alu elements70. In addition, there 
are at least two examples of genetic disorders that are 
caused by the expansion of microsatellites that arose 
from A-rich regions of Alu elements71,72.

Gene conversion. Several studies indicate that Alu  
elements undergo gene conversion73,74 (FIG. 2d), which 
is a type of recombination that is defined as the non-
reciprocal transfer of information between homologous 
sequences. Gene conversion might play a part in the 
evolution of Alu elements by inactivating active copies 
or reactivating inactivated copies23. For example, it has 
recently been shown that the master element of the Alu 
Yh3a3 subfamily has been inactivated by gene conver-
sion in humans, therefore preventing further ampli-
fication of this subfamily75. In addition, because Alu  
elements make up >10% of the human genome,  
Alu-mediated gene conversion might have a substan-
tial impact on the overall nucleotide diversity of our 
genome. Also, it might impair the use of SNPs located 
within Alu sequences as genetic markers, as gene con-
version would make these SNPs identical by state rather 
than identical by descent23. However, the significance of 
this phenomenon has not been tested formally; next-
generation sequencing and personal genomics will open 
new avenues for resolving this question.

Genomic rearrangements
In addition to generating local genomic instability,  
retrotransposons can generate genomic rearrangements, 
such as deletions, duplications and inversions. In this 
section, we discuss three ways in which retrotransposons  
can create structural variation in the genome.

Insertion-mediated deletions. The insertion of L1 and 
Alu elements at new genomic sites sometimes results 
in the concomitant deletion of an adjacent genomic 
sequence (FIG. 2e). This phenomenon was first observed 
through the analysis of L1 integrations in cultured 
human cells: ~20% of L1 insertions were associated 
with structural rearrangements, including concomitant 
deletions at the insertion site that ranged in size from 
1 bp to possibly >130 kb76–78. These deletions can arise 
by endonuclease-dependent and ENi mechanisms78. L1 
and Alu insertion-mediated deletions have subsequently 
been shown to occur naturally in the human and chim-
panzee genomes, although the deletions are usually 
shorter (<800 bp on average) and occur at a much 
lower frequency than in cultured cells (a frequency of 
~2% and ~0.3% for L1 and Alu insertion events, respec-
tively)79,80. This might reflect, at least partly, negative 
selection against large, disruptive, insertion-mediated 
deletions. Consistent with these observations, a 46 kb 
L1 insertion-mediated deletion event in the pyruvate 
dehydrogenase complex, component X (PDHX) gene 
has recently been implicated in pyruvate dehydrogenase 
complex deficiency81, and human–chimpanzee genome 
comparisons have identified a single insertion-mediated 
deletion event that caused loss of a functional gene in 
the past ~6 Myr79.

It has also been noted that ~90% of non-classical 
ENi L1 and Alu insertions are associated with deletions 
of flanking sequences that range in size from 1 bp to 
14 kb, including one deletion that removed an olfac-
tory receptor gene from the human and chimpanzee 
genomes66,67. Altogether, it has been estimated that 
during primate evolution, as many as 45,000 insertion-
mediated deletions might have removed >30 Mb of 
genomic sequence18.

Ectopic recombination. Due to their extremely high 
copy numbers, L1 and Alu elements can also create 
structural genomic variation at the post-insertion stage 
through recombination between non-allelic homo-
logous elements (FIG. 2f), including between elements 
that have been present in the genome for a long time. 
Ectopic recombination can result in various types of 
genomic rearrangements, such as deletions, duplications  
and inversions.

It has long been recognized that Alu recombination- 
mediated deletions (RMDs) occur in the human 
genome: there are >70 reported cases of Alu RMDs being 
responsible for various cancers and genetic disorders8,10. 
By contrast, only three disease-causing L1 RMD events 
have been reported17. Genome-wide comparisons have 
identified 492 Alu RMD events and 73 L1 RMD events 
that have taken place in the human genome since the 
human–chimpanzee divergence16,17. L1 RMDs are larger 
on average than Alu RMDs and occur more frequently 
in gene-poor regions of the genome. These results 
suggest that there might be negative selection against 
long, deleterious L1 RMDs in gene-rich regions of the 
genome18,82,83. Therefore, Alu and L1 RMD events that are  
detectable by comparative genomics approaches  
are likely to represent the fraction of RMDs that have 
escaped negative selection. However, based on human 
and chimpanzee genome comparisons, these events 
have collectively removed nearly 1 Mb of genomic 
sequence from the human genome over the past few 
million years16–18, thereby underscoring their important 
evolutionary impact.

The human genome contains many large (>10 kb) 
and highly similar (>90% sequence identity) duplicated 
genomic regions, which are termed segmental duplica-
tions. Interestingly, the boundaries of human segmental 
duplications are significantly enriched in Alu elements 
— that is, they comprise ~24% of boundary sequences 
but only ~11% of the total human genome84. Considering 
that ~5% of the human genome has been duplicated in 
the past ~40 Myr, recombination between Alu elements 
might represent an important mechanism for the origin 
and expansion of human segmental duplications84.

The contribution of L1 and Alu elements to  
chromosomal inversions has also been investigated 
recently by comparative genomics. Nearly half of the 
inversions that have taken place in the human and 
chimpanzee genomes since their divergence have 
involved L1 and Alu elements, and ~20% of all inver-
sions can clearly be identified as products of L1–L1 or 
Alu–Alu recombination events85. Although this type of 
rearrangement does not result in gain or loss of genomic 
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