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Telomere-to-Telomere
• The human genome is finally finished 

from T to T! 

• Technology development: 
first 92% took 10 years, 
last 8% took 20 years 

• Solved with combination of PacBio HiFi 
+ ONT ultra-long

The slide courtesy of Adam Phillippy, NHGRI, NIH



The last 8% of the human genome

Centromeric gap

Gap or error

Inversion >100 kb



The last 8% of the 
human genome
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Novel bases (Mbp)

What’s there? Repeats!
•Centromeres 
•Telomeres 
•Segmental duplications 
•Tandem gene arrays 
•Acrocentric p-arms 
•>200 Mbp of new sequence 
•~2,000 new genes predicted



From telomere to telomere: The transcriptional 
and epigenetic state of human repeat elements
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TE annotation is more refined for 
CHM13v1.1

CHM13v1.1 GRCh38 (excluding Y)

Repeat 
class Mbp % of 

assembly Mbp % of 
assembly

LTR 269.91 8.83 267.52 9.15

LINE 631.64 20.68 626.33 21.43

SINE 394.72 12.93 390.78 13.38

DNA 109.34 3.58 108.53 3.71

Total 1405.61 46.02 1393.16 47.67



TE annotation on chromosome Y

Repeat class T2T-Y GRCh38-Y Difference  (%)

LTR 4,613,537 4,604,368 0.2

LINE 6,456,888 6,378,323 1.2

SINE 4,404,417 2,643,856 67.1

DNA 4,387,030 2,626,425 67.0

Total 19,861,872 16,252,972 22.2



L1-mediated DNA transductions





L1 transposons

Full length human element is 
about 6 kb long while it is 7 kb 
long in mice 

Two open reading frames  

982,161 copies in the human 
genome (CHM13 assembly) 

80,000 copies  in the mouse 
genome (10% of the mass)

polyAEN        RT           C
5’ UTR ORF 1 ORF 2 3’ UTR

TSD TSD



primary transcript

Pol II transcription

Pol II-transcribed gene

Pol II promotor
Transcription  

termination signal

polyA signal 

primary transcript

primary transcript polyA



L1 transcription

L1 element 

Pol II promotor
Transcription  

termination signal

polyA signal 

primary L1 transcript

primary L1 transcript

primary L1 transcript polyA



L1 transcription

L1 element 

Pol II promotor
Weak transcription  
termination signal

polyA signal 

primary L1 transcript

primary L1 transcript

primary L1 transcript polyA

Strong transcription  
termination signal

extra RNA



L1-driven DNA transduction

L1 element 

Pol II promotor
Weak transcription  
termination signal

Strong transcription  
termination signal

L1 transcript polyAextra RNA

L1 element polyAextra DNA

transcription

reverse transcription

genomic reintegration into a new location

L1 element polyAtransduced DNA
TSD TSD



There are two other active 
transposons in humans

Alu
Left monomer Right monomer

A box B box A-rich 
connector polyA stretch

An An

~300 nt long 
Originated in 7SL RNA  
1,205,661 copies in the  
CHM13 version 2 assembly

VNTR AnSVA Alu-like

SINE-RCGCTCTn

Composite element over 1 kb long 
7,380 copies in the CHM13 version 2 assembly



There are two other active 
transposons in humans

Alu
Left monomer Right monomer

A box B box A-rich 
connector polyA stretch

An An

VNTR AnSVA Alu-like

SINE-RCGCTCTn

Do they drive transductions as well?

~300 nt long 
Originated in 7SL RNA  
1,205,661 copies in the  
CHM13 version 2 assembly



Level 5

Level 4

Level 0 L1 and SVA elements  
in the RepeatMasker output 

(979,001)
TSDfinder Collecting elements showing 3’ 

and 5’ TRD signature

Filtering out those TRDs whose 
both TSD and poly(A) tail 

consist of pure polyA string

TRDs  
with score 0 
(23,602)

TRD: transduction

Level 3 Check the family type of 
offsprings and 

corresponding progenitors

TRDs  
with score 3 

(81)

Level 2

Extracting and 
masking  sequence 

of TRDs

Extracting 3kb downstream of  FL 
L1 and SVA elements present in 

the RepeatMasker output  
(for SVA 5’ TRDs, 3 Kb upstream 

of all SVAs)

Creating a blastable 
database

BLASTN

Q: query 
S: subject 
H: hit 
nt: nucleotide 
TRD: transduction 
FL: Full length

A) H and S have the same orientation 
B) Q and S are >= 90% identical 
C) At least 30% of the Q length is 

aligned  
D) The start coordinates for a pair of  

related Q-S are within 20 nt 
E) TRD contains either unique 

sequence or TE only in the middle

Keep If TRDs with  
score 2 
(129)

Remove if TRDs overlap with SegDups 

Keep if they have the same family type

TRD: transduction

Level 1
Intersection with 

segmental 
duplication loci

TRD: transduction

TRDs with score 1 
( 21,996) 

Level 3

A) If 3Kb segments overlap,  
keep the closest one to 
the 3’ end (5’ end, in the 
case of 5’ SVA) 

B) Then, remove if the 
remaining 3Kb segments 
overlap with SegDups



Transduction 
events are found 
genome wide in 
T2T-CHM13



TE-driven DNA transductions



What about Alu elements?



WaluSat Repeat





Alu-driven DNA transductions



BIOINFORMATICS CREED

Remember about biology 

Do not trust the data 

Use comparative approach 

Use statistics 

Know the limits 

Remember about biology!!!



Alu transcription by polymerase III

Pol II-transcribed gene

Pol II promotor
Transcription  

termination signal

polyA signal 

A box B box A-rich 
connector polyA stretch

An An

Transcription start Transcription termination

T(4)



A box B box A-rich 
connector polyA stretch

An An

Transcription start Transcription termination

T(4)

An An T(4)Primary transcript

Mature transcript An An

cleavage at PolyA

Alu transcription by polymerase III



New software
required!



Alu-mediated DNA transductions
Detected items

Full-length AluYs 118,489

AluYs with TSD 118,489

Potential AluYs with transduction signatures  
including polyA upstream of 3’ TSD 4978

Potential AluYs with transduction signatures not 
overlapping with other TEs 742

Verified transductions* 24



Halabian, in preparation



Halabian, in preparation



Team T2T (…and many more)


