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Transposable elements (TEs)

e Discovered by Barbara McClintok

O Zea mays: kernel color
o Nobel Prize in 1983

Transposable elements
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Transposable elements (TEs)

Biological impact

[Mobilization

Ectopic recombination]

Genomic rearrangement

A

y

[Epigenetic marks ]

Source of
mutation/variability
Affects germline and soma

Defense mechanism

[Gene expression]

(miRNA; methylation)

Disease phgenotypes
(e.g. cancer, Alzheimer’s, etc.)

New regulatory pathways
(e.g. exaptation of TE
transposase, producing
RAG1 & RAG2 proteins)

Utility of TEs

* Genome sequencing projects
* Transgenic organisms
* E.g., zebrafish, Arabidopsis
* T-DNA seed lines
* Generation of new
mutants
* Phylogenetically informative
* E.g. Alu elements
* Homoplasy-free
* Mode of evolution is
unidirectional, i.e., they
do not revert to their
ancestral state



Why do we need manual curation?

e Fragmentation due to large scale deletions, interruptions by nested insertions of
additional TEs, and through poor insertion fidelity.

e Because of their mostly neutral decay, there are no conserved regions that can

anchor the alignment nor are there open reading frames free from indel
accumulation

e Copies are often derived from a TE rapidly evolving in a genome, so that they
represent a mixed bag of ancestral forms.

e Low complexity regions and internal repetition are common features.
e The oldest detectable TE copies have accumulated over 35% substitutions since

their arrival and given their neutral decay have a substitution level of more than
70% between each other




RepeatModeler vs.

DNA,2%

LINE,20%

repeat,56%

Other,54nknown,0%
unextended

\ 43% repeat content

curated TE families - human

DNA,2%

Non-
repeat,54%

extended
46% repeat content

LINE,19%

Unknown,0%

}

RepeatModeler2

Enhanced ability to classify and identify repeats with carefully-curated dataset

LINE,21%

Non-
repeat,46%

Unknown,0%

54% repeat content

Analysis w/ manually curated
library

*Other: satellites
and simple repeats



RepeatModeler vs. curated TE families - fruit fly

(unextended)
\ 23% repeat content } \ 23% repeat content }
RepeatModeler2 Analysis w/ manually curated
library

Enhanced ability to classify and identify repeats with carefully-curated dataset

*Other: satellites
and simple repeats



Alu mobile elements

3’

5'
ASTACA, potva BT

SINEs (short interspersed element) Homoplasy-free
Non-autonomous o No known mechanism for the specific removal of SINE

~300 b elements from the genome

P o Mode of evolution is unidirectional, i.e. they do not revert
~1 million copies in the human genome to their ancestral state
Transcribed by RNA polymerase Il Known ancestral state = absence of Alu element
Derived from 7SL RNA Easy to genotype
Elements facilitate a comprehensive analysis of

phylogeny

Batzer, M.A. (2017, January 12t") The Lemur Mobilome



Homoplasy-free (nearly)

A: Incomplete lineage sorting: ~0.0006X
events/insertion
Knowledge of primate behavior
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B: Near parallel insertions: ~0.0004
events/insertion
Sequencing

Lineage Sorting Near Parallel Insertion
I —

= | s |
Ancestral locus Ancestral locus

C: Precise parallel insertions: ~0.005
events/insertion

\%’DA el F Sequencing - subfamily analysis

D: SINE deletion: No known mechanism

[ ]
Precise Parallel Insertion SINE Deletion
Ance;ﬁ)locus Ance;ﬁlocus
Ray et al. 2006 “SINEs of a Nearly Perfect Character” |nsertion event

Systematic Biology 55(6):928-935



Filtering your data

e High copy gene families
e Processed pseudogenes
o Generally from highly transcribed genes
e Simple repeats/low complexity
e Redundancy
o There is not any single % divergence cut off
or general strategy that will work for all TE
types across all organisms

Unique repertoire of elements in each
species
Genomic gain and loss
Adaptations
e Flight
Generation time
Diet




