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Pangenomes: moving beyond reference-based genomics
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Reference model

Reference-free genomics
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Eizenga et al. 2021. Ann. Rev. Genomics and Human Genetics



Open and closed pangenomes

Open pangenomes Closed pangenomes

Large accessory genome Small accessory genome

Core genome Core genome

Strain gene content

Brokhurst et al. 2019. Curr. Biol.



The eukaryotic pangenome

* “The existence of pangenomes in eukaryotes is
debated...Pangenome studies in eukaryotes are challenging
due to their more complex genome and architectures and a lack
of replete genome-level sampling” (Brockhurst et al. 2019.
Current Biology)
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Pangenome approach to comparative genomics
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Recent history of
House Finch populations

historic
range

~1870
bottleneck?




Rapid spread of Mycoplasma in House
Finch populations

Courtesy Cornell Lab of Ornithology
Mycoplasma 1s transmitted horizontally, often at bird feeders
Expanded throughout the eastern US in just five years

Has now crossed the Rockies and is spreading south through
California and the southwest.




House Finch Mycoplasma genome ~1 Mb
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Analyzed 81 Mycoplasma strains from
chicken, turkey and house finch, available on
NCBI

Added 12 new House Finch Mycoplasma
strains, sequenced with PacBio

Used

Delaney et al. 2012. PLoS Genetics



Key

— Conserved genes
- Total genes

Pangenome of Mycoplasma gallisepticum
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The size of the pan-genome was determined
using 10,000 permutations by microPan

Feature Info Number of genes
Core genes (99% <= strains <= 100%) 674
Soft core genes (95% <= strains < 99%) 464
Shell genes (15% <= strains < 95%) 412
Cloud genes (0% <= strains < 15%) 3071
SGF one copy in all strains 141
SGF without recombination signals 117
Total genes (0% <= strains <= 100%) 4621

Alpha value: the number of gene clusters we would see
if we collected all genomes of the species

New data: Determine the alpha value using MicroPan

*the pan-genome is closed if the estimated alpha is above 1.0
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8.916
66.457
3.051
2.532
100



Genes

Mycoplasma pangenome gene repertoire is highly strain-specific
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House Finch Mycoplasma strains have distinct CRISPR and prophage landscapes

Host switch
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Mycoplasma epizootic likely began ~2 years before first detection
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Similar results using BEAST and Stairway plot



Birds have small, streamlined genomes
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Avian genomes are growing with each
new technology
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Three scrub-jay (Aphelocoma) species

in pangenome project

n=14 ‘ Woodhouse’s scrub jay

A. woodhouseii
weight 76.9 -77.7 g %
N A3

* Goal: study genome
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Island scrub jay |

A. insularus
weight 111-124 g

Datapoints from gbif.org

Florida scrub jay
A. coerulescens
weight 75 -79.3 g



https://birdsoftheworld.org/

The Evolution of Comparative Phylogeography: Putting the
Geography (and More) into Comparative Population

Genomics

Scott V. Edwards @®'-**, V. V. Robin®, Nuno Ferrand*, and Craig Moritz

Table 1

Conceptual Relationships between the Fields of Comparative Population Genomics, Landscape Genomics, and Comparative Phylogeography

Concept/Parameter

Comparative Population Genomics

Landscape Genomics

Comparative Phylogeography

Comparative perspective

Emphasis on space

Geographic scale

Temporal scale

Focus on:
selection versus neutrality
recombination
geography versus environment

Future use of whole-genome
sequencing

Growth out of museum collections
community

Growing

No

Random mating population
Arbitrary

Both

Yes

Nuisance parameters
Yes

No

Nascent
Yes
Region
Recent

Both

Not yet considered
Environment
Likely

No

Mature
Yes
Biome
Deep

Neutrality

Not yet considered
Both

Unlikely

Partial

Edwards et al. 2021. Genome Biology and Evolution 14: 10.1093/gbe/evab176



PacBio HiFi reads are long and accurate

» HiFireads: long & accurate
» A breakthrough every ~5 years

» Most existing assemblers cannot make full use of the accuracy

Noisy long reads (2013)

