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Domesticated Horses, A Mine For Gensticists

An Extra-ordinary Phenotypic Diversity

Deciphering The Genetic Makeup of (Complex ) Traits



Domesticated Horses, A Mine For Gensticists

An Extra-ordinary Phenotypic Diversity

D 48 Horses from 16 extreme size breeds
8-

9‘;6- . - -

> 44 .

.l ﬂ 1T i b d bt

Fraction of .

Chr.| Position Fboles P-value | Variance G:::jsm
Little| Big Explained

3 [105547.002) T | C [105x10°| 0685 | horee:

NCAPG

6 81481064| C | T [521x107| 0.556 HMGA2

9 |75550059| C | T [348x107| 0567 ZFAT

1123259732 G | A |619x107| 0589 LASP1

4 Loci Together 0.835

Makvandi-Nejad et al. PLoS One (202)

Four Loci Explain 83% of Size Viariation in the Horse



oxXDER

DOMESTICATION.

By CHARLES DARWIN, M.A, FRS, &

SECOND EDITICN, REVISED. FOURTH THOUSANL

IN TWO VOLUMES.—~Vow. 1

WITH ILLUBTRATIONS.

LONDON
JOHN MURRAY, ALBEMARLE STREET.

NIMALS AND PLANTS

INTRODUCTION

ANCIEST VAN

The Process of Horse Domestication

A Windows Into Evolution

CONTENTS.

Puges 1-14

CHAPTE

DOMESTIO DOGE AND OATS,

1% OF THE DOG—EISEMILANCE 0)

¥ YAKIOUS COUSTRIEN 10 XATE

ACQUATSTED
WOLYER AN JAUKALE—IADIT OF BANKIN
T—JERIGD OF GESTATION

—FEIAL DOMS—TA¥-COLOURED KY
UFENKIVE DDOUN—FERTILITY OF THF KACTS
LY PERENCES 1 THE EEVERAL BACES 1N PAR
T MECTRE—IIFFERERCES 1N 10K KULL AND TEETH
W IMPORTANT

WHES CHOSSED~—

IUE T DESCERT

T ACTION
OBy OF

WITH FALMATED FEST—I
ATS BEDLISH BACKS OF THR D0G HAVT
ML SELEOTION—EXTINCTION GF TH

LRSS INPROVED SUB-HIE

ATS, CHOSSED WITH WEVERAL SPECIG—DIVFRNENT DREEDS FOUXD
OSLY IS SEFANATRD ¢
or Lre—

THIXS — DINKCT  EFPECTY 0¥ i
x vi vABLADY-

AL CATH

CHAPTER I
HORSES AND ASSES,

DIVIDUAL VARIASILITY

OF LIPR—CAN WITHETAND

HOBSE ey unexces I¥ THE WLERDS
OF—BIBIUT KFFECTS OF 15 CONDITIO!
MUOH COLI—TREEDS MUCH MODIFIED BY KELECTION—COLOUES OF

=




Horse Gomparative Genomics

Przewalski s Horses

«[UCN: E (1996 ), CE (2008 5ENRE20N
«Major Demographic Bottleneck'{12 Founders)
«Possibly Admixed

Engaging Into Conservation Priorities




When Did We First Domesticats

Horses?
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Horse Domestication

The Earliest Evidence of Horse Milking and Harnessing
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Horse Domestication

Pre-Botai Horse Domestication; David Anthony's Scenario

Tripolye (4300-4000 BC)

Culture Replacement (Metallurgy, Ceramms, ‘

Fortification, flint projectile ,
Suvorovo graves (~kurgan) y
Horse polished stone maces ’
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What Can We Learn About Early

Domestication Ffrom Modern DNA?




Phylogeographic Expectations

Rationalg

Wild Populations
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Wild Populations, Domestication Centre



Phylogeographic Expectations

Rationale
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Phylogeographic Expectations

Rationale
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Phylogeographic Expectations

Rationale
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Phylogeographic Expectations

Example: European Taurine Cattle (240 bp, mtDNA Control Region]

Troy et al. Nature 2001



Mitochonarial DNA

Median-Joining Networks & Neighbor-Joining Tree (35abp
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Mitochonarial DNA
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Lots Of Mares Must Have Been Involved In The Domestication Process
Which Also Involved Substantial Restocking From The Wild

21



Paternal Lingages

Y-Chromosome (52 Stallions, 15 breeds )
Ardennais, Akhal Teke,

Connemara,  Arab,

XGontrol  Bymoor Caspian Pony,

Pairwise ¢ []4,3 k) (23ko)  Ford Khuzestan Areh,
ngellp Gotland, Malwari,
Diversity loalandic, Thai Pony
- Shetland,
North-Swedish,
— Thoroughbred