METHODOLOGY Open Access
i , - - ﬁ
A beginner’s guide to manual curation “ | | Beamnnervs. Advanced:
® arting materia
of transposable elements o Consensus vs.
Clement Goubert'#, Rory J. Craig®, Agustin F. Bilat*, Valentina Peona®, Aaron A. Vogan® and Anna V. Protasio®” e  Collecting copies/insertions
o  BLAST vs.
e All models vs.
Beginner o t
""""""""""""""""""""""""""""" ° ignmen
Advanced °

o  MAFFT vs.
e Consensus generation

. ™ . (@] EMBOSS VS.
Curation Guidelines for de novo

Generated Transposable Element
Families

Robert Hubley,' Jeb Rosen,' and Arian F. A. Smit'

'Institute for Systems Biology, Seattle, Washington
*Corresponding author: jessica.storer@isbscience.org




Input data type

Less maintenance of
data; no provenance
o Cannot
troubleshoot in
downstream
processes
Greater chance of
original consensus
sequence changes
Subfamily splitting may
no longer be
maintained

[ Data type? ]

Consensus

Seed alignment

Seed alignment Seed alignment No extension Extension
re-generated; re-generated;
No extension Extension

A A

Curated?

Ye No Ye No

Provenance of consensus
sequence derivation is
maintained

o More data maintained
Less chance of major
changes to consensus
sequence made at the end
of the curation process



VISUALIZE, VISUALIZE, VISUALIZE!

ALWAYS check your data BEFORE doing ANY ADDITIONAL STEPS

.....................................................................

S viewMSA.pl -stockholm <file.stk> #1

| Orientation Sort || Normal Sort || End Sort || Divergence Sort
' T

#2 L ) —

5’ truncation —— =

SINE (Alu) (could also
be soloLTR)

e Possible internal deletions
e Low(er) divergence at terminal
ends

#3




Summary View rnd-1_family-102

Orientation Sort

Normal Sort ~ End Sort  Divergence Sort

LTR/ERV over-extension

* 1939 taro models submitted; 1173 (60.5%) LTR/ERV
elements

* Types of LTR alignments observed

int

r =

- —

*Example from taro validiated by RM, crossmatch and dotplot



On to the manual part and a lot more detail

~4080



Matrix

® Corresponds to the ratio of
the nucleotide’s observed
frequency given an ancestral
(consensus) base over the
nucleotide’s frequency in

the background
o 20 kb flanking the
transposon was used for
background frequency
e Substitution frequency is

dependent upon:
O Age of the repeat
O GC content of a given locus

HQp

HNQp

nucleotide in the query sequence (derived state)

A G C T
Qg.matrix

10 -10 -16 -19

-6 10 -18 -18
-18 -18 10 -6
-19 -16 -10 10

20p35g.matrix

8 -7 -15 -17
-4 11 -13 -14

-14 -13 11
-17 -15 -7

-4
8

A G C T
mwg matrix

-7 -13 -15

-3 9 -15 -14

-14 -15 9 -3

-15 -13 -7 9

20p43g.matrix
9 -8 -15 -17
-4 10 -15 -15
-15 -15 10 -4
-17 -15 -8 9

A G C T

-9g matrix

-5 -12 -13
-2 8 -13 -12
-12 -13 8 -2
-13 -12 -5 9

20p51gl.matrix
9 -6 -13 -14
-3 9 -14 -14
-14 -14 9 -3
-14 -13 -6 9

—

Differing
ages; same
GC content



Alignment

 Sensitive alignment matrices
and gap parameters for
neutrally—evolving DNA

* Developed for TE annotation and
used in RepeatMasker for years

* Derived from ancient DNA
transposon data delimited by
divergence and CG background

e Multiple sequence alignment
method
* |terative transitive search,

bootstrapped with the best
matching sequence

Unaligned model instances (S)

S1

S2

S5

S5

lig to seq 2(s2)

