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Outline

• Why do we need T2T genomes

• Motivations for a ruminant T2T project

• How we assemble T2T genomes

• Draft ruminant T2T genomes
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Why we need T2T genomes

• Human T2T assembly added ~200Mb 
 Centromeres, segmental duplications, 

duplicated gene families, rDNA arrays

• Improved mapping of both long and 
short read datasets
 100’s of thousands new variants/sample, 10’s of 

thousands fewer false variants, ↑ CpG 
methylation, ↑ chromatin status

Slide Credit Adam Phillippy
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Why we need T2T genomes

Novel biology revealed : rDNA arrays can drive 
heterologous chromosome recombination

Pseudo-Homologous Regions Physical proximity Recombination

Robertsonian
translocations

Recombination between heterologous human acrocentric chromosomes
Nature 617, 335–343 (2023)

https://www.nature.com/
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Motivations for a ruminant T2T project

• Agricultural production – 
cattle, sheep and goats 
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Motivations for a ruminant T2T project

• Domestication – yak, buffalo, 
bison, deer
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Motivations for a ruminant T2T project

• Conservation of 
endangered species

Slide Credit Klaus-Peter Koepfli
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Motivations for a ruminant T2T project

• Broad evolutionary range 
(25Mya – interfertile)

Mithun Yak Geep
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Motivations for a ruminant T2T project

• Chromosome biology
• Majority of 

chromosomes are 
acro/telocentric 

• range 2n=6/7-70 
(ancestral state 
2n=60)

Slide Credit Klaus-Peter Koepfli

Chinese Muntjac 2n=46
Photo credit: Rufus46 Wikimedia Commons

Indian Muntjac 2n=6/7
Photo credit: Bernard Dupont

Dama Gazelle
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Motivations for a ruminant T2T project

• Distinct characteristics 
of immune system 
(ultralong antibody 
genes discovered in 
cattle)

Slide Credit Yana Safonova
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Motivations for a ruminant T2T project

• Samples from equivalent developmental stage 
fetus

• Several interspecies crosses (bighorn x sheep; 
wapiti x red deer; yak, bison, gaur x cattle)

• Hi-C (Micro-C) for multiple tissues from these 
fetuses

• HiFi and ONT 5mC calling by comparison to 
bisulfite in cattle, gaur, sheep, goat

• Matching RNAseq, IsoSeq data for fetal tissues
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Target species

Adapted from : 
Chen et al., Science 364:1152-64.  

2019

gaur

banteng

bison

muskox

Scimitar-
horned oryx

Dama 
gazelle

moose

Eld’s deer• Artiodactyla
• Pig, camel, whale

• Giraffidae
• Giraffe

• Cervidae
• Moose, Eld’s deer, muntjac

• Bovinae
• Cattle, gaur x cattle,  water buffalo, bison x 

cattle, banteng
• Antilopinae

• Dama gazelle
• Hippotraginae

• Scimitar-horned oryx, roan antelope
• Caprinae

• Sheep, bighorn x sheep, goat, musk ox
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Target species
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Target species
Nubian Giraffe

Large-antlered 
Muntjac

Mountain 
Bongo

Western Giant 
Eland

Adapted from : 
Chen et al., Science 364:1152-64.  

2019

• Artiodactyla
• Pig, camel, whale

• Giraffidae
• Giraffe

• Cervidae
• Moose, Eld’s deer, muntjac

• Bovinae
• Cattle, gaur x cattle,  water buffalo, bison x 

cattle, banteng
• Antilopinae

• Dama gazelle
• Hippotraginae

• Scimitar-horned oryx, roan antelope
• Caprinae

• Sheep, bighorn x sheep, goat, musk ox

Dama 
gazelle

Scimitar-
horned oryx

gaur

banteng

bison

muskox

moose

Eld’s deer
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Assembling T2T genomes

• Mammalian (and many other) 
genomes are highly repetitive

• Repetitive DNA causes 
assembly errors when reads 
are shorter than repeats
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Assembling T2T genomes

PacBio CLR – 10-80Kb

PacBio HiFi – 10-25Kb

ONT – 10-300Kb+

ONT duplex – 10-300Kb+
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Assembling T2T genomes

PacBio CLR – 10-80Kb

PacBio HiFi – 10-25Kb
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Assembling T2T genomes

PacBio CLR – 10-80Kb

PacBio HiFi – 10-25Kb
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Assembling T2T

• 50x coverage of long-
accurate data

• 50x coverage of ultra-long 
ONT

• HiC or accurate reads of 
parents for phasing

Mikko Rautiainen, …, & Sergey Koren
Nature Biotech 41, 1474–1482 (2023)
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Data generation
Pig (Hampshire x composite) 65x 325/29x
Giraffe 56x 86/5x
Moose 18x 195/16x
Cattle (Wagyu x Charolais) 110x 208/43x
Gaur x cattle (Piedmontese) 111x 218/31x
Bison x cattle (Piedmontese) 72x 245/24x
Bison x cattle (Simmental) 74x 284/18x
Banteng - 61/7x
Water Buffalo 71x 307/27x
Sheep (Churro x Friesian) 86x 214/30x
Bighorn x sheep (Polypay) 60x 245/28x
Goat (Kiko x Saanen) 62x 301/32x
Musk Ox 48x 302/12x

HiFi ONT (total/UL)
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Assembly graphs
Cattle

