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Using the largest alignment of mammal
genomes to date to explore mammalian
evolution, disease, and conservation
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Evolutionary constraint and innovation across
hundreds of placental mammals
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Large multi-species genome alighments can be used to reveal answers
to these questions > The Zoonomia Project




The Zoonomia project

UNIVERSITET

Analysis
A comparative genomics multitool for nature

scientificdiscovery and conservation
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Recelved: 17 April 2019

Accepted: 27 Jty 2020 The Zoonomia Project is investigating the genomics of shared and specialized traits

Published onling: 11 November 2020 in eutherian mammais. Here we provide genome assemblies for 131 species, of
which all but 9 are previously uncharacterized, and describe a whole-genome
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alignment of 240 species of considerable phylogenetic diversity, comprising
% Check for updates representatives from more than 80% of mammalian families, We find that regions of

reduced genetic diversity are more abundant In species at a high risk of extinction, 20|
discern signals of evolutionary selection at high resolution and provide Insights | -
from individual reference genomes, By prioritizing phylogenetic diversity and $(rack ‘-:“.'-"r“"-)' o
making data available quickly and without restriction, the Zoonomia Project alms to

support blological discovery, medical research and the conservation of blodiversity.




Genomes relative to year and phylogenetic relationships
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Mammalian genome evolution

Ancestral mammal chromosomes
~180 Mya
19 autosomes + sex chromosomes
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Ancestral therian (placentals +
marsupials) chromosomes 17
autosomes + sex chromosomes
96 chromosomal rearrangements
over 18 My
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Other great apes have 23
autosomes.

Fusion of two ancestral
chromosomes in human lineage
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Evolution of the ancestral mammalian karyotype and
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Genome size variation and TEs
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Artiodactyla
Carnivora
Chiroptera
Cingulata
Dermoptera
Eulipotyphla
Hyracoidea
Lagomorpha
Macroscelidea
Perissodactyla
Pholidota
Pilosa
Primates
Proboscidea
Rodentia
Scandentia
Sirenia

Tuhiilidantata
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Insights into mammalian TE diversity through the cura-
tion of 248 genome assemblies
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Mean genome size = 2.67 Mb
Mean % TE = 46%
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Genome size variation and TEs
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Asty-gray
tube-nosed bat

| s Greater cane rat

Insights into mammalian TE diversity through the cura-
tion of 248 genome assemblies
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/oonomia genomes

241 placental mammal
genomes (240 species),
representing >80% of
mammalian families

At least one long-range
assembly (contig

N50 > 20 kb and scaffold
N50 > 10 Mb) per order

Reference-free Cactus
alignment

Single-base measures of
evolutionary constraint

(phyloP)
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Progressive Cactusis a multiple-genome aligner for
the thousand-genomeera
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Nature 587, 246-251(2020) | Cite this article

Missed in the
alignment
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Progressive Cactus is a multiple-genome aligner for
the thousand-genome era

Joel Armstrong, Glenn Hickey, Mark Diekhans, lan T. Fiddes, Adam M. Novak, Alden Deran, Qi Fang, Duo
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Using comparative genomics UNIVERSITET

to study genome evolution _ =

-
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Accelerated evolution Neutrally evolving Evolutionary

in certain lineages constraint

\ Non-functional /

Functional Functional

Consequences of this can be utilized to identify functional genomic regions via multi-species alignments
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More species,
more power

Probability of identical site (p)
Expected identical sites
Constraint resolution

Human genome constraint

4.5

0.02

62 Mbp

12 bp (p=1x10%)
>5.5%

A high-resolution map of human evolutionary
constraint using 29 mammals

Kerstin Lindblad -Toh &, Manuel Garber, Qr Zuk, Michael . Lin, Brian J. Parker, Stefan Washietl, Pouya
Kheradoour, Jason Ermst, Greoory Jordan, Evan Mayces, Lucas D Ward, Craig B. Lowe, Alisha K
Holloway, Michele Clamp, Sante Goerre, Jessica ANSId], Kathryn Beal, Jean Chang, Hiram Clavison,

ames Cutf, Federica Di Paima, Steohen Fitzoerald, Paul Flicek, Mitchell Gutiman, Broad ingtitute

