ecology and evolution of natural populations

Scott V. Edwards

Museum of Comparative Zoology, Harvard University, Cambridge, USA




Pangenomes: moving beyond reference-based genomics

Read mapping to a reference (iterative assembly)

Unaligned reads

Assemble

Pangenome reference

Alignment of de novo assembled genomes

Pan-genome graph

B Dispensable genome B Core genome Bayer et al. 2020. Nature Plants 6: 914-920.



Reference model

Reference-free genomics

Genomic Pangenomic

A=

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 Q 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)

transposon
= core genes transposon

isolate 1 i ()
T - isolate 1 P
= 5] - I ——— - -
ole? W e am— 2z R L .
isolate 2——— =

accessory accessory
gene gene

orthogroups sequence similarity

N N I

https://pathogen-genomics.org/research/



Pangenome approach to comparative genomics

a s’cm 1- _____________________ _-_ b Lineage- specnflc sequence (%)
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Feng et al. 2020. Nature 587:252-257.



Recent history of
House Finch populations

historic
range

~1870
bottleneck?




Rapid spread of Mycoplasma in House
Finch populations

Courtesy Cornell Lab of Ornithology

Mycoplasma is transmitted horizontally, often at bird feeders
Expanded throughout the eastern US 1n just five years

Has now crossed the Rockies and 1s 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

v Delaney et al. 2012. PLoS Genetics



Pangenome of Mycoplasma gallisepticum

Key
— Conservedgenes o7 The size of the pan-genome was determined
+ Total genes using 10,000 permutations by microPan
4000 -
Feature Info Number of genes Percentage
3000 ~ Core genes (99% <= strains <= 100%) 674 14.586
a Soft core genes (95% <= strains < 99%) 464 10.041
o) —
QC_) a=0.4149835 Shell genes (15% <= strains < 95%) 412 8.916
8 Cloud genes (0% <= strains < 15%) 3071 66.457
g 2000 - SGF one copy in all strains 141 3.051
=z SGF without recombination signals 117 2.532
Total genes (0% <= strains <= 100%) 4621 100
1000
Alpha value: the number of gene clusters we would see
if we collected all genomes of the species
0- New data: Determine the alpha value using MicroPan
0 o5 50 75 the pan-genome is closed if the estimated alpha is above 1.0

No. of genomes



Genes

Mycoplasma pangenome gene repertoire is highly strain-specific

Bird.Type

Turkey

Chicken

Chicken/Breeders . Gene presence
~ Goldfinch
" House_Finches . Gene absence

N/A

Other 20-

Turkey/Breeders St ra | ns

SEESEEEED MNESSHIEESN SR Bird.Type

15~
solation source
Turkey
Chicken
10- ® Chicken/Breeders
o
O ® Goldfinch
o
® House_Finches
* N/A
Other
5-
Turkey/Breeders
-5-

PC1




House Finch Mycoplasma strains have distinct CRISPR and prophage landscapes

i
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Host switch



Mycoplasma epizootic likely began ~2 years before first detection

1000

Effective
population
size

1001

107

1990 1995 2000 2005 2010 2015

Time

Similar results using BEAST and Stairway plot



Birds have small, streamlined genomes

A) 100

Genome size (2c, pg)

. JMI /amphiﬁfrﬂiaésirds

Waltari & Edwards. 2002. Am. Nat.

Reptiles
~ 18,000
extant species
3232 o 23 35
Genome size (Gb) &¢ 14 5 s Q
©
52 Q 46
Karyotype 36 | 36 36 |
yotype SgEE = 36 A 8
Sex chromosomes ‘M) : E ﬂ
:#:35%
13% o,
7% 4% 8%
Interspersed repeats (o o) ° 3%
48%
43% 4 42%
G+Ccontent ‘o o2 Al e g é
Aves Sphenodon
Crocodylia \/
y
Testudines Squamata Mammalia
Archosauromorpha Lepidosauromorpha

Amniota

Organ et al. 2010. Ann. Rev. Genom. Hum. Genet.