S2
S1

S3
sS4

Extension

S5

S2

S1

S3

S6 e—

to derived (©




Refinement

* [terative process of
extension and re-alignment
to the consensus sequence
until the consensus
sequence stabilizes

Unaligned model instances (S)

S1

S2
S1

lig to seq 2(s2)

s2 S6 S5
S5 s3
sS4 S3 S4
S6 e—
— —
C—— _ C
s2 —— ==== s2
s1 —— ==== s1
S5 S5
S = e S3
S84 ————— —_—— S4
6 ———— e — S6 —
Extension to derived ()




#8 alignAndCal (aka do tiple.pl)
n Version 2.8.2-beta-2

Refinement e

-uas : 68,
InsGapExt: -s o-lmp(-

rxax

ITERATION: 1
Working on exanplel_con
Uniaue aligned &
Total Crossmatch Score
Por Base Average
Kimura Divergence:

¥ alignincCal (aka i i 1)

* Interactive AT

# single Fanily Nede
# Engine:|[mblast]

Bancwidth: 48,

oh: 7,
Maxdiv: 68, Gepl

* Easily visualize the process ,x:::;:::;:-,;.,,

# Starting Round Index

ITERATION: 1

e M atrlx u Sed Working on exanple1_con

Total Crossmatch Score: 274884
Per Base Avera;

4.68
Kinura Divergence:[®.127627183495182 | 57462 aligned bps )

Search engine used e o — i
refiexanplel_con 3 |"""1 y:[ " o
* Divergence of your alignment o e
refiaxanplel_con 86 AACT TT-A=TCTCACTCT wmm 129
. . consensus 1% 189
* Areas of possible extension > ek e
consensus 1% T-CCC-C~ TG-G- 2808
? - - W i -

refiexsnplel_con 188 -CT- G- G- T 6C- T CC 245
consensus e & T - arns
ref:exanplel_con 335 T \T-C-ABC-T~~~C-~ ) 373
consensus 420 " 470
ref:iexanplel_con 415 \[ o 4“5
rafioxanplel_con A6 CAD- '!" Tenl=T: G- Ti T Ak 489
consensus a5 T-AM 579
i exanplel_con e TOACTCT L TCTCCAAT-AAA e
consensus T-CT-~COCCT: T TTCOGTC- 70006~ 685
refiexsnplel_con o ¢ -—W—C; . 650
consensus 79
refiexanplel_con 674

s(kip) ' r 5('), or 3('), M-8 (range), dlone)

4 ranse only works if the u- and slc consensus have the un: positions at the start and end of the range.



* Interactive mode

* Choose the option that
best fits the data

Accept all changes

Pad the sequence and
accept all changes
Expand the sequence in
the 5’ direction

Expand the sequence in
the 3’ direction

s(kip),cl ), ), bleginexpand) or S(*
E]unne only works if the new and old consensus have the ssne posi

ndexpand) or 3('),s#-3% (range),d(one)
fons st the start and end of the range.

Keeping only 5' H-pad changes.
ITERATION: 6

Working on examplel_con
unique aligned sequences: 131
Total Crossnatch Score: 394672

Per Base Average:
Kimura Divergence: |0.118839360124563 | 61182 aligned bos )
(X4 [ J

5:::3::\15 1 WOC—~OGCOOOCC-'T“"EYCT"AABGAGYT%GGAN‘—GYCVGGYCGM-M.‘CVY1GGGC-———-—CC-C -------- 74
ref:exanplel_con 1 N::b‘l;‘uMC———cGCCMOCC—TWY&TCYYYWT—G——WN»' ACCTT CC-C- 74
consensus 689 GMTCCGGGC-AGGYCAGACAAW‘W\’;.D: 729
refiexanplel_con 689 MTCW-MTCAMUAMYW:I& 729

s(kip),c(hangeinbetweenMs ), x{pandandchange), bleginexpand) or 6(*),elndexpand) or 3('), ##-2¥ (range) d(one)
E]nnoa only works if the new and old consensus have the sanme positions at the start and end of the range.