Natyre 478, 476-482 (2011) | Cite this article
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_ 29 mammals (2011) 240 mammals (2023)

Total branch length
(substitutions/site)

16.6

6x1018
191 bp
Single base pair
>10.7%
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Evolutionary constraint and innovation across
hundreds of placental mammals
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Estimating evolutionary constraint and i
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acceleration - phyloP UNIVERSITET

* PhyloP calculates constraint and
acceleration p-values based on a multi- PHAST
species alignment and a model of

neutral evolution at individual Phylogenetic Analysis with Space/Time Models
nucleotides

* Each base position in the alignment has
a phyloP score: 0 = neutral, >0 =
constraint, <0 = acceleration

. : s

Pollard et al 2010. Genome research, 20(1), pp.110-121.




PHAST @
Running phyloP

Phylogenetic Analysis with Space/Time Models

* Generate neutral model file using phyloFit
* Inputs: alignment file for neutral sites (.maf format from Cactus), tree
topology

* Run phyloP
* Inputs: alignment file and phylogenetic model from above
e --method LRT — likelihood ratio test. How likely is the observed divergence
given neutral model?
» --mode CONACC gives positive p values/scores to indicate constraint and
negative scores to indicate acceleration

. : s




Models of neutral evolution

* To understand sequence evolution over time we need accurate
models of neutral evolution, i.e. sequence changes over time in the
absence of selection

* Important to have accurate models of neutral evolution for
* Inferring phylogeny (model assumption)

* Divergence time estimates
» Detecting constraint and acceleration

* Models of neutral evolution:
* Four-fold degenerate sites
* Ancestral repeats
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Four-fold degenerate sites generally i
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evolve neutrally, but it's not all neutral... v
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Constraint at 4D sites relates to gene bl
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Regulatory feature
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Count (Mb)

Constraint in mammals UPPSALA

UNIVERSITET
human (Homo sapiens) -7332Mb (10.7%)
7501 _
chimp (Pan troglodytes) - 359Mb (11.8%)
mouse (Mus musculus) - 239Mb (9.0%)
dog (Canis lupus) -245Mb (10.1%) } genome
- littie brown bat (Myotis lucifugus) -367Mb (18.0%) B 2:;?\rs‘?rgined
0 1000 2000 3000
megabases
250 * Max score: 8.903 — all species aligned and
identical, highly constrained
. n 3.6 million perfectly conserved positions
04— o=
20 -5 -2 -1 0051 2 3 4 5 6 7 8
phyloP score bin
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Distribution of constraint

* 3.26% of bases in the human genome

identified as under significant
constraint at FDR < 0.05
(phyloP>2.270)

* Form clusters — most (80%) are
within 5bp of another constrained
base

e Positions under constraint are less
variable in humans (TOPMed SNPs)

e Constraint strongly enriched in
coding sequence, moderately
enriched in regulatory elements

 Single-base resolution of constraint
scores evidenced by constraint in
codons

fold enrichment of
constrained bases

Proportion of SNPs with MAF<0.005
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pharyngeal system|development

metanephric nephron|development

Constraint in unannotated regions b
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bases sit outside of annotations = e ] specification df animal organ identity
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¢ Identiﬁed >400,000 % nephric duct’@
UNannotated Intergenic nephric

. . S cartilagel morphogenesis
COnstrained RegioNs cranial nervi B

adenohypophysiq development

mesenchymal to epithelial transition

(UNICORNS)

muscle cell fate commitment

A encopeccres 1

Transcription factor binding i [ [

DNasel hypersensitivesites | Ml || | U} Il
gene PMFBP1

’ Distance to TSS (kb)

