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Bayer et al. 2020. Nature Plants 6: 914-920.

Pangenomes: moving beyond reference-based genomics



Reference-free genomics

Eizenga et al. 2021. Ann. Rev. Genomics and Human Genetics 



Open and closed pangenomes

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)

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



Pangenome approach to comparative genomics

Feng et al. 2020. Nature 587:252-257.



Birds have small, streamlined genomes

Waltari & Edwards. 2002. Am. Nat. Organ et al. 2010. Ann. Rev. Genom. Hum. Genet.

amphibians

mammals

birds



Avian genomes are growing with each 
new technology

Data from NCBI, accessed 13 Nov. 2021
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Three scrub-jay (Aphelocoma) species 
in pangenome project

Florida Scrub-Jay

Island Scrub-Jay

Woodhouse's Scrub-Jay

n = 15

n = 14

n = 15

Island scrub jay

A. insularus

weight 111-124 g

Florida scrub jay

A. coerulescens

weight 75 – 79.3 g

Woodhouse’s scrub jay

A. woodhouseii

weight 76.9 -77.7 g

Datapoints from gbif.org
Images from https://birdsoftheworld.org

• Goal: study genome 

complexity and estimate 

fitness effects of structural 

variation

https://birdsoftheworld-org.ezp-prod1.hul.harvard.edu/bow/species/flsjay/cur/introduction
https://birdsoftheworld-org.ezp-prod1.hul.harvard.edu/bow/species/issjay/cur/introduction
https://birdsoftheworld-org.ezp-prod1.hul.harvard.edu/bow/species/wooscj2/cur/introduction
https://birdsoftheworld.org/


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



PacBio HiFi reads are long and accurate

Coutesy Haoyu Cheng, Dana Farber Cancer Institute
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HiFi reads: long and accurate 
PacBio HiFi reads are long and accurate



Hifiasm – a HiFi accurate read assembler 
that resolves haplotypes

2

De novo genome assembly

Genome assembly

Coutesy Haoyu Cheng, Dana Farber Cancer Institute
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60-fold range in effective population size 
across species

Li & Durbin. 2011. Nature 2011, 475:493-496; Flouri et al. 2020. Mol. Biol. Evol. 37: 1211-1223

PSMC

SNP data from genome-wide dipcall regions

bpp

~2500 1-kb dipcall regions

humans

mean 16.1 snps/kb

6.4 snps/kb

0.6 snps/kb



RepeatMasker analysis suggests over 25% repeats and transposable elements

Woodhouse's Scrub-Jay

https://birdsoftheworld-org.ezp-prod1.hul.harvard.edu/bow/species/wooscj2/cur/introduction


Assemblies of Island Scrub Jays are 
~100 Mb smaller than Woodhouse’s Scrub Jay

mean within

species

Island Scrub-Jay

sum of contigs of primary assembly from hifiasm 

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

number of 

haplotypes

species

https://birdsoftheworld-org.ezp-prod1.hul.harvard.edu/bow/species/issjay/cur/introduction


Estimates of max genome size from 
Genomescope using k-mers
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Interspecific variation in repeat content…
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Telomeres – barometers of age and stress in birds

Ashgar et al. 2015. Science 347:436-438

infected birds

uninfected birds

https://medibalans.com/telomere/



Telomere abundances influenced by 
population size

Island     Woodhouse’s       Florida

   AI         AW                   AC

p
ro
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rt
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Species with smaller Ne are predicted to have shorter telomeres: 

Brown et al. 2024. Genome Biol. Evol. evae111

 



Pangenome graphs capture 
structural variation within species

minigraph

odgi

build genome graph visualize genome graph

odgi viz

bandage

unaligned fasta files

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



Distribution of genome-wide structural variants



2D pangenome graph visualizations – PGGB/Odgi

Chr 1 – 160 Mb

‘telomere kiss’

Chr 18 – 12 Mb Chr 23 – 8 Mb



Variation in depth of a pangenome graph

low node-depth

regions – SNPs 

or small

indels

medium

(self-)node-depth regions 

depth = ~ n haplotypes
depth of

MHC 

graph (x)

0

2
4

6

8

10

high node-depth regions – 

large structural variants, satellites



1

45

90

1,000

10,000

100,000

0 0.5 1 1.5 2 2.5 3 3.5
chromosome position (Mb)

g
ra

p
h

 d
e

p
th

 c
h
ro

m
o
s
o
m

e
 2

7
 (

lo
g
 s

c
a
le

)

