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Placental mammals — a diverse group e
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What can a comparative genomics approach
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Large multi-species genome alighments can be used to reveal answers
to these questions > The Zoonomia Project




The Zoonomia project

Analysis

A comparative genomics multitool for
scientificdiscovery and conservation

htps: /dol.org/10.1038/s41586-020-2876-6
Received: 17 April 2019

Zoonomia Consortium®

Accepted: 27 July 2020

Published online: 11 Novemnber 2020

Open access

® Check for updates

The Zoonomia Project is investigating the genomics of shared and specialized traits
in cutherian mammals. Here we provide genome assemblies for 131 species, of
which all but 9 are previously uncharacterized, and describe a whole-genome
alignment of 240 species of considerable phylogenetic diversity, comprising
representatives from more than 80% of mammalian families. We find that reglons of
reduced genetic diversity are more abundant in species at a high risk of extinction,
discern signals of evolutionary selection at high resolution and provide insights
from individual reference genomes, By prioritizing phylogenetic diversity and
making data available quickly and without restriction, the Zoonomia Project aims to

support biological discovery, medical research and the conservation of blodiversity.
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Genomes relative to year and phylogenetic relationships
Genomes 1or 675 mammal species relative 10 the Mammala phylogenetic tree of 5911 ving species shows the dsproportionate represantation of Large-boded
and high-latitude species. Shown is the consensus tmescaled phylogeny from Upham ef . (4) and genome data downloaded from NCEBI on 9 February 2023
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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

PNAS

Evolution of the ancestral mammalian karyotype and
syntenic regions
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Genome size variation and TEs

TE genome %
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Artiodactyla
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Chiroptera
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Insights into mammalian TE diversity through the cura-
tion of 248 genome assemblies
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Genome size variation and TEs
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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 Cactus is a multiple-genome aligner for
the thousand-genome era
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Xie, Shaohong Feng, Josefin Stiller, Diane Genereux, Jeremy Johnson, Voichita Dana Marinescu, U N IV E R SI T E T

Jessica Alfoldi, Robert S. Harris, Kerstin Lindblad-Toh, David Haussler, Elinor Karlsson, Erich D. Jarvis,
/ 10bp deletion

Guojie Zhang &5 & Benedict Paten

Nature 587, 246-251(2020) | Cite this article

Missed in the
alignment



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

Refe re n Ce_fre e a I i g n m e n t Xie, Shachong Feng, Josefin Stiller, Diane Genereux, Jeremy Johnson, Voichita Dana Marinescu, UPPSALA

Jessica Alfoldi, Robert S. Harris, Kerstin Lindblad-Toh, David Haussler, Elinor Karlsson, Erich D. Jarvis, UNIVE RSIT ET

Guojie Zhang £ & Benedict Paten &

Nature 587, 246-251 (2020) | Cite this article

o] e All against all
X e * C(Canidentify lineage-
o specific variation

100

]
o
1

mt

Percentage of genome covered
[o
o

little brown bat

Carnivora

* specific
{

—— S
Placentalia-

L % specific
—— = . : : : .
0 50 100 150 200 241

Lost in Artiodactyla Number of species aligned

N
o
1




Using comparative genomics

to study genome evolution _
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Accelerated evolution Neutrally evolving
in certain lineages ‘

\ Non-functional

Functional

Evolutionary
constraint

/

Functional

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

_ 29 mammals (2011) 240 mammals (2023)

Total branch length
(substitutions/site)

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%

Open Access | Published: 1 n

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

Kerstin Lindblad-Toh &, Manuel Garber, Or Zuk, Michael F. Lin, Brian J. Parker, Stefan Washietl, Pouya
Kheradoour, Jason Ernst, Gregory Jordan, Evan Mauceli, Lucas D. Ward, Craig B. Lowe, Alisha K,
Holloway, Michele Clamp, Sante Gnerre, Jessica Afoidi, Kathryn Beal, Jean Chang, Hiram Clawson,

Sequencing Platform and Whole Genome Assembly Team, Baylor College of Medicine Human Genome
Sequencing Center Sequencing Team, Senome Institute at Washington University, ... Manolis Kellis
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Estimating evolutionary constraint and

) UPPSALA
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

. :

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




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

UPPSALA

evolve neutrally, but it’s not all neutral... v
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Constraint at 4D sites relates to gene o
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Regulatory feature
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* 4-fold degenerate sites
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Chromosome 5 (Mbp)

Christmas et al. In Prep.



