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Outline Ruminant

T2T
Workshop

Day 1: February 23, 2023 (8:00 AM - 4:30 PM)
o 500 Transportation from hotel to USMARC
g 8:30 - 8:40 Registration and Welcome
8:40 - 8:45 Welcome (Mark Boggess, Center Director)
WO 8:45 - 900 Setting the stage (Tim Smith)

Why do we need T2T genomes

Session 1: Lessons from Human T2T
9:00 - 10:00 Adam Phillippy

10:00 - 10:30 Coffee Break

10:30 - 11:30 Karen Miga

11:30 - 12:30 Rachel O'Neill

* How we assemble T2T genomes PR

* Motivations for a ruminant T2T project

Session 2: Non-Primate Species
1:30 - 2:00  Erich Jarvis (remote)
2:00 - 2:45 Klaus-Peter Koepfli

* Draft ruminant T2T genomes 55 Y

13:90 - 4:30 Discussion and working group assignments
Depart for hotel
Networking dinner, The Lark (downtown Hastings)

‘ Day 2: February 24, 2023 (8:00 AM - 11:30)
b Session 3: Defining Ruminant T2T Assembly and Analysis Teams

}8:00 Transportation from hotel to USMARC
$8:30 - 8:45  Stephanie McKay - Day 2 welcome and charge
£ 8:45 - %:05 Sergey Koren

§9:05 - 9:30  Arang Rhie

b 9:30 - 9:45  Ben Rosen

19:45 - 10:00 Brenda Murdoch

10:00 - 11:30 Working groups breakout for planning analyses
11:30 - 11:45  Close out and creating virtual groups

11:45 Lunch for those who want it before departure

USDA
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y \ NS
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Why we need T2T genomes

Do we really need that 8%?

* Human T2T assembly added ~200Mb . well without it ... you die.

> Centromeres, segmental duplications, * The "Koren” test of assembly quality

duplicated gene families, rDNA arrays * If | synthesize the assembled genome...
do | get the same, living organism back?

* Improved mapping of both long and
short read datasets

» 100’s of thousands new variants/sample, 10’s of
thousands fewer false variants, I CpG
methylation, 4 chromatin status

Slide Credit Adam Phillippy

USDA
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Why we need T2T genomes

Novel biology revealed : rDNA arrays can drive
heterologous chromosome recombination

a Pseudo-Homologous Regions b Physical proximity C Recombination d obertsoman

Robertsonian
Nucleolus @ translocations

PHRs «@ PHRs@ % B rDNA
4,53 6.48 PHRs—+ [] Centromere —_
Mb Mb 0.72 5 I Orientation
Mb
PHRs PHRs 21 21
3{58 2.82 >
Mb PHRs >
>
\_/ \_/ \_/ _/
13 14 15 21 22

Recombination between heterologous human acrocentric chromosomes
Nature 617, 335—-343 (2023) USDA
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https://www.nature.com/

Motivations for a ruminant T2T project

The Artiodactyla Family Tree

Branch lengths are not proportional to time
(From Price, Bininda-Emonds, and Gittleman, 2005)

] . Camelidae m
e Agricultural production — suidae AN
cattle, sheep and goats Tayassuidae

— "
Cetacea A
{ Hippopotamidae n
Tragulidae
V Moschidae H‘
_E Cervidae %\

Bovidae ”
{ Antilocapridae m
Giraffidae

USDA
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Motivations for a ruminant T2T project

* Domestication — yak, buffalo,
bison, deer

USDA



Motivations for a ruminant T2T project

e Conservation of

ot
° CONGERN THREATENED VULNERABLE ENDANGERED < CRITICALLY > EXTINGT
enda nge red SpECIeS NE DD Lo NT vu EN ENDAI:I:RGEHED EW EX

Wild: 100 — 200
 Zoos (worldwide): 500 — 600
« Qatar and UAE collections: 192

* Private ranches (Texas): 1,510

Slide Credit Klaus-Peter Koepfli

@s:

The Dama Gazelles
ast Members of

a Critically Endangered Species
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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

Chinese Muntjac 2n=4é

chromosomes are Photo credit: Rufus46 Wikimedia Commons L??'ae?t'\;'eunﬂaf%n=6 "
acro/telocentric | N |
* range 2n=6/7-70 f 3 ok vi
(ancestral state i e i i
2n=60) i et
i e Yk