Lindgren et al. Nat Genet 2004



Horse Domestication Model
N Mares, ~1Stallion
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Neighbor-Joining Tree (“Allele-Sharing in 10 Breeds)

® Gotland Russ

® Icelandic Pony
® Shetland

® Connemara

® Fjord

® Arabian

@ Standardbred

® Thoroughbred
@® Ardennes

@® Exmoor

X Oriental horses

Microsatellites

Vila et al. Science 2001
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Microsatellites
Neighbor-Joining Tres (%Allele-Sharing in 10 Breeds)

® Gotland Russ — -

® Icelandic Pony { _
® Shetland : =

® Connemara

® Fjord i

® Arabian i

© Standardbred =
@® Thoroughbred f : = —
® Ardennes — ———
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Vila et al. Science 2001
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single Nucleotide Polymorphisms

Revealing Breeding Management
American Standardbred Horses

| if HP‘.-'Aﬁll L

Petersen et al. J Hered 2014
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What Can We Learn About £arly Domestication From Modern DNA?

Not Much!
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Goat Color Genes
Ancient DNA: Candidate Marker Genotyping ‘




boat Color Diversity

Snotted Horses (TRPMI) Through Space and Time
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Aneient HIN/
Genomes versus Genes
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Gait

Why Do We Need Genomes?

Many Additional Traits Have Been Selected

Speed/Endurance

Ec...

32



Historical Genomes




The Genomics Of Domestication

Comparing Genomes of Wild Animals and Domesticates

34



Der Sarkissian et al. Curr Biol 2015




bonservation/Comparative Genomics

Extant Przewalski’s horses

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

-103 | 222 225 -

228

176 259 2

293 339

966

«  Representing all founding lingages
«  F1Przewalski x Mongolian hybrid
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Conservation Museomics

Ancient Founders of Gaptive Przewalski's horses - early 1900s

Putative F1Mongolian x Przewalski's hybrids
19t Gentury AD Holotype & Paratype
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Conservation Museomics

Overall Genome Dataset

Przewalski's horses

Domesticated horses

Ancient

Modern

CGG10022 - 43 ky

€GG10023 - 16.5 ky
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«  SHistorical and 15 Modern Przewalski's horses
o | H Przewalskis x Domestic hybrid
o 20 Modern Domesticated horses
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Mng_D2629
Mng_D2628
Prz_Przewalski
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Prz_D2630

XChr/ Autosomes
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I Coverage
]
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bonservation/Comparative Genomics
Quantifying The Effects of Captivity
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Lomparative Museomics

Wild vs. Domesticates

D-Statistics




IGS

bomparative Genom

Wild vs. Domesticates

-Statistics
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Fvolutionary Genomics

Population Model
SFS-based Sadi Reconstructions

data

28

PRZ

0 DOM-OT 32




Fvolutionary Genomics

Population Model
SFS-based Sadi Reconstructions

« ‘\ Domestication
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Fvolutionary Genomics

Population Model

Genome Projections on Our Przewalski's horse Genome Panel

6 [ + SB281
 Admixture-++ ‘
.

w 3+
2{ |
11 ka,w_ .
0

00 02 04 06 08 1.0
X

Categories of Derived Allele Frequencies

g
o - N w A o
| . :

g
o - N w ~ o o
L ) h ! 1 L |

' * SB159 6 ' - SB274
mIX urB+ SB285 mlxture SB293
Prz D2630 5- - SB339
Prz_D2631 SB533
* Prz_Przewalski
4
w 3+
2
\__ T
- O -
T T T . T -
00 02 04 06 08 1.0 00 02 04 06 08 1.0
X X
C.
rabian 64 * Mon_FM1798
Fjord + Mon_FM1932
Icelandic Mon_FM1948
Mng_KB7754 54 Mon_FM2218
Mng_D2628 Mon_FM1190
Mng_D2629 * Mon_FM1041
Mor_EMS595 Mon_FM1951
Qrt A5964 4+ Mon_FM0467
Qrt_AS659 * Mon_FM_431
Qrt_A1543 « Mon_FM1785
_A2085 W 34 « Mon_FM1030
977 + Mon_FM0450
2_ L—»"-
1..
0..