unannolatad constraint random reqlions

UNICORNs il | |l . s
- - .. - ‘
minor allele 0.5 ¢ - ° . X
frequency X ‘ - o Ceq®
0.0 - § 0.6 AT
o] ' r]
54 . o O
mammal ‘ - 2 0.4 -
constraint 0 - oW .
(phyloP) € = .
-5 Q &= o~
T %02 .
@
primate "}’Mri, -g. [Tl 3 1M ;,1 T v
constraint o0 SREN I t: | $od S J ..
(phastCons) 00 e P, B I A4 °
r T e T 1 L 1 ) V.-
2 5 4 2 8 - 4 2
10 10 10 10° 10 10 10 10

positon on chromasome 16 (Mb) average minor allele frequency



200UCEs o A

i UNIVERSITET

é_' 1romosome
ey deaaad regulatory
. . | { I ()1 \( :—'J
* Original set (2004): 481 segments > 200bp 100% o ol & < regulation
= Y- 2 Q process
conserved between human, mouse, and rat 1 5 -é‘
= ana R = ‘
. . = SEqueEncCe = hin P ol
» 200UCEs: 298% of species (235) are aligned and "' Shndee
2 OS5 IC 4 = epr (
identlcal _—;;: : compound g F:
* 4,552 z00UCEs > 20bp. 753 overlap 318 original
UCEs. 27 > 100bp
organization £ posmme
* 69% are outside of protein coding exons tion 2 & CERCTHE
4552 new ultraconserved 3 regulation of Cl‘“In\r’Olved in differentiation (go) T_!“M\',Ilj i _: ﬁ \Plnc :;_:
clements . regulation of nervous syster| development (po) = l “IIHI‘,‘-' ~ L "j negative ,
Overfapping regulation of neuron projectior| development (l0) 7 LLI](II llL - :I) Such
li"‘.'rlci'-:.l‘, regulation of neuron differentiation {go) - NCTVOuUs __-i O neuron guigance
g\ tiements requiation of c{idevelopment](go) developmental @ & " 0
16.5% v:pl!nchallube((}o) -~ —— . —(—\‘ o
}‘-,_xw)' cell@mvolvea in neuron differentiation (go) - ﬂl O I i { ]" : I 1 :- 7
\ dentified cell part (oo) E -
“:"'-‘__"-"'lt_‘: regulation of cell projection organization (go) - = . :
£3.5% [embryonic morphogenesid (o) > multicellular =

0 10 20 30 40



-log, (g-value)

Genomic ‘hotspots’ of constraint

UPPSALA
e Constraint measured in 100kb windows across UNIVERSITET
human genome
* 53 bins with significant constraint (g<0.05)
* Includes all HOX clusters
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ENCODE

So what’s all this constrained sequence
doing if not coding for proteins?
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Using estimates of constraint to explore
mammalian evolution



Exercise — how does the selective pressure on
a sequence affect the inferred phylogeny?



Constrained sites

\

0_Q6

Order

Afrosoricida
Carnivora
Cetartiodactyla
Chiroptera
Cingulata
Dermoptera
Eulipotyphla
Hyracoidea
Lagomorpha
Macroscelidea
Perissodactyla
Pholidota
Pilosa
Primates
Proboscidea
Rodentia
Scandentia
Sirenia

Tubulidentata
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New phylogeny resolves
_ some long-standing debates
ng in mammalian evolution

* Based on ~500k near-neutrally evolving sites

* Supports the ‘long-fuse’ model of
mammalian diversification

Methods:
SVDquartets — coalescent trees

IQ-TREE — maximum likelihood A genomic timescale for placental mammal evolution
concatenated trees —

RESEARCH ARTICLE SUMMARY



Effects of selection when estimating
divergence time

e e
i mﬂﬁﬂmmﬂ“ﬁmHWWhmmmﬁm i
§’f§:¢ i?}ggg i :

.