10

Error rate (%)

1
Illumina reads
(2008) HiFi reads
(2019)

]

0.1

102 102 10* 10° 108
Read length (bp)

Coutesy Haoyu Cheng, Dana Farber Cancer Institute



PacBio HiFi reads are long and accurate
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Hiflasm — a HiFi accurate read assembler
that resolves haplotypes

Haplotype 1

Reads of both haplotypes
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Scrub-jay PacBio HiFi data characteristics
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Genome assembly with hifiasm yields
~1.3 Gb primary and haplotype assemblies

=7
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Hifiasm — improved assemblies using HiC

( HiFireads ) » Procedure:

Identify heterozygous unitigs by coverage
Error correction - . .
Build index by unique k-mers from heterozygous unitigs

Corrected reads Align Hi-C reads using unique k-mers

Assembly

Assembly graph
Mappiry .

Hi-C links

Phasing

Unitig partitions

(Final assembly) """"""""""""" i h P




HiC greatly improves contiguity of scrub jay
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Population size (scaled in units of 4uN, x 103)

PSMC analysis confirms variation in
effective population size through time

Pairwise Sequentially Markovian Coalescent (Li & Durbin 2011. Nature)
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RepeatMasker analysis suggests over 25% repeats and transposable elements
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Satellites are long and prevalent in

scrub jay genomes
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Percent of genome

Abundance of an 18-kb unit repeat
satellite varies strongly among species
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Pangenome graphs capture

structural variation within species i
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Eizenga et al. 2021. Ann. Rev. Genomics Hum. Genetics



Pangenome graphs of haplotype
variation in Scrub Jays
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Genomic stability of 400-kb hox1a region in Western Scrub Jays
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Pangenome graphs
generated with odgi
and visualized with Bandage

Guarracino et al. 2021.
Bioinformatics, in press.
Wick et al. 2015.
Bioinformatics 31:3350.
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Smaller regions of complexity in hox1a region
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Structural variation in another conservatively
evolving coding region
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Demographic history of House Finches

WEST EAST
Historic range Introduced range

Species distribution in ~1990
Maps: Birds of North America




Structural variants in the thyroid
receptor-3 gene
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Major histocompatibility complex
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Conservation
genetics

Molecular
evolution
Kin recognition
Sexual selection/
parasites




The chicken MHC is small (~99 kb) and compact
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Unprecedented complexity of MHC class I genes in scrub jays
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Mhc class |l peptide-binding region shows
solid ewdence of balancmg selectlon
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Mhc class |l peptide binding regions are
phylogenetlcally dlverse on |nd|V|duaI haplotypes
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Phylogenetic paths of
Mhc exon2 alleles
on individual haplotypes
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Visualization of MHC class Il region in 22 haplotypes
of Woodhouse’s scrub-jays with odgi
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made with odgi and pangenome graph builder pipeline

Guarracino et al. 2021. Bioinformatics, in press.