Avian genomes are growing with each
new technology

8.0e+08 -

mean gehome size (bp)

4.0e+08 -

0.0e+00 -

Chromosome Scaffold Co;ﬂig

Assembly type
Data from NCBI, accessed 13 Nov. 2021




decimalLatitude

45-

40-

Three scrub-jay (Aphelocoma) species
in pangenome project

n=14

B l

Woodhouse’s scrub jay

A. woodhouseii
weight 76.9 -77.7 g %
N ol

* Goal: study genome
complexity and estimate
fitness effects of structural

3.

variation

.

Island scrub jay
A. insularus
weight 111-124 g

Florida scrub jay
A. coerulescens
weight 75 -79.3 g

Datapoints from gbif.org


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

Error rate (%)

10

0.1

lllumina reads
(2008)

Noisy long reads (2013)

HiFi reads
(2019)

L}

102

10°

10* 10° 10°

Read length (bp)

Coutesy Haoyu Cheng, Dana Farber Cancer Institute



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

Corrected reads

Haplotype 1 Reads of both haplotypes
............. I ]| | i - . - -
— | | i A | B - ,
[ |G| 1A | e
[ 16| 1[ [ | I ] 4 [ T ]
LI Il L1 ' : 6 ————1 ' s ——1
- = 1 i — T o |
P . — Il ] i 1] G 1
[ AT 1k b7 s [ A ][ ] [ | ul — -
- | "G m—] I G ol —
Heterozygous allele
Haplotype 2
l Phased string graph construction
Heterozygous alleles Phased string graph

) ) (D
.«\1}1/ \2// »(\3/, o4

O0) $7)—{2)

@—0—0—@

Coutesy Haoyu Cheng, Dana Farber Cancer Institute



Frequency

Scrub-jay PacBio HiFi data characteristics

Average read length 14.8 kb Average coverage ~40X GC-content
= heterozygous homozygous 1200
; o _  regions regions
= \ — 1000 —
150 - c
215 g 800 -
100 - E S 600
= 1 ®
c L 400 -
50 — 30 5
6 0.5+ 200
o
0 — £ 0 0 -
"/0 0 20 30 40 50 339823088388 S
o 1o =20 3 (kb)40 50 _ kmer count PIESYEN BB 888N N
9 sequencing read GC—-content (%)

errors



Genome assembly with hifiasm yields
~1.3 Gb primary and haplotype assemblies

;:z
1000+ Number of contig A. woodhouseii
assembly contigs  N50 (Mb)
W primary 967 14.75
count M haplotype 1 1482 7.84
™ haplotype 2 1218 7.90
500 -
e 0 A T
2 10 20 30 40 S0 60 70 a0
0.

30 40 60 70 80
scaffold length (megabases)
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60-fold range in effective population size
across species

PSMC
SNP data from genome-wide dipcall regions

2.3kya 23kya 230kya 2.3Mya
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Li & Durbin. 2011. Nature 2011, 475:493-496; Flouri et al. 2020. Mol. Biol. Evol. 37: 1211-1223
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bpp

~2500 1-kb dipcall regions
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0.007;
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0
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——
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RepeatMasker analysis suggests over 25% repeats and transposable elements
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Assemblies of Island Scrub Jays are
~100 Mb smaller than Woodhouse’s Scrub Jay

N = 30, 30 and 28 haplotypes (Al, AW, AC)

259_08 n I :: (: | .
> 2.0e-08 A :: s
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S :
35 1.0e-08- ; " Island
" Woodhouse's
5.06_09 - - mean within
Ooe+00 - -~ : species
1.1 1.2 1.3 1.4

total assembly length (Gb)

sum of contigs of primary assembly from hifiasm



Estimates of max genome size from

Genomescope using k-mers
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Pangenome graphs capture

structural variation within species
!
>h1tg0001041 minigra ph Odgl Viz I
GGCGGGGCCCGGAGGGGCCGGGGCCGCTGAGGGGCCGCGGGTGCGGCAGAGCC
>h1tg0005281 — — — ﬁ
ATGGATACTTTCCAGTCAGAGCTTTATAATAATTTCCATAATTTAAATATTTT '
>h1tg0007951 odgi bandage 2
ACTTTGGGGACACCTTTGGGGACACCTCGGGGGACACTTTGGGCCACAAATC(
l | l | l |
unaligned fasta files build genome graph visualize genome graph :

o Y

A~ I T ] LN
2

Multiple sequence alignment Bidirected genome graph

Eizenga et al. 2021. Ann. Rev. Genomics Hum. Genetics



2D pangenome graph visualizations — PGGB/Odgi

Chr18—12 Mb Chr1—=160 Mb Chr23 -8 Mb
telomere kiss’




