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Overview

oPart1: intro to TE biology

oPart2: Methods to detect TEs in genomes (+ intro to

tutorial)



Genomes: DNA on repeats



Barbara McClintock

Nobel Prize
1983



Microsporidia



TEs are selfish elements

Selfish genetic elements
(anything ranging from single genes or chromosomes to entire genomes)

=

Genetic element with the sole ”purpose” to 
transmit itself

(which often comes with a cost to its host)



Why are they selfish?

Because
they
can



Main TE categories

o Sequence structure

o Transposition mechanisms

o Effects on genome evolution



& &

Eukaryotic transposable elements



Class I: LINE retrotransposons

Wicker et al 2007, Nat Rev Gen

ORF1 ORF25’ UTR 3’ UTR

Promoter for
RNA polymerase

Open reading frame(s) for
transposition proteins

Recognition site for
reverse transcriptase

RT - retrotranscriptase
EN - endonuclease
RH – RNAse H
APE - DNA (apurinic/apyrimidinic site) endonuclease

Cis-mobilization!



Target-primed reverse transcription (TPRT)

TPRT often undergoes premature 5’ truncation and loss of promoters and/or protein domains
Levin and Moran 2011, Nat Rev Gen

Priming and
reverse transcription

Priming with 3’ tail

Cut with endonuclease

Retrotranscriptase



Target site duplications

TSDs are the hallmark of most (retro)transposons

The length is variable for LINEs but 
can be of specific lengths for other 
types of elements

The length of TSDs is important for 
classification



L1 and retro(pseudo)genes

Carelli et al 2016, Gen Res

Retrogenes occur when LINE RT recognizes the poly-A tails (L1)

ORF1 ORF25’ UTR 3’ UTR

Recognition site for
reverse transcriptase



Class I: SINE retrotransposons

SINEs use the LINE protein machinery to move and replicate – trans-mobilization!
Non-autonomous elements

Wicker et al 2007, Nat Rev Gen

ORF1 ORF25’ UTR 3’ UTR

tRNA-like CR1-like

(ATTCTRTG)n

(ATTCTRTG)n

CR1

TguSINE1

Pol III 
promoter



SINE Alu and alternative splicing

Xia et al. 2024, Nature



One SNP in the Mus caroli 
lineage turned SINE B2 into 
CTCF binding sites

SINEs and 3D genome architecture



Ancient SINEs became conserved 
elements and insulators

Wang et al. 2015, PNAS



Class I: LTR retrotransposons

Wicker et al 2007, Nat Rev Gen

LTRLTR GAG     AP     RT     RH     INT     (ENV)

Non-allelic homologous recombination (NAHR)

Full-length Solo-LTR

Long Terminal Repeat

GAG – capsid protein
AP – aspartic proteinase
RT - retrotranscriptase
RH – RNAse H
INT - integrase
ENV – envelope protein



Replicative retrotranposition

Levin and Moran 2011, Nat Rev Gen

Reverse transcription

Retrotranscription inside a 
virus-like particle



LTRs are essential for retrotransposition

LTRLTR
GAP     AP     RT     RH     INT     (ENV)

PBS                                                   PPT 
(primer binding site)     (polypurine tract)

tRNA primer

Kazazian 2004, Science

Transcription 
starts from an 

internal 
promoter!

The second LTR 
ensure the 

restoring of the 
entire element

Insertion in the genome

Transcribed LTR retrotransposon

Complete new copy ready to be 
integrated in the genome

PPT

The synthesis of ds-
DNA copy happens 
within the viral-like 
particle



O. hispanica

O. melanoleuca

O. cypriaca

O. pleschanka

blackwhite black w/

melanoleuca pleschankahybrids
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LTRs and coloration

Dave Lutgen Madeline
Chase

Fritjof Lammers



Agouti signalling protein (ASIP): 2 non-synonymous coding SNPs

Agouti signalling protein (ASIP): 17 SNPs up to 45 kb upstream ASIP
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LTRs and coloration



LTRs and placenta

Choung 2018, PLOS Biology



Class II: DNA transposons

Wicker et al 2007, Nat Rev Gen

TIRTIR Transposase
? ?



Cut and paste transposition (TIRs)

Levin and Moran 2011, Nat Rev Gen

Excision



How to increase in copy number?