Xz Yy X1 2
Vassart ef al. 1995 J Heredity

Slide Credit Klaus-Peter Koepfli =7 USDA



Motivations for a ruminant T2T project

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

Slide Credit Yana Safonova

human mouse cow
IGH locus length 1.3 Mbp 2.7 Mbp 0.7 Mbp
#V genes ~129 ~170 10
D-J region length 60 kbp 90 kbp 200 kbp

D-J region V region
USDA

AgBioData, November 1, 2023 (10) AGIL



Motivations for a ruminant T2T project

The Artiodactyla Family Tree

Branch lengths are not proportional to time
(From Price, Bininda-Emonds, and Gittleman, 2005)

* Samples from equivalent developmental stage Camelidae m
fetus o— — Suidae m

» Several interspecies crosses (bighorn x sheep; ———— Tayassuidae m
wapiti x red deer; yak, bison, gaur x cattle) Cetacea §

e Hi-C (Micro-C) for multiple tissues from these { Hippopotamidae ﬂ
fetuses

V Tragulidae

. H.|F| a.nd F)NT 5mC calling by comparison to S d‘

bisulfite in cattle, gaur, sheep, goat

Cervidae %\

Bovidae ”
{ Antilocapridae m

Giraffidae

* Matching RNAseq, IsoSeq data for fetal tissues

USDA
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aindear
White-tailed dee ,-;" Eld’s deer
White-lipped deer m

Artiodactyla
camel, whale
* Giraffidae Famiy

* Cervidae Sy |
* Bovinae \

Chinese muntjac

Muntiacinae Indian muntjac ) m

Black muntjae

Forest musk deer

Target species | F—— ',:.;:_ .......... -
L P

e (Cattle, gaur x cattle, water buffalo,

Klipspringer----------- 1
I ——
* Antilopinae \ —
Przewalski's gazelle. . *
Antilopinas Oribi
i Thomson's gazelle - R:"P’{ Lﬁl
H H Grant's gazelle LT gazelle
* Hippotraginae e
| Springbok
Maxwell's duiker - ----
Cephalopl arvey's dul “
:omn:;n c'1'.|||il'llt e h
—

LI
e (Caprinae onorrecbch J’m

. - —(y " Defassa waterbuck w\ﬁ Scimitar-
* Sheep, bighorn x sheep, goat, . pES
Alcelaphi Topd
e P —
Adapted from: N
Chen et al., Science 364:1152-64. B el ]
2019 R
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Killer whala

Lesser mousa-deo

Target species ——— A=

e oy - R
Artiodactyla | - ::::,::1::___;%‘
camEI’ Whale Gh:unmuntja:* y

S g
 Giraffidae | imm

Family Forest musk deer

W

African buffale, |

Bongo
Impala .- ------.

e (Cattle, gaur x cattle, water buffalo,

Suni

= Tragulidae Cattle
. ~— Antilocapridae ¥ak 12eeeasennad
o C d = Giraffid
ervidae c"a » ae L Lesser kudu
- bervidae Common eland. - -
== Moschidae G kud
— Bovidae Bovinas reater kudu
Bushbuck =« ===
H Sll::tun:i :
* B
ovinae \_ Mountain nyala - -

Klipspringar------------ §

Royal antelope
Kirk’s dik-dik "~

LI } "
Steenbok q |
Przewalski's gazelie. . ... 1 1P,

™

 Antilopinae L

* Hippotraginae ,m

Maxwell's dulker-.----

Harvey's duiker

Common duiker -~~~
Bohor reedbuck

i
Defassa waterbuck - -~ m [
Gemsbok W
Blue wildebeest - - -~ --- m i horned oryx
Topi %
Hartebeest - -cooooeen )& AR

)3

Tibetan antelope -~ -«..._ 4 7
Argall  c-oeoocenoaans
Sheep

Barbary sheep .. "Il' 2
Blue sheep 't
Il ceceeneennans

Goat --._
Quaternary T X ¥
Pliocgn. 0 Million vears ago 2

* Caprinae
* Sheep, bighorn x sheep, goat,

\
[

‘] g

Adapted from :
Chen et al., Science 364:1152-64.
2019

Capridag
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Killer whala

Lesser mousa-deo

Target species : =0

Roedeer .- ---.o.o...