Example satellites in MHC class Il region of Woodhouse’s scrub jay

36GGT
AGGTT
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GGTTTTAGGGCGGTATTGGGGTGGGTTTAGGGGGTGTTGGGGGGGTTTTAGGGGGGTTTGGGGGGCCTTGGGGACACTTTGGGGGCACTGGGACACCTTGGGGACAGTTTTGGGGCGGGTTTGAGGCGGTTTTGGGGCTATTTGGGGCAATTTTGGGGCAATTTCTGTGTGGTTTTGGGGCGGTT
TTAGGGGGTGTTGGGGAGGTTTTAGGGGGTTTTGGGGGGCTTAGGGACACTTTGGGGGCACTGGGACAGCTCGGGGACAGCTTTAGGGTGGTTTGGGGTGGGTTTGGGGCGGTTTTGGGGCTGTTTGGGGCGGTTTTGGGGCATTTTGGGGCAATTTTGGGGCTTTTTGGGGTGGTTTTAGGGCG
TTTGGGGGGCCTTGGGGACACTTTGGGGGCACTGGGACACCTTGGGGACAGTTTTAGGGTGGGTTTGGGGCGGTTTTGGGGCTATTTGGGGCAATTTTGGGGCAATTTCTGTGTGGTTTTGGGGCGGTTTTAGGGGGAGTTCCGGGCAATTTCTGCGCGGGTTTGGGGAGGTTTTAGGGGGTGTT
GGTCACTGGGACACCTCGGGGACAGTTTTGGGGCGGGTTTGAGGCGGTTTTGGGGCTGTTTGAGGCAATTTTGGGGCATTTTGGGGCAGTTTTGGGGCGGTTTTAGGGGGAGTTCCGGGCAATTTCTGCGCAGTTTTGGGGAGGTTTTGGGGGTGTTGGGGAGGTTTTAGGGGGGTTTGGGGAAA
GGGACACCTCGGGGACAGTTTTGGGGCGGTTTTGGGGCAATTTCTGTGCAGTTTTGGGGCGGTTTTAGGGGGGGTTTGGGGCAATTTCTGCGCGGTTTTGGGGTGGTTTGGGGTGGTTTTGGGGGGCTTGGGGCCACTTTGGGGGCACTGGGACAGCTCGGGGACAGTTTTAGGGCGGGTTTGGE
GGTTTCGGGGAGGTTTTAGGGGGGTGTTGGGGGGGTTAGGGGGGTTTTGGGGGGTTTGGGGACACTTTGGGGGCACTGGGACACCTCGGGGACAGTTTTAGGGTGGGTTTGGGGCGGTTTTGGGGCAATTTTGGGGCTTTTTGGGGTGGTTTGGGGCAATTTCTGCGCGGTTTCGGGGAGGTTTT _TTGG
GGACACTTTGGGGGCACTGGGACAGCTCGGGGACAGTTTTAGGGCGGGTTTGAGGCGGTTTTGGGGCTATTTGGGGCTTTTTGGGGCAATTTCTGTGTGGTTTTGGGGTGGTTTTAGGGGGTGTTCGGGAGGTTTTCGGGGGGTTTGGGGTGGTTTTAGGGGGATTTTGGGGGGCTTGGGGAGAC 3GGTT
TGAGGCGGTTTTGGGGCTGTTTGAGGCAATTTTGGGGCATTTTGGGGCTGTTTTGGGGCAGTTTTGGGGTGGTTTTAGGGGGAGTTTGGGGCAATTTCTGCGCGGTGTTGGGGAGGTTTTAGGGGGGTTTTGGGGACCTTGGGGACACTTTGGGGTCACTGGGACACCTCGOGGACCETTTTAGEw : wu s + v v s vum s+ s un s« 1 1 s s+ 10+ 90GGC
AATTTCGGGGAGTTTTGGGGTGATTTGGGGCGGTTTTAGGGTGGTTTTAGGGGGGTTTGGGGAGGTTTTAGGGGGGCTTGGGGGGCCTTGGGGGACACTTTGGGGGCACTGGGACACCTCGGGGACAGTTTTAGGATTGTTTTGGCAATTTTGGGGCTGTTTGGGGCAATTTTGGGGCAGTTTTGGGGTGGTTTGGGGCAATTTTTGGGCGGTTTGGGGCAGTTCGGGG
CCATTTGGGGCAATTTCTGTGCAGTTTTGGGGGGGTTTGGGGTGGTTTTGGGGGCCTTGGGGACACTTTGGGGGCACTGGGACACCTTGGGGACATTTTTAGGGTGGTTTGGGGTGGTTTTGOGGCTGTTTGGGGCAATTTTGGGGCTTTTTGGGGTGGTTTGGGGCAATTTCTGTGCGGTTTGGGGGTTTGGGGCGGTTTAGGGGGGTTTGGGGAGGTTTTGGGGTGG
