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3 Figure from Eizenqga et al., 2020.


https://dx.doi.org/10.1146%2Fannurev-genom-120219-080406
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GAAACAACTAAATATGTTATCAATCCATCATTTACTTGTACAATAAATAAAGTTCTAAATCACTGCACAGTGTAAAATGG
CAAATAGACTTCCCCATAACACAAAGCCATCCTGAAAAGTTTTGTTCATTTTAGAAGAAAAAATTTTAAAACCTGAGCAC
CATAGGATATGAATTTTGTAAATAATTATGAAAAGAAAACAACAATAATAAAACTCTACTAATCTTAGCTCGATCTTATA
AAAAGTTCCATAATGAGTAATCAAATTTTATTTCCAATTAAATATGTTATCACCCAGTAGTATGCCATACCAGTTTCTAA
TTCATACTTCAATTATCTTCTAATTTAAATTAATGACTATAATTGCTGTTATAAAACAACAGCTCTATAGCCTGCTATTC
AGACCAGTAAATAAGAGT TTAAGGGCTTGTGATAGCAAATGAAGTTTCTTATTGGATTTTAAGAAARATTTTTATAAAAA
TATGTGAGGTTATTCAATAGAATCACATTTAATTTGCCAAGCATTTTGCAGAATGCCTAGGACTATGTAAGAAGTATTAA
ATTTGCAAGCCCTTTGAATAGTTGTAATTTAAAGATAAAAATTGGTTTAATACCAGACAAAGATAGAAGCACAAGTTAGG
TTATTAGAGAATTTAGCCAGTGTATCAGTTTGTATCGTAAGT CATTGGCAAGAACAACGTGTACTTTTCTGTCACCTCCC
AACTAGCTATGTTTTGAGCAGTAGGAATATTTAATACCCCTTCCTCCCATTTTTCCTTTGTGTTGTCCAAATTCTGACAA
CTCTACTGCCAGATAGCTCAGGGCAMAAATGATAAAGTTCAAGTTAAGAAGGCTCTGCAGTGTTCTCAGTTCTCCTCTGG
TGAAAGAGGAGAAAGGTTGTGTTTAATTATGAATCTGGGATTTCCAAAACTTTACCCATGCCCTGCCTGTCCCCTCATTA
GCATGAAGCTGTTATTTAAATAGT TCAGCAATAACGACTTTAGTAGCCTCCCTAGGTTAAAAAGATTGAAATTAARTGTG
TTTATCTATTGTTCTACTATTCAGTTACCTGATTATAAAATCAAAGATTATTTCATGARACTCAGTACCCCTTCAGGGAA
AAAAAAAAAAAATTCCCTAAAACAAAGTTAGGAGAGT GAATCGGACCACATGCTTATCTCCAAGGT CTCAATCAAACAGC
AAMTGCTTACCCAACTTCTATTCAAMATATTTGCGCCAGTAGTTCTGATATGACCCAAGCAGAGTTCACACATTATTAAT
CTACTCCTTTCAGTCTTCTAGATGTGTTTCCTCCAAAATCTACCAGATT CTCAAATAATTTCAGGAACTTTCTCCAGAAC
AGAAACAAGGTTGTTACTGATACCAACTTTGTCTCCAAACATGGGOAAGATTATCATTGGAAAGATCTATTGATGACCTA
TAATACATAGTTGGAACTGTTTATCCACAGAAGTATTCCCCAAGAATCAACCACAGAGCCAAGATGGAGCTTATGTCATT
GTTATGCATACTTCTTTTACGGCTTGTGAGGGCAGTTCATACTATTCTGATTTTACAACTGAGACCCAAGGAACCTGAGT
GACTTCTAGGCTCCATTATGTCAAAAAAAACT CAAATGTGAGGCTTTGCCTACACTGAGAAACAGTAGTTCAAGAAACGG