Capreclinas  Reindeer ----~=""""""Y ‘H
Artiodactyla - ::::_:::::___;%‘

camel, whale “ Y

S g
* Giraffidae | ,"""m

Family Forest musk deer

W

African buffale, |

Bongo

Impala ---------R---- ;

e (Cattle, gaur x cattle, water buffalo,

Suni

" Tragulidae Cattle
~— Antilocapridae
* Cervidae — Arthocep
- Cervidae L Lesser kudu
Common eland. - -
== Moschidae
= Bovidae Bovinae Greater kudu
Bushbuck -« ------ -+
¢ —B i Sitatunga /
ovinae \_ Mountain nyala - -

Klipspringer-----------

Royal antelope
Kirk's ‘ilﬁ-dik------'----
Steenbok

 Antilopinae L

Przewalski's gazelle. ... ..
Antilopinas Oribi
Thomson's gazelle -~~~ -~

Grant's gazelle

 Hippotraginae

Springbok

Maxwell's duiker - ----
Harvey's duiker
Common duiker -~~~

Bohor reedbuck w\ I

Defassa waterbuck - -~ ﬁ SCimita r-
Gemsbok

Blue wildebeest - -« -« -« m S horned oryx
Hartebeest - -coooeee ‘& i

Tibetan antelope ----...... . ° ¢

* Caprinae
* Sheep, bighorn x sheep, goat,

\
[

ﬂ.rgn[i ssssssmsamams
Sheep

Barbary sheep ....... | %
Blue sheep k|
Ibgx ‘=r=ss=szszszas

Goat --._
Quaternary T X ¥
Pliocgn. 0 Million vears ago 2

Adapted from :
Chen et al., Science 364:1152-64.
2019

Capridag
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genomes are highly repetitive
assembly errors when reads
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Assembling T2T genomes

PacBio CLR — 10-80Kb

PacBio HiFi — 10-25Kb

—————7

ONT — 10-300Kb+

ONT duplex — 10-300Kb+

USDA
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Assembling T2T genomes

PacBio HiFi — 10-25Kb

—————xq

ONT — 10-300Kb+

ONT duplex — 10-300Kb+

USDA
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Assembling T2T genomes

==) PacBio HiFi — 10-25Kb

—————xq

ONT - 10

==) ONT duplex — 10-300Kb+

USDA
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LA reads c
o >99% identity, >10 kb anu
S S e m I n g l TATTTTATACTCTACATGAAATATCAARA  Uncompressed

~ T 7

Homopolymer
Compressed and TATATACTCTACATGATATCA compressed
corrected reads & / . .

Microsatellite

TACTACATGATCA
compressed

Unitigs Bubbles UL read paths Tangle Loop

* 50x coverage of long-

¢
& N\~
accurate data Ao M

¢ 50)( Coverage Of UItra'Iong / >90% i(l:lJf—L_nrt(iatay(fI;OO kb/_ GraphAligner Single-copy, Two-copy,

haplotype-specific homozygous

ONT : J

* HiC or accurate reads of

/ Haplotype markers

pa re ntS fO r p ha Sl ng Trio, Hi-C, Strand-seq Rukki
W
Haplotype
Paternal path
Canu
Maternal contig
Mikko Rautiainen, ..., & Sergey Koren Haplotype EEEEEE——
; consensus I |
Nature Biotech 41, 1474-1482 (2023) Paternal contia (uncompressed)




Data generation

ONT (total/UL)

65x
56x
18x
Cattle (Wagyu x Charolais) 110x
Gaur x cattle (Piedmontese) 111x
72x
74x
Water Buffalo 71x
Sheep (Churro x Friesian) 86x
Bighorn x sheep (Polypay) 60x
Goat (Kiko x Saanen) 62x
48x