Variation in depth of a pangenome graph

depth of
MHC

graph (x)

medium
(self-)node-depth regions

depth = ~ n haplotypes

"GGGGATGATTTTGGGAGGTTTGGGGTTGATTTAAAGACATTTTGGGATATTT
"TGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACACTTTGGGGACAATT
"TTTGGGAGGTTTGGGGCTGATTTTGAGAGGTTTGGATCCAACTTTGGAGCAT
"TTTGAGGGGGTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCC
"TTGGGGACACCTGGAGGGGTCTGGGGACAACTTGGGGTGCTTGGGAACACTT
TTAAGGATATTTTGGGACATTTTGAGGGGTTTGGGGACACTTTGGGGACAATT

low node-depth
regions — SNPs
or small
indels

high node-depth regions —
large structural variants, satellites




Graph depth of microchromosome 27
correlates with LTRs and satellites
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graph depth chrom 8 (log scale)

Further examples of graph depth scans
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Graph depth of W chromosome
correlates with LTRs and satellites
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Genomic stability of 400-kb hox1a region in Western Scrub Jays

MCZ_orn_365326.
MCZ_orn_365326.
MCZ_0rn_365327.
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MCZ_orn_366493.
MCZ_orn_366493.
MCZ_orn_366494.
MCZ_orn_3664934.
MCZ_0rn_366498.
MCZ_0rn_366498.
MCZ_0rn_366499.
MCZ_0rn_366499.

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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The chicken MHC is small (~99 kb) and compact
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Florida

Island

Extraordinary haplotype diversity in
MHC class Il region in Scrub Jays
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Mhc class Il peptide binding regions are
phylogenetlcally dlverse on |nd|V|duaI haplotypes
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Visualization of MHC class Il region in 22 haplotypes
of Woodhouse’s scrub-jays with odgi

MCZ_orn_365326.
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MCZ_0rn_365336.
MCZ_0rn_365336.
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MCZ_0rn_366499.
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HCZqrn365326.hap2420 | -