TTTTAGGGGGTTTGGGGTGGTTTTGGGGGGCCTTAGGGACACTTTGGGGGCACTGGGACACCTTGGGGACAGTTTGGGACAATTTTGGGGCAATTTCTGGGTGGTTTTGGGGTGGTTTTAGGGGGGATTGGGGTGGTTTAGGGTGGTTTGGGGCGATTTTAGGGGGGTCTGGGGCGGTTTTGGGGGTTTTTGGGGTGGTTTTGGGGGGCTTGGGGTCACTTTGGGGACA
CTGGGACAACTTGGGGACACTTTTGGGGGGAGCTCGGGGCTTTTGGGGTGATTTGGGGCGGTTTTGGGGTGGTTTGGGGTGGTTTTGGGGTGGTTTTAGGAGGTTTTGAAGGCCTTTTGGGGTATTTTTAAGGGATTTGGGGACATTTAGGGACATCCGTGCCCCCTCCTTGTGTCCCCACAGCCCCCCACGAGCACCACGAGGGCCACGGCCACTCCCACCACGGGCA
CGGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGGGTCTGGGGACACCTTGGGGTGGGTGGGGACACTTTGGGGACAATTTTGGGAGGTTTGGGGCCAAATTAGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGGT
TTGGGGACATTTTGGGGACGATTTGGGGGGATTTGGGGACGATTTGGGGGGATTTGGGGCCAATTTGGGGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACGATTTTGGGAGGTTTGGGGTTGATTTTGGGGCATTTTTAAGGGTTGTGGGGCCACCTGGAGATGGTTGGGGACACTCAGGGACATCAGGGCCACTTTGGGGATGATTTGGGGAGGTT
TGGGGTCCATTTAAGGCCATTTTGGGACATTTTGGGACGTTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGCCATTTTGAGGGCTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGGTCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACAGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTT
GGGGGGGTTGAGACCAATTTTGGGGTATTTGGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGGGTCTGGGGACACCTTGGGCTGGGTGGGGACACTTTGGGGACGATTTGGGGAGGTTTGGGGTTGATTTAAGGGCATTTTGGGACATTTTGAGGGGTTTTGGGAACACTTTGGGGACGATTTGGGGAGGTTTG
GGGCCAATTTTGGGTCCATTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGAGACACCTGGAGGGGTCTGGGGACACCTTGGGGTGGTTGGGGACACTTTGGGGACGATTTTGGGAGTTGTGGGGCCAATTTTGGGGCATTTTGAGAGGATTTGGGGCTGATTTTGGGAGGTTTGGATCCAACTTTGGGGCATTTTGAGGGGATTTGGGGCATTTTTAGGGGGTTT
GGGGATGATTTTGGGAGGTTTGGGGCCAATTTTGGGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACAATTTTGGGAGGTTTGGGGTTGATTTAAGGACATTTTGGGGCTTTTTGAGGGGATTTGGGGACATTTTGGGGGGGTTTGGGGATACCTGGAGGGGTCTGGGGACACCTTGGGGTGGTTTGGGACATTT
TGGGGATGATTTTGGGAGGTTTGGGGTTGATTTAAAGACATTTTGGGATATTTTGAGGGGATTTGGGGACGTTTCGGGACATTTCGAGGAGATTTTTGGGACATTTTGAGGAGTTGTGGGGCCACCTGGAGATGGTTGGGGACACTTAGGGACATCAGGGCCACTTTGGGGATGATTTGGGGAGGTTTGGGGTCGATTTAAGGACATTTTTGGGACATTTTGGGACGTT
TTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACACTTTGGGGACAATTTTGGGAGGTTTGAGACCAATTTTAGGGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGATTTGGAGACACCTGGAGGGGTCTGGGGACAACTTGGGCTGGTTGGGGACACTTTGGGGATGATTTGGGGACGTTTGGGTTTCATTTTGGAGCATTTTGAGAGGATTTGGGGACCA