325/29x
86/5x

195/16x
208/43x
218/31x
245/24x
284/18x
61/7x

307/27x
214/30x
245/28x
301/32x
302/12x

USDA
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Assembly graphs

Cattle
Wagyu x Charolais

—opu arois -' 3 . _,....__\%z

Contig/Scaff
N50 Mb 108/108 97/100

Total gaps 17 25

Sat gaps 12 11

rDNAgaps 1 i

near T2T 28/30 28/30

] )
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rDNA arrays

Cattle
Wagyu x Charolais

________|Wagyu_[Charolais _

S 22

Contig/Scaff

NS0 Mb 108/108 97/100 \éi

Total gaps 17 25

Sat gaps 12 11

rDNAgaps 1

near T2T 28/30 28/30

placed rDNA

arrays > > Xa
chromosomes

2,3,4,11, 25
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Cattle
Wagyu x Charolais

gy Jcharoais -' '- . _,....__\%z

Contig/Scaff
N50 Mb 108/108 97/100

Total gaps 17 25

Sat gaps 12 11

rDNAgaps 1 i

near T2T 28/30 28/30
laced rDNA

5 rrays 2 2
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Cattle
Wagyu x Charolais y

e 22

ey harobis | —

Contig/Scaff
e 108/108 97/100 \

Total gaps 17 25
Sat gaps 12 11
rDNAgaps 1 - 7 L

near T2T 28/30 28/30

.
TS =9
placed rDNA /I’J
Q)
arrays > 2 8

8 Xb

/ se—! "\
USDA

AgBioData, November 1, 2023 (24)



Sex chromosomes

Cattle

Wagyu x Charolais
| |Wagyu [Charolais _
Contig/Scaff

NS0 Mb 108/108 97/100
Total gaps 17 25

Sat gaps 12 11
rDNAgaps 1

near T2T 28/30 28/30
placed rDNA 5 5

arrays

vl N\ USDA
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Satellite repeats

Sheep
Churro x Friesian

Navajo ([East
Churro [Friesian

Contig/Scaff
o0 ﬁb 93/96  97/100
Total gaps 9 16 —
Sat gaps 5 6
rDNA gaps 1 4
near T2T* 21/27 20/27 7
laced rDNA -
grrays & > _/

*missing satellite annotations

USDA



Acrocentric vs Telocentric

Classification of chromosomes based on morphology:

Types of chromosomes based on position of centromere:

Metacentric Sub-metacentric Acrocentric Telocentric

N Ao

Tamara Potapova
Stowers Institute

parm
(short)

Centromere w)

(primary constriction)

g arm
(long)

USDA

AgBioData, November 1, 2023 (27)



rDNA arrays

Sheep
Churro x Friesian

Navajo ([East
Churro [Friesian

Contig/Scaff S

NS0 Mb 93/96  97/100 O

Totalgaps 9 16

Sat gaps 5 6

rDNA gaps 1 4

near T2T 21/27 20/27

placed rDNA /-

arrays & > _//
chromosomes

1,2,3% 4,25

USDA
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Resolving rDNA

Goat 5 " }
Kiko x Saanan A : _.
 [Kiko_[saanen 1 0
Contig/Scaff

N50 Mb 101/101 101/101

/ | 7 8 =
Total gaps 5 6 14 15
Sat gaps - 2 J / r/
rDNA gaps 2 2 )

near T2T 27/30 25/30 N
/
placed rDNA4 -{ / \ 10 20 /2( ~

5 (1T2T)* # : -
arrays e / \ NS /t( TR e N &
P 10~ “
chromosomes 7 3
2,3,4,5,28 —t7. 4

2 | 17 \ O_\%;L P gi_/ A /\6\/ /,‘l?;..._“‘
NS NN A

/ 29
18
27 .
T ———— 2\ ) AN 28



KY962518

Adapted from :
Distal 44,838 bp Kim et al., Nucleic Acids Res.,
Junction - 46:6712-25. 2018
~ 18S-5.85-28S cDC27 )
Chr.21 P —
JH1 (|_|:|_- = S N e B w |r-1 s e I
162,379 bp 5ETS 458 TR LR1 LR2 SSR3 SSR4

Bl G A G o oo

O Product ¥ Solutions ¥ Open Source

E maickrau / ribotin ' Public

<> Code ( lssues 11 Pullrequests () Actions [ Projects © Security [~ Insigh Mikko Rautiainen

USDA



Resolving rDNA

Goat 5 y }

Kiko x Saanan % e ' X-_ R \ / 2
Contig/Scaff a
NS0 Mb 101/101 101/101 / 8
Total gaps 5 6 14 | 7 ' \\ 15
Sat gaps - 2 J / r/
rDNA gaps 2 2 )
near T2T  27/30 25/30 "N\