TGCCCTGGTTCTGTTAAAATAATCTGAGAGT TATGTGGTAAGTAGTTGAGAGTGAATAGGGTAGCTTTGAGAGGTGACAG
CGTGCTGGCAGTCCTCACAGCCCTCGCTGECTCCAGGLGCCTCCTCTGCCTGGECTCCCACTTTGOCGGCACTTGAGGAG
CCCTTCAGCCCACCACTGCACTGTGGEAGCCCCTTTCTGGGLTGGCCAAGGCCGGAGCCGGLTCCCTCAGCTTGCAGGRA
GGTGTGGAGGGAGAGGLGLGAGCGGCAACCGGOGCTGLGCACGGCGTTTGLGGGCCAGTGGAGTTCTGEOTGEECGTGE
GCTTGGCGEECCCCGCACTCGGAGCAGCCGGLCAGCCCTTCCAGCCCCAGGCAATGAGAGGCTTAGCACCCGGGLCAGCA
GCTGCGGAGGGTGTACTCCGTCCCCCAGCAGTGCCAGCTCACAGGCGLTGCGCTCAATTTCTCACCGGGLCTTAGCTGLC
TTCGCGLGEEGGETGCTCOERACCTGCAGCCCGCCATGLCTGAGCTCCCACCCCCTCCATGOGLTCCCGTGCGCCCGAGT
CTCCCCGATGAGCACCACCCCCTGCTCCACGGLGCCCAGTCCCATCGACCACCCAAGAGCTGAGGAGTGLGGGLGCACGE
CGCGGGACTGGCAGGCAGCTCCACCTGCAGCTCTCGTGLGGGATT CACTGOGGGAAGCCAGCTGEGCTCCTGAGTCTGGT
GGGOACGTGOAGAACCTTTATGTCTAGCTCAGGGATTGTAAATACACCAATCGGCACTCCGTATCTAGCTCAAGGTTTGT
AAACACACCAATCAGCACCCTGTGTCTAGCTTAGTGTTTGTGAACGCACCAAGCCACACTCTGTATCTAGCTACTCTGGT
GGGGCTTTGOAGAACCTTTGTGTCCACACTCTGTAGCCAGCTAATCTGGTGGGGACATGEAGAACCTTTGGGTGTAGCTC
AGGGATTGTAAACGCACCAATCAGCGCCCTGTCAAAACAGAGGACT CGGCTCTACCAATCAGCAGGATGTGGGTGGGGCC
AGATAAGAGCATAAAAGCAGGCTGCCTGAGCCAGCAGTGGCAACCCGLTTGGGTTCCCTTCCACACTGTGOAAGGTTTGT
TCTTTCACTGTTTGCAATAAATCTTGCTGCTGCTCACTCTTGGGETCCACACTGCTTTTATGAGCTGTAACACTCACTGC
GAAGGTCTGCAGCTTCACTCCTGAAGCCAGCGAGACCACGAGCCCACCAGGAGGAACCAACAACT CCAGAAGCGLCGLCT
TAAGAGCTGTAACACTCACCGTGAAGGT CTGCAGCTTCACTCCTGAGCCAGCGAGACCACGAACCCACCAGAAGGAAGAA
ACTCCGAACACATCCGAACATCAGAAGGAACAAACT CCAGATGCGCCACATTAAGAGCTGTAACACT CACCGCGAGGGTC
CCTGGCTTCATTCTTGAAGT CAGTGAGACCAAGAACCCACCAATTTTGGACACAGTTTGACAATAAATTTACACTCAAAT
ATCTCTAAGGAATCAAACTTACAGATTAATAATTAGTAATCAGGTCACGTAAAGTAAATTATAAAMGAGCATTGATACCA
AGATTGGCAGAAAGTTTTTTGTGTGACAAAACCAAGTTTTGGCTAAGATACACACTGCTGATGGGAGTCTAAATTGCTGT
ATATGTCGGGAAAACAAGTTGTCTTTATCTTGATGTTATAAATAACCTATGACCCAGARATTTAACTCCTAGACATATAC
TCTAGTGAAACTCTTGAACGTGTGCGTCCAAAGACATTTATAAACATGATCTTAGTAGTATTGCTTTTAGTAGCAATTC
TGGAAACATCCCAAATGT CTATCAATAGTGGAATTGATTTGAAAGGGGTGTGGAATGGTAATATAATGGAATAGCCT/ MA