Skipper et al. 2013, J. Biomed. Sci.



DNA transposons and coloration

Choung 2018, PLOS Biology



DNA transposons and immune system

Huang et al. 2016, Cell



https://github.com/francicco/ComparativeGenomicsLab/blob/main/PartIII/IndentificationConservedElements.md#part-iiib-atac-peak-enrichment

ATAC (Assay for Transposase-Accessible 
Chromatin)



CRISPR-Cas and transposons

Koonin and Krupovic 2015, Nat Rev Genet



Class II: DNA transposons (subclass 2)

&

Wicker et al 2007, Nat Rev Gen



Rolling circle transposition: Helitrons

Kapitonov and Jurka 2007, Trends Genet

Replicase Helicase

Replication Protein A (RPA)



Self-synthesizing transposition: Mavericks/Polintons

Kapitonov and Jurka 2006, PNAS



TEs with tyrosine recombinase

TE integration mechanism occurs via:

o Endonuclease: LINE, SINE, PLE

o DDE-Transposase: TIR

o Integrase: LTR, Maverick/Polinton

o Rep protein: Helitron

o Tyrosine recombinase: DIRS, Crypton

Wicker et al 2007, Nat Rev Gen

Class I: retrotransposons
Class II: DNA transposons



YR DNA transposons: Enterprise(247 kb, fungus Podospora anserina) 

Vogan et al. 2021, Genome Res.

A hyper-selfish Crypton

Transposable elements carrying meiotic drive genes



TEs as dynamic mutations

oNAHR

o Methylation



Non-allelic homologous recombination
NAHR

Full-length LTR → solo LTR

Larger scale deletions and copy number variation

Inversions



Genome size evolution

Elliot and Gregory, 2015 Phil Trans B



Genome size evolution
Accordion model

Kapusta et al 2017, PNAS

Consider not only host 
popgen, but also TE popgen!

No constraint

Need to clean up their genomes
VS

genome structure reflects popgen of the host 
and TEs



Methylation spillover

Anderson et al. 2022, Current Opinion in Plant Biology

GENE



Silencing mechanisms

o DNA level

o Post-transcriptional level



DNA methylation, KRAB and PIWI



Repeat induced point mutation (RIP)

Only a few repeated genes are

known to survive RIP

C -> T mutations

In Neurospora, mutations that 

are induced by RIP occur 

preferentially in CpA 

dinucleotides



Characterisation and 
annotation of
transposable

elements
Valentina Peona

16th January 2025, Evomics Workshop on Genomics





Effects on PCA

Dave Lutgen

PC1 PC1

PC
2

PC
2

Modern samples

Historical samples

Removal of SNVs in repeats
(and INDELS)

Lutgen et al. in preparation



TE annotation and lab tutorial

o Characterise the diversity of TEs: RepeatModeler2

o Annotate TEs: RepeatMasker



Characterise the diversity 
of TEs

We need to know what types of TEs are present
to then know where they are

We then need a library, a set of
reference/representative sequences
(consensus sequences) to use as database

We can use consensus sequences already
available in various databases OR create a de 
novo library of consensus sequences

Different approaches for different types of input
sequences

Genome assembly

All vs all alignment of the genome
Cluster similar sequences
Consensus sequences from multi-sequence
alignments
Tools like RepeatModeler2, REPET, CARP 

Raw reads

All vs all alignment of the reads (downsampled at 
0.1X)
Cluster similar sequences
Assembly of the clusters
Tools like RepeatExplorer2, DNAPipeTE

A consensus sequence can be a 
fasta or an HMM model



Classification system

Consensus sequence



Proprieties of a high-quality 
TE library

is complete - the entire diversity of repeats is represented

contains nonredundant consensus sequences - each 
element is represented only once

contains full-length consensus sequences - each 
elements is not fragmented/truncated



https://mobilednajournal.biomedcentral.com/articles/10.1186/s13100-021-00259-7

Extensive section of supplementary materials with (among the others) video tutorials of how to curate the 
consensus sequences!

https://mobilednajournal.biomedcentral.com/articles/10.1186/s13100-021-00259-7


Structure of the consensus
sequence name

oenMel1-36#LTR/ERVK

Species tag Identifier from RepeatModeler

«Order»