Keeping only 6' M-pad changes.
ITERATION: 7

Working on examplel_con

Unique aligned sequences: 131
Totel Crossmatoh !cou. 308400
Per Base Average: &,

Kimure Divergence: 0 11!7&337“
Changes:

29 ) 61282 e o

consenius 1 AGOAAGTAGLCALS MOMAGOCGC& COC-TTTTTCCTCTTITAAGGAGTT -G~ GOANT -GTCTGATOOAGG-ACCTTTGOGC ce-C L3t
refioxonplol_con 1 :‘:"1;:“’“'&“0&6! AGGAAAGCCOCOS -COC-TTTTTCCTCTTTAAGOAGTT G- - GOANT -GTCTGA TOGAGG - ACCTTTGGOC cc-c L3}
aonsensus ceoaoc M‘CAMCAACWVCRIU\‘.O: 736
refiexanplel_con 708 ccmc«mvcmwcmvcmmm'u 736

s(kip),c(hangeinbetweents ), xipandandchange), bleginexpsnd) or S('),elndexpand) or 3('),#N-08 [range), dlone)
E]rmg' only warks if the new and old consensus have the same positions at tne start and end of the range.

Keeping only §5' H-pa¢ changes.
ITERATION: 8

working on exanplel_con
Unique aligned sequences: 131
Total Crossmatch Score: 396866
Per Base Average: 9

Kimura Divergence: |0.118531931198716 61354 aligned bps )

Changes:
consensus 1 0OCCS-COC-TTTTTCCTCTTTAAGEAGT T-G-~GBANT-GTCTGGTEGABG-ACCTTTGO0C -~~~ 85
771270
ref:exanplel_con 1 TAGCCAGA CGCCS-COC-TTTTTCCTCTTTAAGEAGT T-G—GGANT-GTCTEGTEGABE-ACC T TTEGEC— a5
consensus 699 ACGAGESTCCOOEC-AGS AACD 743
e

refiexanplel_con 699 ACGAGEGTCCGGEC-ABGTC JSGEE TCECAL 743
s(kip),clhangei ),xl ), bleginexpand) or 5('),e(ndexpand) or 3('),##-32 (range),d(ons)

@nnge only works if the new and old consensus have the same positicns at the start and end of the range.
o

ne! Consensus file (examplel_con.fa) has been updated with sny previously made selections.



Extension of truncated models

d COnsenSi deri.VEd from de Unaligned model instances (S) ligi to 2(s2)
novo repeat finders are often .
truncated . " > =
* Need to extend into the s 5
flanking sequence in orderto |« 3 > -
get an accurate and full-length
model!
* H-pad T w c
* Positively-scoring s2 —- S 2
* Part of IUPAC code, but not in || s — = s
consensi or genomic sequence| | ————- S 5 —
* Support protocol s = i
* Get flanking sequence | —_. e @




Get flanking sequence

S extendFlankingSeqs.pl -d(atabase) <2bit genome file> -i(nput)
<cross_match file> -o(utput) <fasta file>

(command is seen in supplemental protocol of publication!)
NOTE: the input file is the .out file in most cases (this may trigger RepeatMasker flashbacks....)

Alternatively....

S bedtools slop -i <input bed file> [options] > output.bed

S bedtools getfasta -fi <genome> -bed <output from bedtools slop> -fo
<output fasta file>



LTR/ERV sequence structure

Structural Structural

component component
I Primer binding site

Polypurine
»- 898 k0 1 # ract
\ J
5, 3[

1

Protein-coding region (int)

LTR = long terminal repeat a b
* 200-1000 bp 1 - -

Prone to internal deletions in LTR region ( ; C
Recombination to form new subfamilies ’ -’J |

Ectopic recombination common
* Many soloLTRs
* LTR-int-LTR-int-LTR structures

Gonzalez, Josefa & Petrov, Dmitri. (2012). “Evolution of Genome Content: Population
Dynamics of Transposable Elements in Flies and Humans.” Methods in molecular
biology (Clifton, N.J.). 855. 361-83.



Transposable elements

!