GCTGTTTAGATAAAGGAACTCCAATTAAACATACCAACAAAGATACATTTCAAAAACAAGACGTT!
ATCAAMACAATACACAACATTCTACCACATTTTTATAAATTCTH (AMATATG(MTATTMMATG{A’ITA’I'I'I’%AG
GCATTCAATGTAGCAATGCATTTTTAAGAGGCTGGGATGATAAATGTAAAATTCAGAACAGGTATTATCTCTGGGAACAG
TGCAGTGTTGGGAAGAAATACATATAAGTACAGCAGTAGAGGCAGACTTTTTTTTCCTTTTCCTTTTITC
CTTTATTTTTCCTAGCTTTCTTTTTCTTTAGCTATGGTATTTCTTTAGCTATGGTATGGTATGGTATGTACTTTCCATAT
ATCATACAGTATATTTTGGTGTGCATGAAATAGTCCTTAATAACATTTTTATTATTTTTTATTTGACGTTTAAGTTCAGG
GGTACATGTGCAGATTTGTTATATAGGTAAACTTGTGTCATGTGGTTTTGTTGCACAAATTATTTTCTCACCCAGGTATT
AAGATTAGTACCCATTAGTTATTTCTCTTGATCCTCTCCCTCCTCCCACTCTCCACCTTCTACCCTCCAATAGGCCCCAG
TGTGTGCTGTTCCCCTCTATGTGTCCATGTGTTCTCATCACTTAGCTCTCACTCATAAGTGAGAACATGCAGTATTGGGT
TITCTGTTTCTGCGTTAGCTTGCCAAGGATAATTGCCTCCAGCTCCATATTCCTGCAAAAGACATARTTTTGTTCCTTTA
TATGGTTGCATAGTATTCCATGGTGTATATGTACCGCATTATCTTTAGCCAGTCTATCATTGATGAGCACTTAGGTTGAT
TCCATGTCTTCGCTCTTAACATTTTTAAACAGT CTCTGAGTAGAATAGGGTAGGCTGGTGTAAGGAATTACTGTTTTTAA
TTGGAAGCAATTACATACTGCATTAAAAAGCATATATATATAGACACACATATATATGTTTTACATTCACATAATCAAAC
CAAAGCTTTCAGAATTTTCCGCCAAAAAGCATGTGTGGAGGGAGAGAGAGGGGTGTTATGGTGCATTTGTAGGCCCTGAA
ATAAAGTGATCTCCATATTTGCTTCCATTTGTGTATAAATATTTTTTAAGCATATATGCATCCTAGAGTATGGAAAGAAA
ATTTCTGGGAAGATTTGCAAGAATCTGTGGCAGT TGAGAGTAGGTTCACTTTCGCTTTATTGTGTAATTTATTGTATTTT
TCATTTAATTGTACTTTGTAAACTAAATATTTATTGTATATTTTACTTCATTTTTTAATTGCCATATGCAGCTTTAATTT
TATAACTAAATTACGTTCTGACCCAGGGCAGGAGGTGGAGAAGAGAATGAGAGAAGGGLGGAATCCT!
ATTCTGCGCTCCGCCCTGRAACACCCAGCGCAGCTACCCCATCCCGCCCAGGLCGGCCACCTGGCGTCGAAGCCAGGLGT
GAGGGOGLGEAGGLEOAGGLGGGEECGGEEECGEAGELGEAGGLEEAGGLGOAGGLGOAGGLGGAGGLGRAGGLGRAGGLE
GAGGCGAGCACCGCCCCACCGLGCACGLTGCGOTTGCCCCGGLAGCCGLGCCCTGCOTGECGGAAGCTCACAATCAGCCC
GGTCCCTCCOGCTTCCACCCCGLCCCCTGOGCTCACCTGCCCGLGCGLTCGCCTTCCGEERACCCOGGGLCCATGRACAC
ATACACCCAGCCCTGCTGTCCCGCGCGCCAGCTCACCAGCCCTACCCAAGGGACATCATT CACGLCTGGGCGCCTCCGLC
GGGLTCCGEOAGCCCAAGETCGLGECTGEECCAGCGLTGAGCGT CAGAGGACGAGAGCAGGGGLCTCCCCGGTCGCCCCA