Graph depth of microchromosome 27 
correlates with LTRs and satellites

g
ra

p
h

 d
e

p
th

 c
h

ro
m

o
s

o
m

e
 2

7

chromosome position



Pangenome depth reveals chromosomal features



Number of structural variants scales with population size

Figure 4
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Indirect evidence for an interaction between 
selection and genetic drift for structural variants

Figure 4
S

N
P

S
V

 (>
5
0

 b
p
)

AW

AC

AI

SNP INDEL SV

cnee exon intron cnee exon intron cnee exon intron

4

0

4

     

Genomic region

AW

AC

AI

CNEE Exon Intron

Neutral Weak Moderate Strong Neutral Weak Moderate Strong Neutral Weak Moderate Strong

Deleter = Nes)

P
ro

p
o

rt
io

n

G

F

P
ro

p
o
rt

io
n

AW

AC

AI

CNEE Exon Intron Intergenic

S
N

P
S

V
 (>

5
0
 b

p
)

0 30 0 30 0 30 0 30

4

4

Derived allele count

A B C D
SNP SV

Bi-allelic Multi-allelic Bi-allelic Multi-allelic
     0

300

0

 5

C
o
u
n
t 

(m
ill

io
n
s)

C
o
u
n
t 

(t
h
o
u
s
a
n
d
s)

0

P
ro

p
o

rt
io

n
 s

h
a
re

d

All
AW
AC
AI

AW AC AI

SNP

INDEL

SV

E

4

SV/SNP INDEL/SNP

R
a
ti
o

HF
AW
AC
AI

ratio of SVs to SNPs shifts

in small population (AI)

Figure 4
S

N
P

S
V

 (>
5

0
 b

p
)

AW

AC

AI

SNP INDEL SV

cnee exon intron cnee exon intron cnee exon intron

4

0

4

     

Genomic region

AW

AC

AI

CNEE Exon Intron

Neutral Weak Moderate Strong Neutral Weak Moderate Strong Neutral Weak Moderate Strong

Deleter = Nes)

P
ro

p
o

rt
io

n

G

F

P
ro

p
o

rt
io

n

AW

AC

AI

CNEE Exon Intron Intergenic

S
N

P
S

V
 (>

5
0

 b
p
)

0 30 0 30 0 30 0 30

4

4

Derived allele count

A B C D
SNP SV

Bi-allelic Multi-allelic Bi-allelic Multi-allelic
     0

300

0

 5

C
o
u
n
t 

(m
ill

io
n
s)

C
o
u
n
t 

(t
h
o

u
s
a
n
d
s)

0

P
ro

p
o

rt
io

n
 s

h
a
re

d

All
AW
AC
AI

AW AC AI

SNP

INDEL

SV

E

4

SV/SNP INDEL/SNP

R
a
ti
o

HF
AW
AC
AI

proportion of variants shared between species

differs for SVs and SNPs



Nearly neutral molecular evolution

Bromham and Penny. 2003. Nature Reviews Genetics



Population size and 
rate of molecular evolution

deleterious mutations advantageous mutations

Effective population size (Ne) Effective population size (Ne)

S
u

b
s
ti

tu
ti

o
n

 r
a

te

Lanfear et al. 2014. Trends in Ecology and Evolution



SVs are on average more deleterious
than SNPs

mage result for tomoko ohta

Tomoko Ohta

Barton HJ, Zeng K: New Methods for Inferring the Distribution of Fitness Effects for INDELs and SNPs. Mol Biol Evol 2018, 35:1536-1546.
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Longer SVs rise to higher frequencies 
in island population

Density of ~485,000 structural variants extracted from PGGB pangenome graph

Island Florida Woodhouse’s



Inversions are common and track population size

Chr. 1A Chr. 5



Numerous inversions identified by 
pangenome and reference-based methods



Inversions show enhanced 
differentiation between species



Abundant copy-number variants 
and gene deletions

Using miniprot and pangene
Li et al. 2024. Bioinformatics
Li, H. 2023. Bioinformatics



Abundant copy-number variants 
and gene deletions



Gene copy number variants exhibit 
a surprising pattern



Copy number variants have 
functional consequences



Population size influences diversity of 
structural variants in scrub-jays



Conclusions

• Scrub-jay genomes are repeat-rich

• Structural variants generally track population size

• Structural variants are estimated to be slightly deleterious

• Gene copy number variants look strongly deleterious

• Pangenome analysis will likely become the common standard

Woodhouse's Scrub-Jay

https://birdsoftheworld-org.ezp-prod1.hul.harvard.edu/bow/species/wooscj2/cur/introduction
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