RNA Intermediate DNA intermediate

~42% of human genome (cutand paste)

(copy and paste)

Autonomous Non-Autonomous
(coding capacity) (no coding capacity)
X ‘ ¥
X
Long terminal repeats (LTR) Non-LTR E.g. Alumobile elements

I I

E.g. Endogenous retrovirus
(ERV)

E.g. LINE-1

* LTR structural features
e« 5TG
« 3 CA
» Possible subfamily
structure?

Structural
component c

Structural

4

|l
Protein-coding region (int)

coNsensus 1|CGCCCAAAGTCAG-CAGGAA TS G~CCC~TTTTTCCTCTTTAAGGAGT T~G~~GGANT: ACCTTTGG
ref:exanplel_con 1 Al A-GTAGH AAG. TTTTTCCTCTTTAAGGAGT T-G--GGANT-GTCTEETGEAGG-ACCTTTGE
KZ285162. 1 700866-7281926_R 387 | GCCCCAAAGTCAG-CAGGAA CCC-TTTT-CCTCTTTAAGGAGT T-G-~GOAAT-GTCTEETTGAGS-GCTTTTCG
GCCCCAA G~COC-TTTT-CCTCTTTAAGGAGT T-G~~GGAAT-GTCTEGTTGAGG-GCTTTTTG
CCAAAGTC AGGAA-GTAGCC CC-TTTT-CCTCTTTAAGGAGT T-G--GGAAT-GTCTEETTGAGG-GCTTTTTG
CGCCCAAA, ~TTTTTCCTC-TTAAGGAGT T~G~~GGAAT-GTCTGSTGGAGSTACCTTTGE
KZ205266.1:14966984-4968734 | R 1208 AAAAT A A-GTAGI TTTCCTCTTTAAGGAGT T-G~~GGAAT -GTCTOETOGAGG-ACCCTTGE
KZ201897.1:65148760-5142888 R 1478 | CGCCCAAAATCAG-CAGGAA-GTAGCCAGA~ MVGW—COO-T"TTCCTCT‘"AWAGYT-O--N&Y-OYCT“TM-M)NTYW
1639 | COCCCAAAATCAG-CAGGAA TTTTTCCTCTTTAAGGAGT T-G~~00AAT ~GTCTOSTOOAGS-ACCTTTGO
5093 | COCCCA CCC=TTTTTCCTCTTTAAGGAGT T=A=~00AAT -G TCTOGTOOAGG-ACCCTTO0
6032 | GCCCCAAAGTCAG-CAGGAA A CC=TTTTTCCTCTTTAAGGAGT T=G=~GOAAT ~GTCTOGTAGAGA-ACTTTT -6
7472 AATCAG-CAGGAA CC-TCTTTCCT~TTTAAGGAGTC~G-~GOAAT ~GTCTGECAGGAG-ACCCTCO0
5819911-5828414_R 7812 AATCAG-CAGGAA TTTTTCCTCTTTAAGGAGT T-GCGGAAYT-GTCTG-TGGAGS-ACCTTTGE
KZ208347.1:3215669-3223889 7519 TCAG-CAGGAA G- COATG-TCC-TATTTCATC -~ AAAAAGT =~ ~GOAAT -GT
KZ202344.1:222786462-22291853 (11694 ~CCC-TTTTTCCTCTTTAAGGAGT r-o-—m l—mcveﬁlm—mnmn
1 16 AAGG==TG-A-~GGA 1766
1 IOTAGCT-OP AGA(T-GTCTGOCAGGAG-ACCCTTGE
K2203011.1:2625449-2625782 233 AGGAGTTCG--AAAGT-GTCTESTGEABG-ACCTTTGE
KZ284391.1:6828663-6821183_R 2 GAGCT=G-~GAATTTGTCTGSTGGAGS-ACCTTTGE
KZ200747.1:537038-537584 3 TT-A--GTAYT-GTCTGETGGAGG-ACCTTTGE
KZ197479.1:8092430-8292619_R 9 GAAT-GTCTESTGEAGS-ACCTTTGE
KZ198231.1:3316230-3316793_R 11 GAQT-GTCTESTOGAGS-ACCTTTGE
KZ202947.1:4968328-4968833 R 1 GAQT-GTCTESTGEAGG-ACCTTTGE
KZ198977.1:781910-783249_R & AQT-GTCTESTGGAGS-ACCTTTGE
KZ204105.1:1302000-1382533 9 AQT-GTCTGGTGGAGG-ACCCTTGE
KZ201190.1:8694675-8782652_R 9 AAT-GTCTGECAGGAG-ACCCTTGE