00 02 04 06 08 10

00 02 04 06 08 10
x

PRL



Fvolutionary Genomics
Population Model

Genome Projections
LGM
= Reference panels
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The Genomics of Horse Domestication

Summary |

» Horse domestication involved
significant restocking from the wild

o Przewalskr's horses are NOT the
ancestors of domesticated horses

» Understanding horse domestication,
thus, requires temporal data PRZ DOM

Der Sarkissian et al. Curr Biol 2015
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The Genomics of Horse Domestication

Summary |

» Horse domestication involved
significant restocking from the wild

o Przewalskr's horses are NOT the
ancestors of domesticated horses
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| ate Pleistocene Genomes




sequencing Ancient Horse Genomes
Overall Approach

December 36, 2014 | vol. 911 | no. 52 | pp. 18401-18800

ONA

Proceedings of the National Academy of Sciences of the United States of America WAWW.PIES. 08

Genetics of horse domestication

A3kyBP- 243
BlyBp-4x

DOMESTI
CATION

Schubert et al. PNAS 2014
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The Population Model Underlying Domestication
Phylogenetic Relationships

% CGG10023
. cGG10022

Inalandia (DE7QD)
icelanaic (Fo/o )

U

1.00 %

Icelandic (unnamed)

Norwegian Fjord

Thoroughbred
Standardbred

Whole-Exome ML-tree (20,374 Genes, each Partitionned as 15+ 3rd)
TreeMix (2,886,345 SNPs)
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The Population Model Underlying Domestication

Population Admixture

Ancient Domesticated Przewalski



The Population Model Underlying Domestication

Dating Population Splits through Demographic Trajectories

He’1~Ne1 He'z"‘Ne2 He’_,,"‘Ne3

Pairwise Sequential Markov Coalescent
From Li & Durbin Nature 2011



The Population Model Underlying Domestication
Dating Population Splts

== SB281

= KB7754
== Twilight

== CGG10022

Effective population size (x 10,000)

Time (x 1,000 years)

PSMC Demographic Profile
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The Population Model Underlying Domestication
Dating Population Splits




The Population Model Underlying Domestication
Dating Population Splits




The Population Model Underlying Domestication
Dating Population Splts
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The Population Model Underlying Domestication

Population Admixture

---------- T5~150,000 Years Ago

---- T,~45,000 Years Ago

OOOOOOOOOOOOO /;E

Ancient Domesticated Przewalski

-- T,~5,500 Years Ago




The Population Model Underlying Domestication

Admixture; D-statistics

(1)

ANC DOM PRZ

YibenomeAdmixed = [[iﬁﬁgﬁzgﬁgﬁ” =1.3-78% Population Model 2
/




bandidate Domestication Genes

seans for Positive Selection

Locomation . 125 Genes

*ACTA1, C-SKI, MYBPC1, SGCD (Myopathies)
*VRK1, TCTN1, CNTN6 (Balance, Motor coordination)
*COL22A1 (Myotendinous, Articular junctions)

Cardio-Vascular

*ACADS, BRAF, FANCA, SGCD, CACNA1D
(Cardiomyopathies)

Cognition/Behaviour

*NR3C2, SCPeP1, WNK2, CACNA1LD (Regulation of Blood Cireulation
Pressure)

Skeleton

*ACSF3, B3GALTL, GNPTAB, NIPBL, POP1

(Skeletal dysplasia, Shortened Limbs) Muscles
Cognition/Behaviour Bones ———

*NINJ1, NTM (Neural growth)

*MATN2, DCC, ASTN1 (Axon and Glial Guidance)

*DLGAP1 (Synapse Plasticity)

*ALK, NUMB (Neurogenesis)

*B3GALTL, GNPTAB, NIPBL, VDAC1 (Psychomotor retardation,
Learning disability)

*VDAC1 (Fear response)

*CACNA1D, GRID1 (Social behavior and Schizophrenia) -
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The Cost of Domestication

O0000O0
O0000O0
O0000O0
O0000O0
O0000O0
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x

Demoqraphy & Purifying Selection

O0000O0
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O0000O0
O00@0OO0
O 00000

x

O0000O0
O0000O0
O0000O0
O00@0OO0
O0000O0
O0000O0

Deleterious
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The Cost of Domestication
Uuannfymg Mutatmn Luads
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The Cost of Domestication
Quantifying Mutation Loads

> el ERP

Load, = - -

Conditioned on:
*Homozygous Sites
*GERP>2 (i.e. Non-Neutral)



The Cost of Domestication
Demography & Purifying Selection: Genetic Loads

<

)

o
I

4.75=~

Deleterious mutation load

09 e

o

18‘2\
o \go
ce\a“d‘° \ \c,e\'o\“d\0 v\o““eg\
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Kolmogorov-Smirnov (Holm-Correction)
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The Genomics of Horse Domestication

Summary 2

« We discovered a now extinct population of Wild
Horses

«  This population significantly contributed to the
penetic makeup of domesticated horses

« Locomotory, Physiological, Developmental and
Behavioral Genes were domestication fargets

« Horse domestication was costly and enhanced
deleterious mutation loads ANC DOM

Schubert et al. PNAS 2014

PRZ
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Holocene Genomes




The Genomics of Gold Adaptations

Evolutionary Origins of Yakutian Horses

N\ B ;‘(‘ i
.) T { S J T ga ® h*’ A

S e P

DDDDDDD
ATION

Librado et al. PNAS 2015
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The Genomics of Cold Adaptations