Genome (FASTA)

We cannot update
a linear reference
sequence

##source=nutatrix population genome simulator
##500d=1373072756
##reference=chr{. fa
##phasing=true
##comandline=nutatrix -S sample -p 2 -n 100 chrQ.fa
##filter="AC > 0"
#INFO=<ID=TYPE, Number=A, Type=String,Description="Type of each allele (snp, ins, del, mnp, complex)"
##INFO=<ID=NA, Number=1, Type=Integer, Description="Number of alternate alleles">

umber=A, \Description="Length of each alternate allele">
##INFO=<ID-MICROSAT, Number=9, Type=Flag, Description="Generated at 2 sequence repeat loci">
##FORMAT=<ID=GT , Number=1, Type=String, Description="Genotype">

#2INFO=<ID=AC, Number=A, Type=Integer, Description="Total number of alternate alleles in called genotypes">

##INFO=<ID=AF, Number=A, Type=Float, Description="Estimated allele frequency in the range (0,11">

#2INFO=<ID=NS, Number=1, Type=Integer,Description="Number of samples with data">

#£INFO=<ID=AN, ther—l Type—lnteger Description="Total number of alleles in called genotypes">

#CHROM QUAL  FILTER INFO  FORMAT sampleddl sampledd2
2 NASI;NS=2

chrQ 1252 ( A 99
chrQ 3646 B TC 99
chrQ 6283 C T 9
chrQ 7412 C T 929
chrQ 7935 b C 9
chrQ 8131 T C 9
chrQ 8682 AA TG 9
chrQ 10926 E c 99 B H il
chrQ 11921 G 61T 99 . 25; AN=4; LEN=2; NA—l NS=2; TYPE=ins
chrQ 12055 T G 2 IS.MH LB&I NLl NS=2; TYPE—snp
chrQ 13868 T 6 9
chrQ 15271 A G 99
chrQ 15407 A C 9
rQ 16486 C G %9 B
chrQ 16563 T A 99 .25, AN=4; LEN=1;NA=1; NS=1 TYPE—snn
chrQ 16748 G1T G % .25, AN=4; LEN=2; NA=2;; NS=2 TYPE=del
chrQ 17697 G C 9 H
chrQ 19568 A G 9
chrQ 20750 G A 9
chrQ 21532 T C 29
chrQ 22291 c T 99
chrQ 23193 G A 2
chrQ 23954 aa TTAA 9
chrQ 24467 c T 9
chrQ 26100 G A 99 F=BA
chrQ 29654 T A 9 F=0.
chrQ 30062 T (5 9 F=0.
chrQ 317% A G 29 JAF=.
chrQ 32792 i 8 C 29 iAF=0.
chrQ 33376 o« c 29 F=0.
chrQ 33403 T c 29 F=0.
chrQ 33802 A G 99 F=0
chrQ 34450 C T 99 F=]
chrQ 34716 G A 99 F=0.
chrQ 35484 G A 29 F=0.
chrQ 36547 G A 9 ;AF=0.
chrQ 38015 ¢ A 29 F=0.
chrQ 38281 T C 9 F=0.
chrQ 46467 A G 99 F=0.
chrQ 40581 A G 99 F=0.
chrQ 40601 A T 9% F=0.
chel  ATAR 3 A m F=n

Variation (VCF)
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A solution to
“reference bias”
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Variation graphs answer a key problem in bioinformatics:

A\TCCATCAAC

TAGGGAAGTAZ




Variation graphs answer a key problem in bioinformatics:

A\TCCATCAAC

TAGGGAAGTAZ

How to represent both sequences and any kind of variation between them.



variation graphs are pangenome models
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variation graphs are pangenome models

e Y /A Ve - N

CATGC C T ACTCTTCCA CTTTGAACCCAAGCCCACA C CGTT T € G A TTGCT

... Which give us a simple way to project many genomes into vector spaces.



“New” ideas often have a long history

This all seems cool and “new” but
ideas are rarely that.

Pangenomes and variation graphs
have a long" history.