TTTTGGGAGGTTTGGGGCTGATTTTGAGAGGTTTGGATCCAACTTTGGAGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGATGATTTTGGGAGGTTTGGGACCAATTTTGGGGCATTTTGAGGGGATTTGGGAACATTTTGAGGGGTTTGGGGATGATTTTGGGAGGTTTAGGGTCGATTTAAGGCCATTTTGGGGCATTTTGAGGGGATTTGGGGCCA
TTTTGAGGGGGTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGATCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGG
TTTGGGGACACCTGGAGGGGTCTGGGGACAACTTGGGGTGCTTGGGAACACTTTGGGGACGATTTTGGGAGGTTTGGGGCCAATTTTGGGTCATTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGGGTCTGGGGACACCTTGGGGTGGTTGGGAACACTTTGGGGACGATTTGGGGAGGTTTGGGGTTGAT
TTAAGGATATTTTGGGACATTTTGAGGGGTTTGGGGACACTTTGGGGACAATTTTGGGAGGTTTGGGGCCAATTTTGGGTCCATTTTGAGGGGATTTGGGGCATTTTGAGGGGTTTGGAGACACCTGGAGGGGTCTGGGGACACCTTGGGGTGGTTGGGGACACTTTGGGGACGATTTTGGGAGTTGTGGGGCCAATTTTGGGGCATTTTGAGAGGATTTGGGAACGAT
TTTGGGAGGTTTGGATCCAACTTTGGGGCATTTTGAGTGGATTTGGGGCATTTTTAGGGGGTTTGGGGATGATTTTGGGAGGTTTGGGGCCAATTTTGGGGCATTTTGCGGGGATTTGGGGACATTTTGAGGGGTTTGGGGGCCACCTGGATATGGTTGGGGACACTCAGGGACATCAGGGCCACTTTGGGGACGATTTGGGGAGGTTTGGGGTCGATTTAAGGCCATT
TTGGGAGGTTTGGGGACATTTTGAGGGGATTTGGGGCCATTTTGAGGGCTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGATCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTT
GGGGCTTTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGAGTCTGGGGACACCTTGGGGTGGTTGGGAACACTTTGGGGACGATTTGGGGAGGTTTGGGGTTGATTGAAGGGCATTTTGGGACATTTTGAGGGGTTTGGGGCCACTTTGGGGACAATTTTGGGAGGTTTGGGGCCAATTTTGGGGCCATTTTGAGGGGATTTGGGGCATTTT
TAGGGGGTTTAGAGACACCTGGAGGGGTCTGGGGACACCTTGGGCTGGGTGGGGACACTTTGGGGACAATTTTGGGAGGTGTGGGGCCAAATTAGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGGTTTGGGGACATTTTGGGGATGATTTGGGGGGATTTGGGGCCAATTTTGGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGATTTGGGGACGATTT
TGGGAGGTTTGGGGTCGATTTAAGGCCATTTTGAAGGGTTTTGGGGCCACCTGGAGATGGTTGAGGACACTTAGGGACATCAGGGCCACTTTGGGGATGATTTGGGGAGGTTTGGGGTCCATTTAAGGCCATTTTGAGAGGTTTTGGGACATTTTGAGGGGATTTGGGGCCATTTTGAGGGGATTTGGGGCCATTTTGAGGGGGTTTGGGGCCACTTTGGGGCCACTTT
GGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGGTCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACGTTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGGGT CTGGGGACACCTTGGGGTGGGTGGGGACACTTTGE