Evolutionary Origins of Yakutian Horses

CGG10022 18-3X

100

l [ CGG10023 ‘

Batagai
Icelandic

I - [ Yak3
I— % & 20.3X
100) 130 Yak9

CGG101397
Yak2

{45

Yak_Horse2
42 Yak5
29 Yak4
Yak6
Yak7
Yak8

g_D2629

Modern Yak 190

2
36

=32

"1%“
154 LMng_D2628
Fjord

Mor_EMS595

i Qrt_A5659
:E 9 | Standardbred (N=3)

[ Arabian
& Qrt_A5964

~198 | Franches—Montagnes (N=4)

OO | Przewalski's horses (N=3)

Whole-Exome (ExaML), SNP (TreeMix)

ANG

PRL
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The Genomics of Cold Adaptations
Evolutionary Origins of Yakutian Horses

Admixture Tests

(f3- and) D-statistics



The Genomics of Cold Adaptations

Evolutionary Origins of Yakutian Horses

Demographic Model
N, fixed from PSMC
B Observed
B Three-epoch model
O Neutral model LGM
“indey | 18:3 kya
(N/N,)

5.5 kya

; mmmmmﬂﬂﬂﬂmmmmmmmm

5 6 7 8

0.7 kya

Allele frequency

dadi Analyses (SFS-hased]
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The Genomics of Cold Adaptations




The Genomics of Cold Adaptations

The Genetic Makeup of Yakutian Horses

- 941
,,,,,,
,,,,,,
,,,,,,
55555

Proportion of d, Outlers h
Upstream Kilobases
S 1 2 3 4 5 6 7 8 910

dA differentiation index
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The Genomics of Cold Adaptations

The Genetic Makeup of Yakutian Horses

16M3

Scale Sﬂkb eunabZ
chr14: | 40,080,000] 40,090,000] 40,100 onul 40,110,000| 40,120 uuol 40 130 onul 40,140,000| 40,150 ouul 40,160,000| 40,170,000|
ENSECATUDUUDDUS1 19§
0.524064 - H]J
JITTNIN ‘ . IJ H | ‘ l Ill J J JMUM J UJHmJ n I | L_
Scale 20 kb | equCabz
chrez: | 20,310,000 20,320,000 20,330,000 20,340,000 20,350,000] 20,360,000/
TGM3 M et —f—4H ¢ ]
0.539088 -
da l
% il el Ll 1 JI‘ ’ |

el oL S Tre 00

LECT2 and TGM3, 2 opposite cases of differentiation
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The Genomics of Cold Adaptations

The Genetic Makeup of Yakutian Horses

Hypothalamus-Pituitary-Adrenal Axis
Steroid metabolism & Hypothyroidism
Glycogenesis, Glucose Metabolism (PHIP) 4, Development (BARX2)

Accumulation of Fat

Blood Volume & Oxidative Stress
Vasoconstriction (PRKG1) & Shivering

Body Weight/Size
Limb Development

Metabolic, Morphological and Physiological Traits
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o The third extinct population of wild horses

o Yakutian horses represent the descent of a

«  Regulatory changes drive rapid adaptation to

The Genomics of Cold Adaptations

Summary 3

survived at least until 4.4 kya, and extended
to Far-Eastern Siberia

. i . o
3 \
“ 3 L X 1
/ ) W : i
: M 4

recent founder event from domestic
livestocks

extreme environments

Librado et al. PNAS, Minor Revisions
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Onooing Work




bandidate Domestication Genes

Scans for Positive Selection (& Admixture)
it listucene | fme

—




bandidate Domestication Genes

Scans for Positive Selection (& Admixture)

? (16-43 ka) 2 (0154ka)
O O
2[[}upg>er g AEP{E-BM?” 1l (Bronze Age)
otai
O - 9 o)
O 13 (Skythian]
O O 9 (ronze Age) A4 (Great Mongolian Empire)

2 (Bronze Age) 12 (Byzantine]

64 Medium (2-6X ) to High (25X ) Quality-Genomes
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Evolutionary History

Gut Microbiomes: Preliminary Data

Birthplace

PC2-6.27% © :% .
=
. =

% ® =
When . et E0O
N o cp, = B
® o ‘~® R

B o
® «
Unweigthed Unifrac-distances (185 rRNA) e
PC1-9.44%

PC3-3.58%

Is Differentiated, Supporting Domestication-Driven Changes
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Retrace Origins, Traits, Diet, Diseases & Social Influence
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Horses As A Unique Opportunity To Merge

Genetics, History & Archagology” :
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Archagology

As Three Complementary Proxies For Studying The Past
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The Process of (Animal) Domestication

The First Agricultural Revolution(s
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