(Tfor genomics)

St. Agatha pipetting a
biosample into a
nanopore sequencer
c. 1420




pipette

biosample

nanopore
sequencer




502 D. Schmidt, R. Colomb | Int. J. Human-Computer Studies 67 (2009) 497-514
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Fig. 5. A variant graph. nine versions Valerio Magrelli’s

variation graphs: n new idea!
ariation graphs: not a new idea poem “Campagna Romana” (1981)
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Group B Streptococcus assemblies from 2002

https://doi.ora/10.1007/978-3-030-38281-0

Pangenome: not a new concept

First collections of multiple genomes
from the same species demonstrated
substantial differences.

This was unexpected and required
new theory to understand.

A single reference is not enough to
explain genomic diversity. Even many
genomes may not be enough.

Some genes are shared among all
individuals: these are “core”, while

025 Mb o5Mb 0.75 My 1Mb 126Mb 15Mb 175 Mb M 228 Mb OtherS are not_We Ca” them

“accessory”.


https://doi.org/10.1007/978-3-030-38281-0
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1 o S 3
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2 10 100
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The exponent a determines whether the pangenome is open (a < 1) or closed
(a > 1). The top panel shows data for an open pangenome species, P. marinus; httos://doi.ora/10.1007/978-3-030-38281-0

the bottom panel for a closed pangenome species, S. aureus


https://doi.org/10.1007/978-3-030-38281-0

Pangenome research timeline

2000-2010s: counting genes
~2015: let’s take it to the sequence level (genome graphs)

2020s: complete assemblies (T2T pangenomes)




github.com/vgteam/vg

“Computational pan-genomics: status, promises and
challenges” https://doi.org/10.1093%2Fbib%2Fbbw089
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https://doi.org/10.1093%2Fbib%2Fbbw089

Wauit! You can
align sequences
to graphs?

yup... we can generalize most
standard bioinformatic
algorithms to graphs, as in
Partial Order Alignment —

https://doi.ora/10.1093/bioinformatics/18.3.452



https://doi.org/10.1093/bioinformatics/18.3.452

And the FM-index?

Jouni Sirén generalized the
FM-index to work on a
transformation of the
variation graph (technically a
de Bruijn graph with k=256).

GCSA2 —

We use it to find MEMs just
as in bwa mem.

This seeds alignment to the
graph.

9 10 11
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[ PCGCTTGATGCCAGGA [GCCAGCCTGGGCAAAATAATGAGA! CTTGTCCCTG]
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reads aligned to a
variation graph



and long reads too!

a pacbio read vs. a yeast graph:

\
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nz}ture
biotechnology

Letter =~ Published: 20 August 2018

Variation graph toolkit improves read
mapping by representing genetic variation
in the reference

Erik Garrison , Jouni Sirén, Adam M Novak, Glenn Hickey, Jordan M Eizenga, Eric T Dawson, William

Jones, Shilpa Garg, Charles Markello, Michael F Lin, Benedict Paten & Richard Durbin

Nature Biotechnology 36, 875-879 (2018)  Download Citation X



Fraction of alternate allele

vg resolves reference bias at known indels in HG002
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Research ‘ Open Access ] Published: 17 September 2020

Removing reference bias and improving indel calling in
ancient DNA data analysis by mapping to a sequence
variation graph

Rui Martiniano, Erik Garrison, Eppie R. Jones, Andrea Manica & Richard Durbin
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Yamnaya (Early Bronze Age Kazakhstan)
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Using variation graphs
to observe CCR5-delta
in ancient samples

Rui Martiniano
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RESEARCH ARTICLE

GRAFIMO: Variant and haplotype aware motif scanning on
pangenome graphs

Manuel Tognon, Vincenzo Bonnici, Erik Garrison, Rosalba Giugno [&], Luca Pinello



CTCF Motif (MA139.1) Processed motif PWM

Haplotype motif candidate: GGGCCAGCAGGGAGCGCTEG

2.0
15
0
& 10
05 C
0.0 l é‘?‘ T[,\I L = =
1 2 3 4 56 7 8 9 10 11 12 13 14 15 16 17 18 19
Pangenome variation graph (VG) Retrieved motif occurrences and haplotype frequencies
- Sequence Log-odds | P-value | g-value | Reference |Haplotype
N F— score frequency
GGCCAGCAGGG |  GCGCTGTGGGGT
GGGCCAGCAGGGGGCGCTG| 28.22 751 | 3.86e° non ref. 32
—
TGGCCAGCAGGGGGCGCTG| 26.16 312610 | 7.72e® ref. 5063
Reference motif candidate: ceeecaceae P ———
AGCA TG| 19.43 7 -4 non ref. 1
Haplotype motif candidate: TGGCCAGCAGGGGGCGCTE latle tae
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Method | Open Access ‘ Published: 12 February 2020