GGACAATTTTGGGAGGTTTGGGGCCAAATTAGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGGTTTGGGGACATTTTGGGGACGATTTGGGGGGATTTGGGGACCATTTGGGGGGATTTGGGGCCAATTTGGGGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACGATTTTGGGAGGTTTGGGGTCGATTTAAGGCCATTTTGAAGGGTTTTG
GGGCCACCTGGAGATGGTTGGGGACACTCAGGGACATCAGGGCCACTTTGGGGACGATTTGGGGAGGTTTGGGGTCGATTTAAGGCCATTTTGTGACATTTTGGGACGTTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGCCATTTTGAGGGCTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGGTCCCCACGAGGG
CCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTGGGGGGGTTTGGGGCCAATTTTGGGTCATTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGAGTCTGGGGACACCTTGGGGTGGTTGGGGACCCTTTGGGGATGATTTTGGGAGGTTTGGGGTT
GATTGAAGGACATTTTGGGACATTTTGAGGGGTTTGGGGACACTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACAATTTTGGGAGGTTTGGGGTCGATTTTGGGACATTTTGAAGGGTTTTGGGGCCACCTGGAGATGGTTGGGGACACTCAGGGACATCAGGGCCACTTTGGGGACG
ATTTGGGGAGGTTTGGGGTCGATTTAAGGCCATTTTGGGAGGTTTTAGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGATTTGGGGCCATTTTGAGGGGCTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGATCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACAT
TTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGACACCTGGAGGGGTCTGGGGACACCTTGGGATGGGTGGGGACACTTTGGGGATGATTTTGGGAGGTTTGGGGCCAAATTAGGGCATTTTGAGGGGACTTGGGGACATTTTGAGGGGGTTTGGGGACATTTTGGGGACGATTTGGGGGGATTTGGGACCAATTTTGGGGC
ATTTTGAGGGGATTTGGGGACATTTTGAGGGGATTTGGGGACAATTTTGGGAGGTTTGGGGTCGATTTTGGGACATTTTGAAGGGTTTTGGGGCCACCTGGAGATGGTTGGGGACACT CAGGGACATCAGGGCCACTTTGGGGATGATTTGGGGAGGTTTGGGGTCGATTTAAGGACATTTTGGGACATTTTGAGGGGTTTTGGGGACATTTTGAGGGGATTTTGGGGC
ATTTTGAGGGGTTTGGGGACACTTTGGGGACAATTTTGGGAGGTTTGAGACCAATTTTGGGTCATTTTGAGGGGATTTGGGGACATTTTGAGAGGATTTGGAGACACCTGGAGGGGTCTGGGGACAACTTGGGGTGGTTTGGGACATTTTGGGGATGATTTGGGGACGTTTGGGTTTCATTTTGGAGCATTTTGAGAGGATTTGGGGACCATTTGGGGAGGTTTGGGGC
TEATTTTGGGAGGTTTGGATCCAACTTTRGGGCATTTTGAGGGGATTTRGGGCATTTTTAGGGGGTTTRGGGC TRATTTCGGGAGGTTTGGATCCAACTTTRGGGCATTTTRAGGGGATTTGGGAACATTTTRAGGGGTTTRRGGATGATTTTGRGAGGTTTARGGTCGATTTAAGGCCATTTTGGGGCATTTTGAGGGGATTTAGGGACGTTTTGAGGGCTTTGGGGC