Superfamily

oenMel1-36_LTR#LTR/ERVK

oenMel1-36_int#LTR/ERVK

oenMel1-90.inc#LINE/CR1

Other examples



TE annotation

We need to find the coordinates of the TEs in a 
fasta file (e.g., genome or reads)

We have a library of consensus sequences from 
a database or from a de novo analysis

We can find the coordinates of repeats in the
genome by aligning our library to the genome



RepeatModeler2

>oenMel

ATGAGCGCGAGAGGG

CGAATCCCTAGGCTA

ACATCGTCCCGCGAT

GCTTGCTTAGAACCT

TGCCTAGACCTGAGC

TCTAGCTTACTGCTA

GCTTCCGATTTACAC

GATCACCCTACATAT

CTTCACATCCATCTC

GENOME FASTA 
FILE

BuildDatabase –name <name> <genome file>

RepeatModeler2 –database <name>

Library of consensus sequences



RepeatMasker

>oenMel

ATGAGCGCGAGAGGG

CGAATCCCTAGGCTA

ACATCGTCCCGCGAT

GCTTGCTTAGAACCT

TGCCTAGACCTGAGC

TCTAGCTTACTGCTA

GCTTCCGATTTACAC

GATCACCCTACATAT

CTTCACATCCATCTC

GENOME FASTA 
FILE

>consensus1

ATTGCGCGTTAGGAT

ATCCCGATCGCCC

>consensus2

TGTAGGGAGTCTTGA

CA

>consensus3

ATTTCGGGCTAGGCT

TGAGGC

RepeatMasker –lib <library> 
<genome file>

.out + .gff files with
coordinates of repeats



Repeat landscape
Use outputs from RepeaMasker to visualise the repetitive content of the genome
- calcDivergenceFromAlig.pl
- createRepeatLandscape.pl



Analyse sequence
characteristics of TEs

Genomic hits (blastn)

Self dot-plot (blastn)

Coverage pileup

Structure/prot hits



LINE retrotransposons

Cytoplasm

Ribosome

Nucleus

Where/when/how in the cell Requirements for mobility

Transcription: promoter for pol II -> mRNA + polyA
Replication: RTase
Recognition site for cis-mobilisation
Integration: endonuclease
No introns

Target site preference and TSD
Target site preferentiality for sequences similar to the 3’ UTR
Target site duplications are of variable length

Content of new copies

Mother copy

Daughter copies

Master element

LINE mRNA

RTase

RNP

Integration and 
retrotranscription

5’ truncation
“dead on arrival”



SINE retrotransposons

Cytoplasm

Ribosome

Nucleus

Where/when/how in the cell Requirements for mobility

Transcription: promoter for pol III -> sRNA
Replication + integration: using LINE derived proteins
Recognition site for trans-mobilisation
No introns

Target site preference and TSD
Target site preferentiality for sequences similar to the 3’ UTR
Target site duplications are of variable length

Content of new copies

Mother copy

Daughter copies

Master element

SINE sRNA
LINE mRNA

Integration and 
retrotranscription

5’ truncation
“dead on arrival”



LTR retrotransposons

Cytoplasm

Ribosome

Nucleus

Where/when/how in the cell

Target site preference and TSD
No preferentiality for target site
Specific length of target site duplications (4 bp, 5 or 6 bp)

Content of new copies

Mother copy

Daughter

Requirements for mobility
Transcription: promoter for pol II -> mRNA + polyA
Replication: within viral-like particle, gag (capsid), protease, RTase, RNAse H
Integration: integrase
Recognition site for cis-mobilisation (LTR)
No introns

LTR mRNA

Retrotranscription

Integration via integrases

Solo-LTR NAHR



DNA transposons (TIR)

Cytoplasm

Ribosome

Nucleus

Where/when/how in the cell

Target site preference and TSD
There can be specificity for target site (e.g., TA, TTAA) and there can be 
specific target site duplication length (e.g., 8 bp)

Requirements for mobility
Transcription: promoter for pol II -> mRNA + polyA
Mobilisation and integration: transposase (Tase)
Replication: dependent on host DNA replication
Recognition site in TIRs allows for both cis- and trans-mobilisation  (with different 
probabilities)
Might have introns

Content of new copies

Mother copy

Daughter copy

??

DNA mRNA

Tase

Inclusion of extra DNA
or loss of ORFs
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