Count (Mb)

Constraint in mammals UPPSALA

UNIVERSITET
human (Homo sapiens) - 332Mb (10.7%)
7501 .
chimp (Pan troglodytes) [ 359Mb (11.8%)
mouse (Mus musculus) -239Mb (9.0%) |
dog (Canis lupus) [JJ245Mb (10.1%) genome
£00 little brown bat (Myotis lucifugus) - 367Mb (18.0%) It zg?\rs‘?rgined
0 1000 2000 3000
megabases
2501 * Max score: 8.903 — all species aligned and
identical, highly constrained
. n * 3.6 million perfectly conserved positions
01— o=
20 -5 -2 -1 0051 2 3 4 5 6 7 8
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Distribution of constraint

° ; UPPSALA
3.26% pf bases in thg hgman genome ONIVERSITET
identified as under significant "
constraint at FDR < 0.05
(phyloP>2.270)

* Form clusters — most (80%) are
within 5bp of another constrained
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polymeras
e Original set (2004): 481 segments > 200bp 100% e
conserved between human, mouse, and rat
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-log, (q-value)

Genomic ‘hotspots’ of constraint

Constraint measured in 100kb windows across
human genome

* 53 bins with significant constraint (g<0.05)

Includes all HOX clusters

Large gene deserts with high constraint

Significant
acceleration
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ENCODE

So what’s all this constrained sequence
doing if not coding for proteins?

3
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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__06

Order

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

Tubulidentata
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some long-standing debates
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
concatenated trees

RESEARCH ARTICLE SUMMARY

ZOONOMIA

A genomic timescale for placental mammal evolution

Nicole M. Foley et al.



Effects of selection when estimating

divergence time
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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

* Depends on the phylogenetic distance you are looking over
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Phylogenomic discordance: gene tree # species tree
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Linking genotype to phenotype

Identifying 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

CTATAGAGAGAAGCCAGCGCGAGCATGCAG

CGATCGATCGAAGCTAGCGCTAGCATGCAT

CGATCGATCGAAGCTAGCGCTAGCATGCAT

Dog ' ! ACTGATCGAT

CGATCGATCGAAGCTAGCGCTAGCATGCAT

Whalen & Pollard, Annu. Rev. Genet. 2022. 56:423-39
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Human accelerated regions

What/where might these be?

312 human accelerated regions (zooHARs) — many
are neurodevelopmental enhancers with cell type-
specific activity

Overlap TADs containing human-specific structural
variants

Enrichment of hARs that affect 3D genome
organisation

‘Rewiring’ of regulatory interactions between hARs
and neurodevelopmental genes

Chimpanzee DNA Human accelerated region (HAR)
PO — g
TN GeneA MENEEENEN CGencD I T N

>

Neural
progenitor
cell

! l E L —— ]
Topologically associating domain (TAD)

Human DNA Human-specific structural variant (hsSV) HAR
B GeneA G B O

(Insertion)

RESEARCH ARTICLE

Three-dimensional genome rewiring in loci
with human accelerated regions

Kathleen C. Keough'*, Sean Whalen, Fumitaka Inoue®*+, Pawel F. Przytycki't, Tyler Fair*®,
Chengyu Deng®*, Marilyn Steyert*>%7, Hane Ryu??, Kerstin Lindblad-Toh®?,

Elinor Karlsson®'%!, Zoonomia Consortium§, Tomasz Nowakowski*>5’, Nadav Ahituv?~,
Alex Pollen”'2, Katherine S. Pollard™3134+



A Humans X1 SE— - < E—
Chumpanzee Py, IS

Primates i, E—

Species-specific deletions e

Ema‘n
. Marnmalia e
* Use the alighment to ; iy
identify sites/sequences ; o T S
deleted in a single species ,__,;;_L 8_1:—,__' =
* Human-specific \ s H=— 2
= e

conserved deletions

O I“g NS | — —
( h C N D E LS) /n TR : YRS :m‘.‘“::\ ::Wr’“‘“ é;z’ii‘.."?—- = .‘L‘“
HCONDEL Size (bp)  Iummem v e—=