Take-home messages:
* Neutral is best — models assume this

* BUT with a massive amount of data (i.e. genome-wide), can
still achieve accurate estimates

RESEARCH ARTICLE SUMMARY

) ) . A genomic timescale for placental mammal evolution
* Depends on the phylogenetic distance you are looking over R,



Phylogenomic discordance: gene tree # species tree
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Linking genotype to phenotype

ldentifying the genomic changes that underlie specific traits




Lineage-specific acceleration

Constraint Neutral Acceleration
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ldentifying lineage-specific positive selection

Human accelerated region

Human ACTGATCGAT

Chimpanzee m ACTGATCGAT

Mouse ‘ ACTGATCGAT

Dog ' ! ACTGATCGAT

CTATAGAGAGAAGCCAGCGCGAGCATGCAG

CGATCGATCGAAGCTAGCGCTAGCATGCAT

CGATCGATCGAAGCTAGCGCTAGCATGCAT

CGATCGATCGAAGCTAGCGCTAGCATGCAT

Whalen & Pollard, Annu. Rev. Genet. 2022. 56:423-39
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Chimpanzee DNA Human accelerated region (HAR)
— .
T GeneA NN CeneB |

Neural
progenitor
cell

Human accelerated regions

What/where might these be? m ‘ -
Topologically associating domain (TAD)

Human DNA Human-specific structural variant (hsSV) HAR
. ene BTG eocecess
312 human accelerated regions (zooHARs) —many (serton)

are neurodevelopmental enhancers with cell type-
specific activity

Overlap TADs containing human-specific structural
variants

Enrichment of hARs that affect 3D genome
organisation

RESEARCH ARTICLE

ZOONOMIA
Three-dimensional genome rewiring in loci

{ [ ) . .
Rewiring’ of regulatory interactions between hARs with human accelerated regions

and neurodevelopmental genes

Kathleen C. Keough'*>, Sean Whalen', Fumitaka Inoue®*1, Pawel F. Przytycki':, Tyler Fair®®,
Chengyu Deng?>, Marilyn Steyert*>%, Hane Ryu®>, Kerstin Lindblad-Toh®®,

Elinor Karlsson®'%", Zoonomia Consortium§, Tomasz Nowakowski*>%’, Nadav Ahituv®=,
Alex Pollen”?, Katherine S. Pollard™3*314+



Species-specific deletions L — —

* Use the alignment to ey
identify sites/sequences ¢ i B v
deleted in a single species =L @

g it Nwve T e

* Human-specific \“ s
conserved deletions . 3
(hCONDELS) = M, . e (EE
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Detecting smells — a universal animal trait

RESEARCH ARTICLE ~ WIOLOGICAL SCIENCIS @ fyvyne B
Elephants have a nose for quantity

nua M. Plotnik S, Daniel L Brubaker, Rachal Dale @, |22 |, and Nicola VIon Authors Info & AfEs
June3,2019 11625 12566-12571  hilps/deiors/10.1073/anas | A18284115

Moles Smell in Stereo to Find Food,
Dodge Predators Research atcles

Major histocompatibility complex-
associated odour preferences and human
mate choice: near and far horizons

Jan Haviiéek! &3, Jamie Winternitz! and S. Craig Roberts

Published: 20 April 2020 https/doi org/101098/rsth.2019.0260




Olfaction in mammals

» Olfactory receptor (OR) genes: G-
protein-coupled receptors, contain
several transmembrane a-helical
domains. Detect odour molecules in the
environment

* Largest gene superfamily in vertebrate
genomes

e Olfactory turbinals - extensive
framework of delicate bones in nasal
cavity that greatly enlarge the surface
area available for conditioning inspired
air, reducing water loss, and improving
olfaction
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Counting OR genes in mammals

 Olfactory receptor gene (OR) detection
in 249 species

* African elephant has largest repertoire
(1,765 functional genes)

 Killer whale smallest (24 functional
genes)

N

* Bumblebee bat and North Pacific right
whale —only 332 and 392 respectively
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Correlating genotype and phenotype

* OR counts strongly correlated
with olfactory turbinal counts

* Highlights potential for
investigating multifactorial
evolutionary responses to a
selection pressure
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40 -

10+

# olfactory turbinals

correlation=0.71; p=5.5x 10"
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Daily heterotherms

Hibernators

Hibernation in mammals

* Physiological state of metabolic ; e | 8 -
depression (torpor). species ﬂﬁ
capable of core temperature ‘m%

depression below 18°C for \@‘ (&
>24h o o

 Ancestral trait in mammals?