KZ207949.1:2729268-2729796_R 1@ AQT-GTCTGSTGOAGS-ACCCTTGE
KZ202677.1:5819911-58828414 R 12 AQT-GTCTESTEEAGG-ACCTTTGE
KZ200661.1:6627992-6628526_R 12 AQT-GTCTGETGGAGS-ACCCTTGE
KZ197012.1:12034561-12035893_R 12 AQT-GTCTOGTOOAGG-ACTCTTOO
KZ201897.1:6146517-5147718_R 12 AQT-GTCTGGTGGAGG-ACCTTTG6
KZ203042.1:2730721-2736087 12 AQT-GTCTEGTGOAGG-ACCTTTO0
KZ2079 70376-70874 14 AQT-GTCTOSTG-AGG-ACCTTTO0
KZ198769.1:37683342-3783859 15 AT-GTCTEETCOAGG-ACCTTTGE
KZ204984.1:4216017-4216595 10 [T-GTCTGETOGAGG-ACCTTTGO
KZ207498.1:437896-438150 8 e T-GTCTESTGEAGG-ACCTTTGE
KZ198867.1:11837137-11038619 11 [T-GTCTESTGEAGS-ACCTTTGE
KZ203011.1:2628449-2625782 13 [T-GTCTGGTGGAGG-ACCTTTGE
KZ197452.1:1912911-1913443 R 14 [T-GTCTESTGEABG-ACCCTTGE
KZ201674.1:1805354-1825953 15 [T-GTCTESTCGAGS-ACCTTTGE
KZ202420.1:24358-27572 2na T-GTCTEGTGEAGG-ACCTTTGE
KZ283042.1:2841627-2842282 R 22 TESTGGAGG-ACCTTTGE
consensus &85]-TTCGCC TTCGGT! T-
ref:examplel_com €85 | ~TTCOCCTGGTGTAATTC! COCGoC -GGT-CCA/
KZ198077.1:781918-783249_R 642|-T TA-TTCG-TCG-COCTCT GGTTCCAAGTTATGAGGETCCGTGC-AGGTCAGACA
12294 | -TTTGCCTEGATCTAATTCGGTCG-CTC-TCTAG—EGT-CC
524 |ATTTGCCTGATATAATTCH ~TC ~TC
KZ204984.1:4216@17-4216595 499 | =TTCATCTGGTCTAATTCOGTCG-COC-CTTE6-~GGT~COAAGTTATGAGGGTCCGGEC-AGGTCAGACAA
K2202677.1:5819911-5828414 R 626 AVY‘BCCVGAYA‘M"COBYCG—CVC-VC'H'-
KZ203042.1:2841627-2842208_R TAAT COC-CTTOG--GGT-CCAAGT
KZ198231.1:3316230-3316793_R @ TTCAYCYWYCYM"CW CG-COC-CTTO6-~GGT-CCAAGTTATGAGGGTCCGOOC-AAGTCAGACAA
K2197268. I. 13361833-13362124 GO8|-TTCATCTEGTCTAATTCGGTCG-COC-CT 16666 T-COANGT TATGAGGETCCGOGC-AGGTCAGACA
26938213 _R| 2143 —ncucrurcvu"cumco-cnc—nvu~4ar~uum-
KH.N" ll”"ﬁl-ml 140 8427 TOATATAAT TC-TCTO6--6OT: GC.
7.1:5140760-5142800_R 2048 -chMCYMVClM"CWICO-C&-C"H'-WW"MWWIQGNC-AOUICWEA
KZZ.)I” 1:5146517-8147718_R 513 | -TTCATCTGGTCTAATTC-GTCG-COC-CT TO6 -GG T~ ~CAAGT
K2198225.1:3892839-3893361 R 450 [~TTCOTCTGRTCTAATTCGGTT6-COC-CTTO6--60T 6T
K2202785.1:56276-56785 434 | =TTCATCTEGTCTAATTCOGTCE-CEC-CT T6E—EGT-COAAGT TACGAGGETCCGBEC-AGGTCAGACA
K2196431.1:463521-464037 R 441 | -CCTo0 TAT TTACCY
KZ197736.1:4292491-4292981_R 411 TCGATCG- “CCennna-COTRRET-CE0
K2202280.1:13962962-13963452 411 -W‘GCC'COYG-—-".‘MYCG—W CC- e
KZ199231.1:2988555-2989116_R 483 |-CCTBLCTC ~CGl
K2206464.1:11569437-11569927 412|-CC TCGATCG: ~CCeeee=-CGTGCET~CE0:

2207

2108



Sequence structures to consider

ERV/LTR LINE SINE DNA

S TSD.pl e Terminal inverted
repeats (TIRs)

e Can be seenvia

e polyA tail

e G/Crich5 end
® Consistent TSD length

o True for dotplot
soloLTRs and FL e ORFs? e Homology to LINE 3’ e Curated termini
’ EBV sequence
e 5 TG;3CA o Exception is
® ORFs? Alu
o
® RNA polymerase lll A
and B box

® Hairpin structure
similar to tRNA?



https://dfam.org/classification/dna-termini

Reducing redundancy

S rmblast.pl <consensus_sequecnes.fa>
[options]

Crossmatch-like output (similar to RepeatMasker
output)

Table 2 Rmblast.pl Output of the Eight Subfamilies Produced by ClusterPartialMatchingSubs.pl Analysis of

examplel

Query  Query Target Target
SwW Divergence % del %ins Query start end A_left  Target start end T_left
4920 0.88 0 0 Cluster) 1 571 0 ClusterQ 1 571 0
2704 2.1 0.35 32.33  Cluster0 1 571 0 Cluster12 1 433 0
2009 1188 221 3.06  Cluster0 210 571 0 Cluster8 132 490 0
4051 022 0 0 Cluster10 1 465 0 Cluster10 1 465 0
2941 1054 7.1 0.2 Cluster10 1 465 0 Cluster7 2 498 0
2725 8.6 1376 134 Clusterl0 1 465 0 Cluster6 1 522 0
3822 023 0 0 Cluster12 1 433 0 Cluster12 1 433 0
2735 277 0.35  Clusterl2 1 433 0 Cluster0 1 571 0
4579 0.19 0 0 Cluster2 1 522 0 Cluster2 1 522 0
3488 1.72 0 14.73 Cluster2 1 522 0 Cluster5 32 486 0
3076 4.62 1.93 145  Cluster2 4 522 0 Cluster8 29 490 0
4268 0.21 0 0 Cluster5 1 486 0 ClusterS 1 486 0
3503  5.56 2.06 1.85  Cluster5 1 486 0 Cluster8 4 490 0
3452 198 1473 0 Cluster5 32 486 0 Cluster2 1 522 0
4562 0 0 0 Cluster6 1 522 0 Clustert 1 522 0
2787 113 1.53 6.64  Cluster6 1 522 0 Cluster7 2 498 0
2734 7.66 1.34 13.76  Cluster6 1 522 0 Cluster10 1 465 0
4354 0 0 0 Cluster7 498 0 Cluster7 1 498 0
2941  9.86 0.2 7.1 Cluster7 2 498 0 Clusterl0 1 465 0
2806 11.87 6.64 1.53  Cluster7 2 498 0 Cluster6 1 522 0
4346 041 0 0 Cluster8 1 490 0 Cluster8 1 490 0
3524 554 1.85 2.06 Cluster8 4 490 0 ClusterS 1 486 0
3045 519 14.5 1.93  Cluster8 29 490 0 Cluster2 4 522
2053 1198 3.06 2.21 Cluster8 132 490 0 Cluster0 21 571 0