B |‘ J
o/ ) e B
-t _[: .,..[: I» \\' '? I

el Flen
|
I X = n 4‘ i ‘ \-.‘ o
PPPZCA ' ] . - —~ l i { l'\ “n Tvere
ACh I | R TAS 5 : \ '-,
_Species. _ Sequence l 3 |
Human TTTADGC =« «« ww QUOSGCG B
Chimpanzes TTTALGCCCOGETEEOGGEG 3 R .’:"’;'".'ﬁ
Bonobo TTTACCOCCOOCTOM00GCA 4 b : A
Gorila TTTAGCCOGOGETOG00GCE 24 cJr—— ]
TITGOGCOOCGETORO0GCG - s R :
Rhésis! M TACCCCLOGETOE0GGCG T
Mause TTTACCOCCOGGTOR00OC PPPCA 2 : s"“"‘:"‘w:’ ]
Cow TTTAGGCGGOCGTOGCAICS

' & E 5
FED R o -
NCOONDELS ficed in aV humans Conservation Depth



Detecting smells — a universal animal trait

RESEARCH ARTICLE | BIOLOGICAL SCIENCES ~ © fyine 2
Elephants have a nose for quantity
nua M. Plotnik ©, Daniel L Brubaker, Rachel Dale @, +2 |, and Nicola 5. Clayton Authors Info & Affilia

dagk

June 3,2019  116(25) 1256612571  DIIRS.//00.08 ETY

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

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

Jan Haviidek! ), Jamie Winternitz! and S. Craig Roberts

Published: 20 April 2020 https:/dol.org/101098/rstb.2019.0260 o P > A p € | Published 2022




Olfaction in mammals

factory nerve
L\ "\
factory bulh Nl N I\\:_\\
Recegptor ced g 'V VAR (P LR Y
n:f‘-::ﬁ:” n:w:v‘:vuw A ll)i l"w" Ii\v"bll "It Ty ;l‘ § B fle)OMactory receptor cells
Y [ /XY &') (1)) N § ace activated and send
=1'Aa / : | clectrical ygnalt

» Olfactory receptor (OR) genes: G- ) ‘”\”ﬁi
protein-coupled receptors, contain 9 oty onaruciost (L3 TFfowmr
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

Dstrizubon of
GifRciony Mmucoss

air, reducing water loss, and improving VA
olfaction £y —
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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

# olfactory turbinals

correlation=0.71; p=5.5 x 10"
~ horse

80~ PIg-A 0O
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false A % elephant
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bat—{] 90—~¢ m A
20 - e U
minke O
whale B_to 3NN
A @ 60 ¢
10~ O <@ ¢
northern [J O [} northern
plains _ human tree
gray & shrew
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0- oA A
1 | | L ] ]
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# olfactory receptor genes
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Hibernation in mammals =

* Physiological state of metabolic
depression (torpor). species
capable of core temperature

depression below 18°C for
>24h

 Ancestral trait in mammals?

Found in all deep lineages "
45 T T T T
Hibe rmation b 40 - Pre-torpor Hibernation (no food or water) Active A
Sowp Daily heterothermy | Shaliow iwpar | Decp torpor PR e
Minismum body tempersture (C) 10-30°C TS 351 N
Respiration rate (% of sceive) W% 3% 9] 3ol J
Heart rate (% of active) 10-50°% 1-4% rt
Mctabolic rate (% of BMR) 10-207% 1-10% 5 254 -
— —— -
Blood pressure (% of sctive) 20-40% g
Daily activity bevel Tow Neoe $: 20 :
Average energy savings S-15% g 15} |
Duration <l4h 245 L v
Occurrence Year-round Year-round Seauwm induoble Seasoral 101 bt L LJ !
_ sk JULULU _JU L = :
FShabng refor o0 sugrstede of permmcier (e, ore e color reprosents hegher bedy scospermuse or bager durstion of tex )
Abbrevianion: BME, hawl sxcesbobc rase 1 1 1 1 1 1 1

1 ns 1
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Months
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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

Challenges
Within a short time For a long period of time
I 1 1 L 1 1
« Mating « Low ambient temperature « Low ambient temperature
= Growing - Sleep deprivation « No food or water
« Storing fat « Inactivity « No circadian cues

Active Torpid IBA
L J L J
T T
« Anticipatory » Retreat into hibernaculum
hyperphagia - Reduction of metabolic rate
» Food storing « Switch to lipid-based metabolism
+Timed y - Inhibition of thirst/hunger
spermatogenesis

