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Zoonomia
Using the largest alignment of mammal 
genomes to date to explore mammalian 

evolution, disease, and conservation



Placental mammals – a diverse group

Blue whale 
(Balaenoptera 
musculus)
200 tons

• 4 major 
subdivisions

• 19 extant orders
• >6,000 species
• ~100 million 

years of 
evolution

Bumblebee bat 
(Craseonycteris
thonglongyai)

2 grams



What can a compara,ve genomics approach 
tell us?

Large mul*-species genome alignments can be used to reveal answers 
to these ques*ons The Zoonomia Project

Origins
Evolutionary 

constraint

Trait evolution

Conserva*on DiseaseFunction



The Zoonomia project





Mammalian genome evolu-on Ancestral mammal chromosomes
~180 Mya
19 autosomes + sex chromosomes

Ancestral therian (placentals + 
marsupials) chromosomes 17 
autosomes + sex chromosomes
96 chromosomal rearrangements 
over 18 My

Other great apes have 23 
autosomes.
Fusion of two ancestral 
chromosomes in human lineage

124 chromosomal 
rearrangements over 53 My



All species Cetartiodactyla

Genome size varia-on and TEs
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Genome size varia-on and TEs



Zoonomia 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)



Avoiding reference bias

10bp deletion

Reference genome

Missed in the 
alignment



Reference-free alignment 

• All against all
• Can identify lineage-

specific variation
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Using comparative genomics 
to study genome evolution

Evolu&onary 
constraint

Accelerated evolution 
in certain lineages

Neutrally evolving

Func1onal Func1onalNon-func1onal

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)

4.5 16.6

Probability of identical site (p) 0.02 6x10-18

Expected identical sites 62 Mbp 191 bp

Constraint resolution 12 bp (p = 1 x 10-25) Single base pair

Human genome constraint >5.5% >10.7%



Estimating evolutionary constraint and 
acceleration - phyloP
• PhyloP calculates constraint and 

accelera.on p-values based on a mul.-
species alignment and a model of 
neutral evolu1on at individual 
nucleo.des

• Each base posi.on in the alignment has 
a phyloP score: 0 = neutral, >0 = 
constraint, <0 = accelera.on

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

-20 0 8.9



Running phyloP

• 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
• --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

-20 0 8.9



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



Constraint scores 
reflect degeneracy in 
codons

H I - R E S O L U T I O N  F I G U R E  P R O O F
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Four-fold degenerate sites generally 
evolve neutrally, but it’s not all neutral…

18.6% of 4D sites are under 
constraint (FDR=0.05)

H I - R E S O L U T I O N  F I G U R E  P R O O F
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Christmas et al. In Prep.



Constraint at 4D sites relates to gene 
regulation

Christmas et al. In Prep.



• Max score: 8.903 – all species aligned and 
identical, highly constrained
• 3.6 million perfectly conserved positions

constraintaccelera9on

Constraint in mammals



Distribu(on 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

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

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

• Single-base resolution of constraint 
scores evidenced by constraint in 
codons
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Constraint in unannotated regions
• Nearly half of all constrained 

bases sit outside of annota3ons
• Iden3fied >400,000 

UNannotated Intergenic 
COnstrained RegioNs
(UNICORNs)



zooUCEs

• Original set (2004): 481 segments > 200bp 100% 
conserved between human, mouse, and rat
• zooUCEs: ≥98% of species (235) are aligned and 

identical 
• 4,552 zooUCEs ≥ 20bp. 753 overlap 318 original 

UCEs. 27 ≥ 100bp
• 69% are outside of protein coding exons



• Constraint measured in 100kb windows across 
human genome
• 53 bins with significant constraint (q<0.05)
• Includes all HOX clusters
• Large gene deserts with high constraint

Genomic ‘hotspots’ of constraint

Significant 
acceleraEon



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

1.DNA
2.Enhancer
3.Promoter
4.Gene
5.Transcription 
Activator Protein
6.Mediator Protein
7.RNA Polymerase



Ques%ons?