Subfamily assighment

* When to analyze
subfamilies

* Truncation patterns

* DNA transposon deletion
products

* LTR recombination
* Divergence

* Coseg
* Full-length TE instances

e CD-HIT-based script
* Length differences

Split subfamilies




Subfamily assignment - LTR =

Possible
recombination

Divergence
pattern

Alignment quality

Length
difference

* Each sequence is represented by a single row (sorted by start position)

where the color gradient indicates alignment quality (red=low; blue=high)
over 10bp non-overlapping windows.



Subfamily assighment - DNA

Subfamily analysis
(CD-hit based script)
1 1 T 1



PtERV (Pan troglodytes endogenous retrovirus)
subfamily analysis




PtERV subfamily analysis

Strategy:

1. COSEG - 3 subfamilies produced

2. Separate subfamilies by divergence and/or length

polymorphism
* cross_match
* Divergence analysis

* Split 3 COSEG subfamilies into 6 subfamilies

Subfamily LTR Int LTR Avg. div. (stdev) s'::fdairt:i)l?::?
rep0 la 1b la 1.54+£0.9 2
repl 1c 1c/d 1c/d 1.59+0.55 2
rep2 1a 1a 1a 1.6+1.06 2
rep3 2b/c 2a/b 2b/c 1.87+0.71 2
repd 1c la 1c/d 2.19+0.81 2
rep5 la/c 1b/c/d la/c 499+2.18 3




rep0
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rep2

rep3
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Telomere-to-telomere (T2T) - CHM13

From telomere to telomere: the transcriptional and epigenetic state of
human repeat elements

Savannah J. Hoyt, Jessica M. Storer, Gabrielle A. Hartley, Patrick G.S. Grady, Ariel Gershman,

Leonardo G. de Lima, Charles Limouse, Reza Halabian, Luke Wojenski, Matias Rodriguez, ©=' Nicolas Altemose,
Leighton J. Core, Jennifer L. Gerton, ©= Wojciech Makalowski, Daniel Olson, Jeb Rosen, Arian F. A. Smit,
Aaron F. Straight, = Mitchell R. Vollger, "=/ Travis |. Wheeler, Michael C. Schatz, Evan E. Eichler,

Adam M. Phillippy, “= Winston Timp, Karen H. Miga, "= Rachel . O’Neill
doi: https://doi.org/10.1101/2021.07.12.451456
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CHM13 RM WORKFLOW
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Composite repeats - CHM13 Complex/Composite

19 composites - 2.8 Mb ) e— oy
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BMC Genomics e G

Research article
Analysis of the largest tandemly repeated DNA families in the

human genome
Peter E Warburton*, Dan Hasson, Flavia Guillem, Chloe Lescale,

Xiaoping Jin and Gyorgy Abrusan
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Helpful links

Publications

Effect of different alignment tools on reconstructing TE

seguences

TE discovery
methodologies

Visualizing annotations

Advanced curation protocol

Beginner curation protocol

Tools

RepeatModeler utilities

TE Aid

SODA

FlexiDot github



https://github.com/Dfam-consortium/RepeatModeler/tree/master/util
https://academic.oup.com/nargab/article/4/2/lqac040/6586826?login=true
https://academic.oup.com/nargab/article/4/2/lqac040/6586826?login=true
https://www.mdpi.com/2073-4425/13/4/709
https://www.mdpi.com/2073-4425/13/4/709
https://academic.oup.com/nargab/article/4/4/lqac077/6749379?login=true
https://currentprotocols.onlinelibrary.wiley.com/doi/10.1002/cpz1.154
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8969392/
https://github.com/clemgoub/TE-Aid
https://github.com/sodaviz/soda
https://github.com/molbio-dresden/flexidot