Genotyping structural variants in pangenome graphs
using the vg toolkit

Glenn Hickey, David Heller, Jean Monlong, Jonas A. Sibbesen, Jouni Sirén, Jordan Eizenga, Eric T. Dawson,
Erik Garrison, Adam M. Novak & Benedict Paten
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HOME > SCIENCE > VOL.374,NO.6574 > PANGENOMICS ENABLES GENOTYPING OF KNOWN STRUCTURAL VARIANTS IN 5202 DIVERSE GENOMES

o) RESEARCH ARTICLE GENOMICS

Pangenomics enables genotyping of known structural
variants in 5202 diverse genomes

JOUNI SIREN , JEAN MONLONG , XIAN CHANG , ADAM M. NOVAK , JORDAN M. EIZENGA , CHARLES MARKELLO ,JONAS A. SIBBESEN

GLENN HICKEY , P-CHUAN CHANG (=) , ANDREW CARROLL , NAMRATA GUPTA , STACEY GABRIEL, THOMAS W. BLACKWELL, AAKROSH RATAN

KENT D. TAYLOR , STEPHEN S. RICH ,JEROME I. ROTTER , DAVID HAUSSLER , ERIK GARRISON, AND BENEDICT PATEN fewer Authors Info &

Affiliations

SCIENCE - 17 Dec 2021 - Vol 374, Issue 6574 - DOI: 10.1126/science.abg8871




vg giraffe: approach

TINCATTGACAG TAAGAT AT TTACACAC AN,

(B) Input Read

EEp—

minimizer Haol q
aplotype minimizer seedin
© Haplotype Minimizer Index L 9
le— e P i ——
Matching minimizer ' ! e o o e
— o ol ep—
— ==
‘Nonmatdhing
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vg giraffe
IS accurate
enough

True Positive Rate (Recall)
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vg giraffe is very fast

(A) TKG/GRCh37 NovaSeq 6000 Runtime
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vg giraffe
Improves
variant calling

0.6

05

04

0.3

Fraction of alternate allele

0.1

(A) Allele Balance - NovoSeq 6000 reads mapped to 1KG/GRCh37

0.2 4

l | I YWL‘ L4 iy L‘ V‘ - PR o S 0 KV.JA l‘/ﬂ\v .Y .‘»‘ yul - F |
i 7 AW AT T N . o — "o S Wi 7 y, AR W7, N 1 T
A }K\/"\/ﬁ?\l( ¥ L ™ Y ¥ V A di [Y ». #‘-\, /’\/ |
N1 ¥ Y T AR YA
Y NI |
II“
|
l ¥
|
BWA-MEM
VG-MAP
» Giraffe
-40 -30 -20 20 3’0 40

(B) HG002 v4.1 WGS High Confidence Regions Dragen Genotype Calls

3,854,000

3,852,000

3,850,000

3,848,000

3,846,000

3,844,000

True Positives

3,842,000

3,840,000

3,838,000

3,836,000

(baseline total=3869834) %
fast Giraffe F1:0.9961
99.55
Giraffe F1:0.9963
99.50
Giraffe primary F1:0.9958 i VG-MAP F1:0.9957
99.45
Dragen F1:0.9956
99.40
99.35
_— BWA-MEM F1:0.9951
99.30
99.25
99.20
99.15
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 18,000

False Positives

—
[F 8

-10 0 10
Insertion (+) or deletion (-) length

(C) HGSVC and GIAB SV
Genotyping Benchmarks

INS

HGSVC graph  — VG-MAP
HGSVC graph - Giraffe
GIAB graph = VG-MAP
GIAB graph - Giraffe

DEL

09 -

08 -

0.7 -

06 -

05 -

04 -

03 -

0.2 -

0.1 -

00 -

.
all

high—coﬁﬁden(e

Region

all high—confidence

presence . genotype



vg giraffe lets us scale: PCA from SVs in 5k genomes
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Building the
human pangenome
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A drafthuman pangenomereference
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Draft pangenome composition