« Cold-resistant adaptations
- Reduced sensitivity to noxious cold

Adaptations

Arctic ground squirrel
(Spermophilus parryii)
can drop its core body
temperature below 0°C
— the lowest of any
mammal

-
Morphological changes in
dendritric spines and microglia *

/—_/ Phosphorylation of Tau proteins f//{/ Protective mecha nisms
F Reduction in Protein Translation | n th e h | be rnati ng

Inactivation of GSK3p P .
L brain
Activation of
STAT3 ° STATS o Transcription Factors STAT1 ° STAT6 °
—b

e s .Bcl—nl
X\k \ Inhibition of Apoptosis .m REVIEW article
— Mg
X &%

Front. Physiol., 20 January 2021

Markers of injury and miR1 Sec. Integrative Physiology
DNA damage and repair? inflammation Arousal T Volume 11 - 2020 | https://dol.org/10.3389/fphys.2020.623665
—

AGE-RAGE and NFkB? 4+ +*/}




Testing for differential evolutionary
rates associated with hibernation

e Tree

e,  RB0: 0280 Phylogenetics
Paa P d2edd | s gn
" e : RERconverge: an R package for associating
O . - - -

Ooman s 1 evolutionary rates with convergent traits

ate &:n.x mom . |
Assoclation “L.M ) ! Amanda Kowalczyk'?', Wynn K. Meyer © "', Raghavendran Partha'?",
Marates ; Weiguang Mao'?, Nathan L. Clark™? and Maria Chikina'?*
Statistics 3 Kt
Parametric or [PR——
nonparametnic :’“’::::‘-1 )
Relative Rates R
(RER’) Dogr
Pathway Annotations Com- "
E:.‘ B | eviuiving ‘asle
B e o - »
A . {Damalore
Arcesrsd Aoy etacaan ancess | e —— ® Ao
.;h‘- . —— - . \V

Enrichment An.'w‘ -0 =T o X |
Wilkcowon Rank-Sum S relative rate |

* RERconverge identified 511 genes slower-evolving and 253 . :
faster-evolving in hibernators 8 .. .
% om .."‘:.“"‘."" ; AR e
* Faster evolving genes enriched in GO pathways relating to “9'® A

synaptic transmission j

* Slower evolving genes enriched in GO pathways relating to —
DNA repair — under higher constraint in hibernators s



What about regulatory sequences?

* Tissue-Aware

Conservation Inference -
Toolkit (TACIT) for T N
associating cis-regulatory el
elements with specific ¢ e e
p h e n Otypes Borosuthedan soedos) n Y Chomatn regions (4 sgecies)

* Associates open :i +"

chromatin predictions E e
with phenotype . -

annotations D Brais size (contruous otmotype)
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Relating enhancer genetic variation across mammals & f Py /
. . . s ST f s
to complex phenotypes using machine learning 0.0 - ' % v /
| L =3 | - f T T
Irene M. Kaplow*, Alyssa J. Lawlert, Daniel E. Schifferf, Chaitanya Srinivasan, Heather H. Sestili, 4.5 00 D5 05 00 05
Morgan E. Wirthlin, BaDoi N. Phan, Kavya Prasad, Ashley R. Brown, Xiaomeng Zhang, Kathleen Foley, braun sze resical Dram size resca
Diane P. ia Consortium, Elinor K. Karlsson, Kerstin Lindblad-Toh,

Wynn K. Meyer, Andreas R. Pfenning"

all cCREs <CR€ groups:

N 01
- 01

~
»
-

N_:n, species
that align = 90% of a cCRE

47.5%): hik O \ conserved

N,:n. species

pR )

that align s10% of a ¢cCRE

Predct open cheomabin with

Convoiutiona Newral Network

|

G
ofF’
R

gherctype
r Test each open
chvomatin region
for SSSOCETICN with
] phenatype of imorest

0.5 4

0o

Voo leaming (inary phénotype)

Vocal

_~ Vecal non-
2 Igamers
0 1 2 3



RESEARCH ARTICLE SUMMARY

ZOONOMIA

U S I ﬂ g g e ﬂ O m e S tO | ﬂ fO r m The contribution of historical processes to

contemporary extinction risk in placental mammals
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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
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Constraint in human TEs
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* ~11% of constrained bases are
within repeats in the human
genome

* Enriched in DNA transposons and
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