Found in all deep lineages "
45 T T 7
Fibe ration 40 - Pre-torpor Hiberpation (no food or water) Active N
Minismams body (empersture (1) 0= MG 1A 35 -
Reapieation rate (% of active) B Tam 2 i
Heart eate (% of active) 1) S0% 1A% i
Mctabol rate (% of BMK) [ I 32 4
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Daily activity Jevel T NoE $ % :
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Hibernation in mammals

* Effects of the cold on the function of cellular
and molecular processes requires specific
adaptations to survive at the limitations of
basic biology and physiology, e.g. transcription
and translation can be halted

Arctic ground squirrel
(Spermophilus parryii)
can drop its core body

Challenges
Within a short time For along period of time temperature below 0°C
1 )
I 1 1 1
« Mating « Low ambient temperature « Low ambient temperature - th e |0W€St Of d ny
= Growing « Sleep deprivation + No food or water
« Storing fat < Inactivity - No circadian cues mammal

[
¢
Morphological changes in
dendritric spines and microglia *

Active Torpid IBA /—_/ Phosphorylation of Tau proteins fg/ Protective mechanisms

—

L J L ]
T T Reduction in Protein Translation . . o
- Anticipatory « Retreat into hibernaculum izt In the h | bernat' ng
hyperphagia « Reduction of metabolic rate Inactivation of GSK3p d ]
i ———— el

« Food storing « Switch te lipid-based metabolism ciivationai @ bra n
.? rmatogenesis « Inhibition of lhil‘-l/hungef STAT3 ° STATS ° Transcription Factors STAT1 ° STATE °

pe °9 « Cold-resistant adaptations —

« Reduced sensitivity to noxious cold Anti-apaptotic n
|\ proteins Inhibition of Apoptosis @ REVIEW article
\i - mf}zn miR21
A &)

Adaptations Front. Physiol., 20 January 2021
R Sec. Integrative Physioclogy

Markers of injury and o
P Arousal Voilume 11 - 2020 | nips://00i.0rg/10 3389/fphys. 2020 625665
—t

DNA damage and repair? inflammation

i | " ; AGE-RAGE and NFKB? )



Testing for differential evolutionary
rates associated with hibernation

T
......
:;'::: Rho: 9280 | Phylogenetics
B W' aesdt RERconverge: an R package for associating
e evolutionary rates with convergent traits
Mot e - ™ 1 2,
e B e Btk W el
ST THING O ] -
farzarametrc N
Relative Rates ~,,..-' s
(RERs) [ B
Pathway Annotations ‘-‘;C""l‘
ot Lated m'-- 8 v-l'." 'a l;'-._ :"':
| AN Ardewy AL W ————.-’-—.
Enrichment Analysis "S5 @ ATIATE
Wicoaon Rardk-Sum molative rate |
000014 cowy 'Y
* RERconverge identified 511 genes slower-evolving and 253 e
opor{ Mone

faster-evolving in hibernators

» Faster evolving genes enriched in GO pathways relating to
synaptic transmission
* Slower evolving genes enriched in GO pathways relating to et 4

DNA repair — under higher constraint in hibernators | oo
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ZOONOMIA

Using genomes to inform Tho conttionof Mstricl recessest

contemporary extinction risk in placental mammals

L[]
C O n S e r V a t I O n Aryn P. Wilder* { Megan A. Supple”, Ayshwarya Subramanian, Anish Mudide, Ross Swofford,
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Zoonomia Consortium, Oliver A. Ryder* {, Beth Shapiro*{
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Conclusions

Massive, multi-way whole genome
alignments are now possible!

Informative for identifying effects of
selection on the genome

Single-base measures of constraint
and acceleration pinpoint functional
sequences

|dentification of neutrally evolving
sequences important for inferring
accurate phylogenetic relationships
and divergence times

Comparative genomics can reveal
the genetic underpinnings of traits

Measures of genomic variation
informative for extinction risk and
conservation

Single-base resolution
of constraint

Aggregate
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Constraint in human TEs
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