Wagyu x Charolais
Wagyu Charolais

Contig/Scaff 
N50 Mb 108/108 97/100

Total gaps 17 25
Sat gaps 12 11
rDNA gaps 1 -
near T2T 28/30 28/30
placed rDNA 
arrays 5 5

Satellite repeats
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rDNA arrays

chromosomes
2, 3, 4, 11, 25

Wagyu Charolais
Contig/Scaff 
N50 Mb 108/108 97/100

Total gaps 17 25
Sat gaps 12 11
rDNA gaps 1 -
near T2T 28/30 28/30
placed rDNA 
arrays 5 5

Cattle
Wagyu x Charolais
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Gaps

Wagyu Charolais
Contig/Scaff 
N50 Mb 108/108 97/100

Total gaps 17 25
Sat gaps 12 11
rDNA gaps 1 -
near T2T 28/30 28/30
placed rDNA 
arrays 5 5

Cattle
Wagyu x Charolais
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Gaps

Wagyu Charolais
Contig/Scaff 
N50 Mb 108/108 97/100

Total gaps 17 25
Sat gaps 12 11
rDNA gaps 1 -
near T2T 28/30 28/30
placed rDNA 
arrays 5 5

Cattle
Wagyu x Charolais
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Sex chromosomes

Wagyu Charolais
Contig/Scaff 
N50 Mb 108/108 97/100

Total gaps 17 25
Sat gaps 12 11
rDNA gaps 1 -
near T2T 28/30 28/30
placed rDNA 
arrays 5 5

Cattle
Wagyu x Charolais
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Satellite repeats
Sheep

Churro x Friesian
Navajo 
Churro 

East 
Friesian 

Contig/Scaff
N50 Mb 93/96 97/100

Total gaps 9 16
Sat gaps 5 6
rDNA gaps 1 4
near T2T* 21/27 20/27
placed rDNA 
arrays 4 5

*missing satellite annotations
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Acrocentric vs Telocentric

Tamara Potapova
Stowers Institute
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rDNA arrays

Navajo 
Churro 

East 
Friesian 

Contig/Scaff
N50 Mb 93/96 97/100

Total gaps 9 16
Sat gaps 5 6
rDNA gaps 1 4
near T2T 21/27 20/27
placed rDNA 
arrays 4* 5

chromosomes
1, 2, 3*, 4, 25

Sheep
Churro x Friesian
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Resolving rDNA
Goat

Kiko x Saanan
Kiko Saanen

Contig/Scaff 
N50 Mb 101/101 101/101

Total gaps 5 6
Sat gaps - 2
rDNA gaps 2 2
near T2T 27/30 25/30
placed rDNA 
arrays 4 5 (1T2T)

chromosomes
2, 3, 4, 5, 28
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rDNA
Adapted from : 

Kim et al., Nucleic Acids Res., 
46:6712-25.  2018

Mikko Rautiainen
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Resolving rDNA

Kiko Saanen
Contig/Scaff 
N50 Mb 101/101 101/101

Total gaps 5 6
Sat gaps - 2
rDNA gaps 2 2
near T2T 27/30 25/30
placed rDNA 
arrays 4 5 (1T2T)

chromosomes
2, 3, 4, 5, 28

Ribotin identified 
7 clusters

Goat
Kiko x Saanan
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Resolving rDNA

Kiko Saanen
Contig/Scaff 
N50 Mb 101/101 101/101

Total gaps 5 6
Sat gaps - 2
rDNA gaps 2 2
near T2T 27/30 25/30
placed rDNA 
arrays 4 5 (1T2T)

chromosomes
2, 3, 4, 5, 28

Ribotin identified 
8/10 clusters

Goat
Kiko x Saanan
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Resolving rDNA

Kiko Saanen
Contig/Scaff 
N50 Mb 101/101 101/101

Total gaps 5 6
Sat gaps - 2
rDNA gaps 2 2
near T2T 27/30 25/30
placed rDNA 
arrays 4 5 (1T2T)

chromosomes
2, 3, 4, 5, 28

Only missed low 
copy number 
arrays

Goat
Kiko x Saanan
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Resolving rDNA

Kiko Saanen
Contig/Scaff 
N50 Mb 101/101 101/101

Total gaps 5 6
Sat gaps - 2
rDNA gaps 2 2
near T2T 27/30 25/30
placed rDNA 
arrays 4 5 (1T2T)

chromosomes
2, 3, 4, 5, 28

Manual splitting

Goat
Kiko x Saanan
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Bighorn x sheep (Polypay)

Resolving Sats

Bighorn Polypay

Contig/Scaff 
N50 Mb 103/103 95/95

Total gaps 8 16
Sat gaps 5 10
rDNA gaps 1 2
near T2T* 19/27 23/27
placed rDNA 
arrays 4 5 (1T2T)

*missing satellite annotations



AgBioData, November 1, 2023 (36) AGIL

Resolving Sats
Gaur x  cattle (Piedmontese)

Gaur Pied

Contig/Scaff
N50 Mb 88/108 112/112

Total gaps 14 16
Sat gaps 8 7
rDNA gaps - 3
near T2T 27/29 28/30
placed rDNA 
arrays 4 5 (1T2T)
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Mention of trade names or commercial products in this presentation is solely for the purpose of providing specific 
information and does not imply recommendation or endorsement by the U.S. Department of Agriculture
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