HCZoriz6434, haplg2? | -

HCZoriz6433, hap2g7L | -

HCZormiz6430, haplg70 | -

*HCZornaB5338, hapl795 | -

HEZorn386493, haplzd
*HCZ,n386490, hap2g70
HCZqrn365326. haplg73

*HCZorn365338.h

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

3GGGT
\GGTT
3GGGT
ITT6G
SCACT
rGCGC
_TTGG

TTCTGTGTGGTTTTGGGGTGGTTTTAGGTGGTTTTGGGGAGGTTTTAGGGGGGTTTGGGGAGGTTTTAGGGGGTGTTGGGGAGGTTTTAGGGGGATTTTGGGGGGCTTGGGGAGACTTTGGGGTCACTGGGACACCTCGGGGACAGTTTTGGGGCGGGTTTGAGGCGGTTTTGGGGCTGTTTGAG
GGTTTTAGGGCGGTATTGGGGTGGGTTTAGGGGGTGTTGGGGGGGTTTTAGGGGGGTTTGGGGGGCCTTGGGGACACTTTGGGGGCACTGGGACACCTTGGGGACAGTTTTGGGGCGGGTTTGAGGCGGTTTTGGGGCTATTTGGGGCAATTTTGGGGCAATTTCTGTGTGGTTTTGGGGCGGTT
TTAGGGGGTGTTGGGGAGGTTTTAGGGGGTTTTGGGGCGCTTAGGGACACTTTGGEGGCACTGGGACAGCTCGGGGACAGCTTTAGGGTGGTTTGGGGTGGGTTTGGGGCGGTTTTGGGGCTGTTTGGGGCGGTTTTGGGGCATTTTGGGGCAATTTTGGGGCTTTTTGGGGTGGTTTTAGGGCE
TTTGGGGGGCCTTGGGGACACTTTGGGGGCACTGGGACACCTTGGGGACAGTTTTAGGGTGGGTTTGGGGCGGTTTTGGGGCTATTTGGGGCAATTTTGGGGCAATTTCTGTGTGGTTTTGGGGCGGTTTTAGGGGGAGTTCCGGGCAATTTCTGCGCGGGTTTGGGGAGGTTTTAGGGGGTGTT
GGTCACTGGGACACCTCGGGGACAGTTTTGGGGCGGGTTTGAGGCGGTTTTGGGGCTGTTTGAGGCAATTTTGGGGCATTTTGGGGCAGTTTTGGGGCGGTTTTAGGGGGAGT TCCGGGCAATTTCTGCGCAGTTTTGGGGAGGTTTTGGGGGTGTTGGGGAGGTTTTAGGGGGGTTTGGGGAAA
GGGACACCTCGGGGACAGTTTTGGGGCGGTTTTGGGGCAATTTCTGTGCAGTTTTGGGGCGGTTTTAGGGGGGGTTTGGGGCAATTTCTGCGCGGTTTTGGGGTGGTTTGGGGTGGTTTTGGGGGGCTTGGGGCCACTTTGGGGGCACTGGGACAGCTCGGGGACAGTTTTAGGGCGGGTTTGGE
GGTTTCGGGGAGGTTTTAGGGGGGTGTTGGGGGGGTTAGGGGGGTTTTGGGGGGTTTGGGGACACTTTGGGGGCACTGGGACACCTCGGGGACAGTTTTAGGGTGGGTTTGGGGCGGTTTTGGGGCAATTTTGGGGCTTTTTGGGGTGGTTTGGGGCAATTTCTGCGCGGTTTCGGGGAGGTTTT
GGACACTTTGGGGGCACTGGGACAGCTCGGGGACAGTTTTAGGGCGGGTTTGAGGCGGTTTTGGGGCTATTTGGGGCTTTTTGGGGCAATTTCTGTGTGGTTTTGGGGTGGTTTTAGGGGGTGTTCGGGAGGTTTTCGGGGGGTTTGGGGTGGTTTTAGGGGGATTTTGGGGGGCTTGGGGAGAC 3GGTT
TGAGGCGGTTTTGGGGCTGTTTGAGGCAATTTTGGGGCATTTTGGGGCTGTTTTGEGGCAGTTTTGGGGTGGTTTTAGGGGGAGTTTGGGGCAATTTCTGCGCGGTGTTGGGGAGGTTTTAGGGGGGTTTTGGGGACCTTGGGGACACTTTGGGGTCACTGGGACACCTCGGGGACCGTTTTAG . vt BN ¢ o
AATTTCGGGGAGTTTTGGGGTGATTTGGGGCGGTTTTAGGGTGGTTTTAGGGGGGTTTGGGGAGGTTTTAGGGGGGCTTGGGGGGCCTTGGGGGACACTTTGGGGG(ACTGGGACACCTCGGGGACAGTTTTAGGATTGTTTTGGCAATTTTGGGGCTGTTTGGGGCAATTTTGGGGCAGTTTTGGGGTGGTTTGGGGCAATTTTTGGGCGGTTTGGGGCAGTTCGGGG
CCATTTGGGGCAATTTCTGTGCAGTTTTGGGGGGGTTTGGGGTGGTTTTGGGGGGCTTGGGGACACTTTGGGGGCACTGGGACACCTTGGGGACATTTTTAGGGTGGTTTGGGGTGGTTTTGGGGCTGTTTGGGGCAATTTTGGGGCTTTTTGGGGTGGTTTGGGGCAATTTCTGTGCGGTTTGGGGGTTTGGGGCGGTTTAGGGGGGTTTGGGGAGGTTTTGGGGTGG
TTTTAGGGGGTTTGGGGTGGTTTTGGGGGGCCTTAGGGACACTTTGGGGGCACTGGGACACCTTGGGGACAGTTTGGGACAATTTTGGGGCAATTTCTGGGTGGTTTTGGGGTGGTTTTAGGGGGGATTGGGGTGGTTTAGGGTGGTTTGGGGCGATTTTAGGGGGGTCTGGGGCGGTTTTGGGGGTTTTTGGGGTGGTTTTGGGGGGCTTGGGGTCACTTTGGGGACA
CTGGGACAACTTGGGGACACTTTTGGGGGGAGCTCGGGGCTTTTGGGGTGATTTGGGGCGGTTTTGGGGTGGTTTGGGGTGGTTTTGGGGTGGTTTTAGGAGGTTTTGAAGGCCTTTTGGGGTATTTTTAAGGGATTTGGGGACATTTAGGGACATCCGTGCCCCCTCCTTGTGTCCCCACAGCCCCCCACGAGCACCACGAGGGCCACGGCCACTCCCACCACGGGCA
CGGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGT TTGGGGACACCTGGAGGGGTCTGGGGACACCTTGGGGTGGGTGGGGACACTTTGGGGACAATTTTGGGAGGTTTGGGGCCAAATTAGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGGT
TTGGGGACATTTTGGGGACGATTTGGGGGGATTTGGGGACGATTTGGGGGGATTTGGGGCCAATTTGGGGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACGATTTTGGGAGGTTTGGGGTTGATTTTGGGGCATTTTTAAGGGTTGTGGGGCCACCTGGAGATGGTTGGGGACACTCAGGGACATCAGGGCCACTTTGGGGATGATTTGGGGAGGTT
TGGGGTCCATTTAAGGCCATTTTGGGACATTTTGGGACGTTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGCCATTTTGAGGGCTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGGTCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACAGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTT
GGGGGGGTTGAGACCAATTTTGGGGTATTTGGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGGGTCTGGGGACACCTTGGGCTGGGTGGGGACACTTTGGGGACGATTTGGGGAGGTTTGGGGTTGATTTAAGGGCATTTTGGGACATTTTGAGGGGTTTTGGGAACACTTTGGGGACGATTTGGGGAGGTTTG
GGGCCAATTTTGGGTCCATTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGAGACACCTGGAGGGGTCTGGGGACACCTTGGGGTGGTTGGGGACACTTTGGGGACGATTTTGGGAGTTGTGGGGCCAATTTTGGGGCATTTTGAGAGGATTTGGGGCTGATTTTGGGAGGTTTGGATCCAACTTTGGGGCATTTTGAGGGGATTTGGGGCATTTTTAGGGGGTTT
GGGGATGATTTTGGGAGGTTTGGGGCCAATTTTGGGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACAATTTTGGGAGGTTTGGGGTTGATTTAAGGACATTTTGGGGCTTTTTGAGGGGATTTGGGGACATTTTGGGGGGGTTTGGGGATACCTGGAGGGGTCTGGGGACACCTTGGGGTGGTTTGGGACATTT
TGGGGATGATTTTGGGAGGTTTGGGGTTGATTTAAAGACATTTTGGGATATTTTGAGGGGATTTGGGGACGTTTCGGGACATTTCGAGGAGATTTTTGGGACATTTTGAGGAGTTGTGGGGCCACCTGGAGATGGTTGGGGACACTTAGGGACATCAGGGCCACTTTGGGGATGATTTGGGGAGGTTTGGGGTCGATTTAAGGACATTTTTGGGACATTTTGGGACGTT
TTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACACTTTGGGGACAATTTTGGGAGGTTTGAGACCAATTTTAGGGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGATTTGGAGACACCTGGAGGGGTCTGGGGACAACTTGGGCTGGTTGGGGACACTTTGGGGATGATTTGGGGACGTTTGGGTTTCATTTTGGAGCATTTTGAGAGGATTTGGGGACCA
TTTTGGGAGGTTTGGGGCTGATTTTGAGAGGTTTGGATCCAACTTTGGAGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGATGATTTTGGGAGGTTTGGGACCAATTTTGGGGCATTTTGAGGGGATTTGGGAACATTTTGAGGGGTTTGGGGATGATTTTGGGAGGTTTAGGGTCGATTTAAGGCCATTTTGGGGCATTTTGAGGGGATTTGGGGCCA
TTTTGAGGGGGTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGATCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGG
TTTGGGGACACCTGGAGGGGTCTGGGGACAACTTGGGGTGCTTGGGAACACTTTGGGGACGATTTTGGGAGGTTTGGGGCCAATTTTGGGTCATTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGGGTCTGGGGACACCTTGGGGTGGTTGGGAACACTTTGGGGACGATTTGGGGAGGTTTGGGGTTGAT
TTAAGGATATTTTGGGACATTTTGAGGGGTTTGGGGACACTTTGGGGACAATTTTGGGAGGTTTGGGGCCAATTTTGGGTCCATTTTGAGGGGATTTGGGGCATTTTGAGGGGTTTGGAGACACCTGGAGGGGTCTGGGGACACCTTGGGGTGGTTGGGGACACTTTGGGGACGATTTTGGGAGTTGTGGGGCCAATTTTGGGGCATTTTGAGAGGATTTGGGAACGAT
TTTGGGAGGTTTGGATCCAACTTTGGGGCATTTTGAGTGGATTTGGGGCATTTTTAGGGGGTTTGGGGATGATTTTGGGAGGTTTGGGGCCAATTTTGGGGCATTTTGCGGGGATTTGGGGACATTTTGAGGGGTTTGGGGGCCACCTGGATATGGTTGGGGACACTCAGGGACATCAGGGCCACTTTGGGGACGATTTGGGGAGGTTTGGGGTCGATTTAAGGCCATT
TTGGGAGGTTTGGGGACATTTTGAGGGGATTTGGGGCCATTTTGAGGGCTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGATCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTT
GGGGCTTTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGAGT CTGGGGACACCTTGGGGTGGTTGGGAACACTTTGGGGACGATTTGGGGAGGTTTGGGGTTGATTGAAGGGCATTTTGGGACATTTTGAGGGGTTTGGGGCCACTTTGGGGACAATTTTGGGAGGTTTGGGGCCAATTTTGGGGCCATTTTGAGGGGATTTGGGGCATTTT
TAGGGGGTTTAGAGACACCTGGAGGGGTCTGGGGACACCTTGGGCTGGGTGGGGACACTTTGGGGACAATTTTGGGAGGTGTGGGGCCAAATTAGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGGTTTGGGGACATTTTGGGGATGATTTGGGGGGATTTGGGGCCAATTTTGGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGATTTGGGGACGATTT
TGGGAGGTTTGGGGTCGATTTAAGGCCATTTTGAAGGGTTTTGGGGCCACCTGGAGATGGTTGAGGACACTTAGGGACATCAGGGCCACTTTGGGGATGATTTGGGGAGGTTTGGGGTCCATTTAAGGCCATTTTGAGAGGTTTTGGGACATTTTGAGGGGATTTGGGGCCATTTTGAGGGGATTTGGGGCCATTTTGAGGGGGTTTGGGGCCACTTTGGGGCCACTTT
GGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGGTCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACGTTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGGGTCTGGGGACACCTTGGGGTGGGTGGGGACACTTTGG
GGACAATTTTGGGAGGTTTGGGGCCAAATTAGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGGTTTGGGGACATTTTGGGGACGATTTGGGGGGATTTGGGGACGATTTGGGGGGATTTGGGGCCAATTTGGGGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACGATTTTGGGAGGTTTGGGGTCGATTTAAGGCCATTTTGAAGGGTTTTG
GGGCCACCTGGAGATGGTTGGGGACACTCAGGGACATCAGGGCCACTTTGGGGACGATTTGGGGAGGTTTGGGGTCGATTTAAGGCCATTTTGTGACATTTTGGGACGTTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGCCATTTTGAGGGCTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGGTCCCCACGAGGG
CCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACATTTTGGGGACGATTTGGGGGGGTTTGGGGCCAATTTTGGGTCATTTTGAGGGGATTTGGGGCATTTTGAGGGGATTTGGGGACGTTTTTAGGGGGTTTGGGGACACCTGGAGGAGTCTGGGGACACCTTGGEETGGTTGGGGACCCTTTGGGGATGATTTTGGGAGGTTTGGGGTT
GATTGAAGGACATTTTGGGACATTTTGAGGGGTTTGGGGACACTTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGACATTTTGAGGGGTTTGGGGACAATTTTGGGAGGTTTGGGGT CGATTTTGGGACATTTTGAAGGGTTTTGGGGCCACCTGGAGATGGTTGGGGACACTCAGGGACATCAGGGCCACTTTGGGGACG
ATTTGGGGAGGTTTGGGGTCGATTTAAGGCCATTTTGGGAGGTTTTAGGACATTTTGAGGGGATTTGGGGACATTTTGAGGGGATTTGGGGCCATTTTGAGGGGCTTTGGGGCCACTTTGGGGCCACTTTGGTGGCCTCAGTGCCCCCTTTTGTCCCTGCAGATCCCCACGAGGGCCACGGCCACTCCCACCACGGGCACGGTGAGAGCCCAGGGCACCCTGGGGACAT
TTTGGGGACGATTTTGGGGGGTTTGGGGCCAATTTTGGGGCATTTTGAGGGGATTTGGGGACACCTGGAGGGGTCTGGGGACACCTTGGGATGGGTGGGGACACTTTGGGGATGATTTTGGGAGGTTTGGGGCCAAATTAGGGCATTTTGAGGGGACTTGGGGACATTTTGAGGGGGTTTGGGGACATTTTGGGGACGATTTGGGGGGATTTGGGACCAATTTTGGGGC
ATTTTGAGGGGATTTGGGGACATTTTGAGGGGATTTGGGGACAATTTTGGGAGGTTTGGGGTCGATTTTGGGACATTTTGAAGGGTTTTGGGGCCACCTGGAGATGGTTGGGGACACT CAGGGACATCAGGGCCACTTTGGGGATGATTTGGGGAGGTTTGGGGTCGATTTAAGGACATTTTGGGACATTTTGAGGGGTTTTGGGGACATTTTGAGGGGATTTTGGGGC
ATTTTGAGGGGTTTGGGGACACTTTGGGGACAATTTTGGGAGGTTTGAGACCAATTTTGGGTCATTTTGAGGGGATTTGGGGACATTTTGAGAGGATTTGGAGACACCTGGAGGGGTCTGGGGACAACTTGGGGTGGTTTGGGACATTTTGGGGATGATTTGGGGACGTTTGGGTTTCATTTTGGAGCATTTTGAGAGGATTTGGGGACCATTTGGGGAGGTTTGGGGC
TEATTTTGRGAGGTTTGRATCCAACTTTRGGGCATTTTRAGGGGATTTRGGGCATTTTTAGGGGGTTTAGAGC TRATTTCGGGAGGTTTRGATCCAACTTTARGGGCATTTTGAGGGGATTTGGGAACATTTTRAGGGRTTTRGGGATGATTTTRGGAGGTTTRGGGTCGATTTAAGGCCATTTTGGGGCATTTTRAGGGGATTTRGGGACGTTTTGAGGGCTTTGGGGC
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#SVs