/
placed rDNA o -{ / \ 19 20 /2( ~
arrays 4 5 (1T2T) /.' 3 : \ /,».N / 22
P - 16 e T

chromosomes 7
2,3,4,5, 28 Y 4

o< 21 s e
Ribotin identified 2%9\ | @
7 clusters 29 5\ /H\ 23 26\
1 l 24 19 ES-IIZS

/ 29
18
27 .
T —————— 2\ ) AN 28



Resolving rDNA

Goat }

5
X
Kiko x Saanan o 4 _.
- Q
Contig/Scaff
oo |\g/|/b 101/101 101/101 f
Totalgaps 5 6 . \\ 14 ‘\\
Sat gaps - 2
rDNA gaps 2 2
near T2T 27/30 25/30 "N
placed rDNA4 5 * ‘{ / / \
(1T2T) ’ 3
arrays /_/ \ | 16
chromosomes 7 ~a3—7
2,3,4,5,28 YA 4
17\
Ribotin identified 29
8/10 clusters %9\ 29 124
/ 29 6

18
[N‘\ 26~ 26
'



Resolving rDNA

Goat 5 " }
Kiko x Saanan A : _.
 [Kiko_[saanen 1 0
Contig/Scaff

NS0 Mb 101/101 101/101

/ _ 7 8 =
Total gaps 5 6 14 5
Sat gaps - 2 J / r/
rDNA gaps 2 2 )

near T2T 27/30 25/30 N
placed rDNA -{ / \ 10 20 /2( {

4 5 (1T2T)* s |
e SN N e 2
chromosomes 7 3
2,3,4,5, 28 Y2 4

- 21 P .
17 \ - & X /\5\/ - 13 f—
Only missed low o O ko g'l-/
copy number %9\ - 124 5\ /1-2\ 23 @ 26
arrays ‘ 19 8 %5025

/ 29
18
27 .
T ————— 2\ ) AN 28



Resolving rDNA

Goat 5

Kiko x Saanan A
Contig/Scaff
NS0 Mb 101/101 101/101
Total gaps 5 6
Sat gaps - 2 '_
rDNA gaps 2 2 &
near T2T 27/30 25/30
placed rDNA4 5 (1T2T)*
arrays
chromosomes

2,3,4,5, 28

Manual splitting 5

USDA
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Resolving Sats

Bighorn x sheep (Polypay)

2\
- POIypay \-ll.\:\
Contig/Scaff \
NS0 Mb 103/103 95/95 \
Total gaps 8 16 |
Sat gaps 5 10 3 '
rDNA gaps 1 2

near T2T*  19/27  23/27 o m ~ /"\
P .. _ PN
12
NN

*missing satellite annotations
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Resolving Sats

Gaur x cattle (Piedmontese)

18
Contig/Scaff 22—
N20 I\%Ib 88/108 112/112 -
Total gaps 14 16
Sat gaps 8 7
rDNA gaps - 3 3 B 13
near T2T 27/29 28/30
placed rDNA

4 5 (1121)¥ ¢

arrays - 6 .. 2* ‘\/ /
J . . i 1 E*
7 6 y G s
29 27
25 ~ 19
24 7 9 S 20
h5i |

4 10 21

16 ._
4 5 m 5 < 26 /EG\C‘@_)% SRS ' o
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THANKS!

Tim Smith, USDA — Brenda Murdoch, U. Idaho — Stephanie McKay, U. Missouri

Adam Phillippy Karen Miga
Sergey Koren Tamara Potapova
Arang Rhie Emily Clark
Brandon Pickett Noelle Cockett
Mikko Rautiainen Tracy Hadfield
Rachel O’Neill Michelle Mousel
Patrick Grady Mike Heaton
Klaus-Peter Koepfli Brian Vander Ley

Derek Bickhart

Yana Safonova
Bob Schnabel
Jim Reecy
Chris Elsik
James Koltes
Darren Hagen
George Liu
Curt Van Tassell
Ted Kalbfleisch

Chris Tuggle
Temitayo Olagunju
Morgan Stegemiller
Shanggian Xie
Andrew Hess
Mazdak Salavati
Shannon Clarke
Rudiger Brauning

Erich Jarvis

Holly Neibergs

Wai Yee Low

Paulene Pineda

John Williams

Paolo Ajmone Marsan
Alex Leonard

Hubert Pausch

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 USDA
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