Pangenome graph depth shows single-copy
regions surrounded by complex VNTRSs
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odgi visualization of pangenome graph depth based on
26 MHC-containing scrub jay haplotypes, up to ~480 kb

regions are indels between haplotypes
regions are SNP variation
Red regions are low-complexity and repetitive regions

made with odgi and pangenome graph builder pipeline
Guarracino et al. 2021. Bioinformatics, in press.



Graph depth shows single-copy regions
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Structural variation in another
dynamic genic region

< 89 kb >
33,570 kb 33,580 kb 33,590 kb 33,600 kb 33,610 kb 33,620 kb 33,630 kb 33,640 kb 33,65
I I I I I I I I I I I I I I I I I I
LOC116807399
HHHHH

- < intron exons

node depth

high low



count

5000 -

4000 -

3000 A

2000 -

1000 -

MHC region has more numerous and longer
structural variants than hox1a region
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SV llele fregency

Low frequency of large SVs in both MHC
and hox1a regions (~400-kb)
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Telomeres — barometers of age and stress in birds
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CHRONIC INFECTION

Hidden costs of infection: Chronic

malaria accelerates telomere degradation
. and senescence in wild birds
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https://medibalans.com/telomere/ Ashgar et al. 2015. Science 347:436-438



[ehyel.elele TTAGGGT TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGiwV:elelelwiv.Tele
GTTAGGGTTAGGGTTAGGGGGTTAGGGTTAGGGGGTTAGGGTTAGGGTTAGGGTTAGGGT
pv.lelee TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGG WY eleeyuiv.leeleyy
TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTGGGTTAGGGCTAGGGTT
T TAGGGTTAGGG T TAGGGTTAGGGTTAGGGT TAGGG T TAGG G e e
AGGGTTAGGGTTAGGGTTAGGGTTAGGGGGTTAGGGTTGGGTTAGGGTTAGGGTTAGGGT
TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTGGTTAGGGTTAGGGTTAGGGTTAG
ee TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGyV lele/eiuv ele ey (e
e e TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGyV lele/ejuiv.(ele ey (e
e[ TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGG WY \eleeugiv (e eleiy.Tele)
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG WV Nelelegpiv.leleleiyy (el
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGiwv:Neeleigiv.leleeiuy.eel
GTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTTGGGTTAGGGTTAGGGTTAGG

TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGiwv:Neleleigiv.leleejuv.ele)
GTTAGGGTTAGGGTTTGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGG
ey teeeiyylee e TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT TAGGGTTAGGG W e
GGTTAGGGTTAGGGTTAGGGTTAGGGTTTGGGTTAGGGGGTTAGGGTTAGGGTTTGGGTT
AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGT
TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTGGGTTAGGGTTAGGGGT
TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGTTAGGGTTAGGGT
pv:leeciuyleeeiyieeeTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT TAGGGHS
TAGGGTTAGGGTTAGGGTTTGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT
TAGGGTTAGGGTTAGGGTTGGGTTAGGGGTTGGGTTAGGGTTAGGGTTAGGGGTTAGGGT
TAGGGTTAGGGTTTGGGTTAGGGTTAGGGGTAGGGTTAGGGTTAGGGTTTGGGTTAGGGT
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGG WV elelegv eeleiyy.(eleel
TTGGGTTAGGGTTAGGGTTGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTT
AGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTGGGGTTAGGGT

GGGGTTAGGGTTAGGGTTAGGGTTAGGGTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTT
AGGGTTAGGGTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGGTTAGGGGTTAGGGTTAGGG
T TAGGGTTAGGGTTAGGGTTAGGGTTAGGGT TAGGCTTAGCCIIR eV Iceiy v IcEle
TTGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT
TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGGTAGGGTTAGGG
TTAGGGTT TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGMY leleeyy
TAGGGTTAGGGTTAGGGTTGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTT
AGGGTTAGGGTTAGGGTTAGGGTTGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG
GGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTA
GGGTTAGGTTAGGGTTAGGGTTAGGGTTAGGGTTTGGGTTAGGGTTAGGGTTAGGGTTAG
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG WV leleleiyy Teeeyy Te]
(66 TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGY \eleleuiv.(eleelyy.Te]
(e TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGgY \eleleugy.(eleledyy.le]
(eeigy teeeigyieee TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGG GV ele]
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG WV eleeiyy leeleiyipees
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGE v lelele gy eeleipy e
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG MV leleleiyv Neleeluy (e
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG gV leleleiyy leleleyyy Te]
(e TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG gV \eleleiiv.eleeyiyy.le]
GGTTAGGGTTAGGGTTAGGGTTAGGGTTTGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG
GGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTGGGTTAGGGTTAGGGTTAGG
(ee TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGV:NeleledpvNeeeyyy el
GGTTAGGGTTAGGGTTAGGGTTTGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG
(ee TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG GV leleeigy e e ey el
GGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTGGGTTAGGGTTAGGGTTAGG
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG gV leleeiyy Teleeiypyee
(¢¢e TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGV:{eleleinv Neeeigy.(ee]
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGHWV eleeiny: Teleelyy.(ees
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG gV eleleiv-Neleley(ees




Scrub jay telomeres are usually ~3-10 kb long
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Telomere sequences are generally found
at chromosome ends
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Telomere abundance declines with age in Florida birds
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Conclusions

« Scrub-jay genomes are repeat-rich

« The MHC class Il region is much more complex than chicken
and likely dispersed on multiple contigs and chromosomes

 Pangenome graph analysis illustrates dynamic and conserved
regions of the scrub-jay genome

 Large structural variants appear in lower frequency than small
ones

 Pangenome analysis will likely become the common standard
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