SVs from PGGB: Danielle’s plots
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inversion lengths longer in heterozygotes
Florida Island Woodhouse’s

b

327 inversions across data set; range 233 bp — 99.5 kb (hard limit); 16-53 per haplotype

inversion length (bp — log scale)
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SVs counted in diploid mode with svim-asm: Heller et al. 2021. Bioinformatics 36: 5519-5521.



Telomere sequences are generally found
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Telomere abundance declines with age in Florida birds
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Linking structural variants to gene expression

4.1 million polarized Biallelic

SVs < 8 missing genotypes
Minor allele count > 3

Variant size >= 10

RUIUELCRER:-SE S 31,000 candidate SVs

Test Reference vs
Alternate expression

of nearest gene in
each tissue with
DESeq?2
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Structural variants affect gene expression

log2FoldChange

Significant (5% FDR)

® TRUE
® FALSE

58 SVs that are
associated with
expression
differences of

nearest gene, at 5%
FDR



Deletions have a bigger impact on
gene expression than insertions
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SVs influence tissue-specific gene expression
16 bp deletion in CNEE near CDH4 gene
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SVs influence tissue-specific gene expression
43 bp deletion near THRSPB
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Visualizing examples of SVs influencing
gene expression

gene-LOC116806707 — some AW birds with odgi viz 1D visualization of region around
0 and some with > 100 tpm gene-LOC116806707

gene expression (log TPM)

factor(genotype)



17bp deletion in a CNEE near the GTPBP2 gene

300-

Another example of SV and
gene expression
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Long SVs increase in frequency in
small populations

Woodhouse’s Scrub Jay Florida Scrub Jay Island Scrub Jay
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Distribution of fithess effects of SVs
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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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