Break
30 mins



Using estimates of constraint to explore 
mammalian evolution



Exercise – how does the selec0ve pressure on 
a sequence affect the inferred phylogeny?
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Order
Afrosoricida

Carnivora

Cetartiodactyla

Chiroptera

Cingulata
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Eulipotyphla
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Macroscelidea

Perissodactyla

Pholidota

Pilosa

Primates

Proboscidea

Rodentia

Scandentia

Sirenia

Tubulidentata

Neutral sites



• Based on ~500k near-neutrally evolving sites
• Supports the ‘long-fuse’ model of 

mammalian diversifica?on

New phylogeny resolves 
some long-standing debates 
in mammalian evolution

Methods:
SVDquartets – coalescent trees
IQ-TREE – maximum likelihood 
concatenated trees



Effects of selec+on when es+ma+ng 
divergence +me

Di
ve

rg
en

ce
 

*m
e 

(M
y)

Take-home messages:
• Neutral is best – models assume this
• BUT with a massive amount of data (i.e. genome-wide), can 

s*ll achieve accurate es*mates
• Depends on the phylogene*c distance you are looking over



Phylogenomic discordance: gene tree ≠ species tree

Caused by:
• Incomplete lineage sorting

Interordinal

Intraordinal (Simians)

t1       t2       t3        t1      t2      t3

• Historical hybridiza?on





Linking genotype to phenotype
Identifying the genomic changes that underlie specific traits



Lineage-specific acceleration

A T C T A A G A C C G G G C G T G G TTG

A T C T A A C A A C C G G A T C C A GGG

A T C T A A G A A C C G T A C T T T AAG

T G G G A A G A C G C T G A G G G A TTC

A T C T A A G T C G C G G A A A C C ACG

A T C T A A G A C C C G G A T T A A ACG

Constraint Neutral Acceleration



Identifying lineage-specific positive selection

Whalen & Pollard, Annu. Rev. Genet. 2022. 56:423–39



• 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

Human accelerated regions
What/where might these be?



Species-specific dele,ons
• Use the alignment to 

identify sites/sequences 
deleted in a single species
• Human-specific 

conserved deletions 
(hCONDELs)

PPP2CA



Detec%ng smells – a universal animal trait
Mmm, smells 

good!



Olfaction in mammals

• Olfactory receptor (OR) genes: G-
protein-coupled receptors, contain 
several transmembrane α-helical 
domains. Detect odour molecules in the 
environment
• Largest gene superfamily in vertebrate 

genomes
• Olfactory turbinals - extensive 

framework of delicate bones in nasal 
cavity that greatly enlarge the surface 
area available for condiBoning inspired 
air, reducing water loss, and improving 
olfacBon
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154 4199trait value

length=0.091

Coun%ng OR genes in mammals

• Olfactory receptor gene (OR) detec3on 
in 249 species
• African elephant has largest repertoire 

(1,765 func3onal genes)

• Killer whale smallest (24 func3onal 
genes)

• Bumblebee bat and North Pacific right 
whale – only 332 and 392 respec3vely



Correlating genotype and phenotype
• OR counts strongly correlated 

with olfactory turbinal counts
• Highlights potential for 

investigating multifactorial 
evolutionary responses to a 
selection pressure



Hiberna(on 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



Hibernation in mammals
• Effects of the cold on the func/on of cellular 

and molecular processes requires specific 
adapta/ons to survive at the limita/ons of 
basic biology and physiology, e.g. transcrip/on 
and transla/on can be halted

Arc/c ground squirrel 
(Spermophilus parryii) 
can drop its core body 
temperature below 0°C 
– the lowest of any 
mammal

Protec/ve mechanisms 
in the hiberna/ng 
brain



Testing for differential evolutionary 
rates associated with hibernation

• RERconverge identified 511 genes slower-evolving and 253 
faster-evolving in hibernators
• Faster evolving genes enriched in GO pathways relating to 

synaptic transmission
• Slower evolving genes enriched in GO pathways relating to 

DNA repair – under higher constraint in hibernators



What about regulatory sequences?
• Tissue-Aware 

Conservation Inference 
Toolkit (TACIT) for 
associating cis-regulatory 
elements with specific 
phenotypes
• Associates open 

chromatin predictions 
with phenotype 
annotations



Using genomes to inform 
conservation



Conclusions
• Massive, mul,-way whole genome 

alignments are now possible!
• Informa,ve for iden,fying effects of 

selec,on on the genome
• Single-base measures of constraint 

and accelera,on pinpoint func,onal 
sequences
• Iden,fica,on of neutrally evolving 

sequences important for inferring 
accurate phylogene,c rela,onships 
and divergence ,mes
• Compara,ve genomics can reveal 

the gene,c underpinnings of traits
• Measures of genomic varia,on 

informa,ve for ex,nc,on risk and 
conserva,on
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Constraint in human TEs
• ~11% of constrained bases are 

within repeats in the human 
genome
• Enriched in DNA transposons and 

simple repeats 
• Repeat classes depleted in 

constraint have been more 
recently ac?ve
• Most primate-specific TFBS 

overlap TEs

Greg Andrews, Zhiping Weng, UMass