Sample selection was constrained by:
trio status in Coriell biobank (-Europeans)
low cell line passage count (--Europeans)
genetic diversity (+++Africans)
drift (+Asians, ++Americas)
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Amazing assemblies approach reference quality

== Haploid

== Unknown
== Collapsed
== Duplicated

== Erroneous

@
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Nt idddda i dd
Mo

LLLLE
&

Q) ubus) ejoL

Male

Female

Haplotype-resolved assemblies from trio-hifiasm.

They are really good, according to realignment of reads to the

assemblies and model of assembly completeness—nearly as

good as T2T-CHM13!

Mobin Asri



Then we made 7 pangenome (reference) graphs...



a Reference
Minigraph R
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Minigraph

Heng Li (author of bwa,
samtools, minimap2,
miniprot, and many other
tools).

|dea: build the graph from
the reference, progressively.

Only SVs > 50bp.

Uses a model similar to
POA, but capable of dealing
with structural variation, and
using the minimizer chaining
concept from minimap?2.

https://doi.ora/10.1186/s13059-020-02168-z
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Minigraph-Cactus
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construction methods

minigraph: just SVs, no complex
stuff, one reference.

minigraph-cactus: add SNPs,
clean up the breakpoints, useful for
alignment, one reference.

—_1

pggb: everything-vs-everything,
hard to align to, useful for studying
evolution and pangenome structure
at all scales, all genomes are
references.
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MC

SNP

PGGB

Small
indel




minigraph-Cactus creates a
hierarchical pangenome rooted in
the reference genome, ensuring
compatibility with standard tools.




PGGB creates graphs in which each
genome can act as a reference, so we
choose our reference as needed by

later analysis or work in graph space.
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Multiple graph building methods show consistent quality

* variants extracted from graphs with vg deconstruct
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The graphs accurately characterize structural variants
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And they show
very similar
pictures of the
pangenome

Major differences are in repetitive

sequences, which tend to collapse
in the PGGB graph and expand in
the MC graph.

We also look at
pangenome growth
via permutations, a
nod to old-school
pangenomics (g).
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Understanding the
human pangenome



Highly polymorphic medically-relevant loci
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View of locus that defines the Rh blood group
system in the minigraph-cactus graph.
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PGGB lets us look at all parts of the pangenome

(learned 2D visualization of PGGB HPRC chromosomes)

chr1 & e
P % centromere Chr1q

centromere neo-centromere

B chr8p

Chl’14p centromere Chr14q

ch r20p centromere Chr20q



chr8’s beta-defensin locus

chm13#chr8

5 Mbp polymorphic inversion flanked
by clusters of beta-defensin
(~antibiotic) genes with variable
copy number
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/
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grch38#chr8
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The p-arm of chr8 features a region with one of the
highest rates of diversity in the HPRC pangenome.
(Here we see 100kb bins.)

Regionally, it's higher than chr6’s MHC, although the
MHC has higher peaks of diversity in HLA genes.

An implication is that this 4.7Mbp polymorphic
inversion is driving diversifying processes.



visualization with
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https://github.com/chfi/gfaestus

i

DEFB* genes are
beta-defensins. The
number of copies of this
loop varies ~2-4 in
different haplotypes.

FAM90A — a gene of
unknown function!
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the MHC in chrb

chr6 pggb graph




C4A/B in pggb graph

MHC class Il

Genbank annotations on top
of the pggb HPRC graph.

C4A/B i Oresa s ORE

https://qithub.com/chfi/gfaestus Christian Fischer (UTHSC)
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C4A/B in pggb graph
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We learn that genome
evolution is often
nonlinear
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The human
pangenome
Illuminates the
unknown
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HPRC “misjoin” identification
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Alignment graph of the misjoins. Every node is a contig and every edge represents
the number of mapping between nodes. Alignment graph obtained with pafnet and

visualized with gephi. Color code: chr13, chr14, chr15, chr21,

https://github.com/lh3/minimap2/blob/67dd906a80988dddac

¢8c551623fdc75b0c12dd2/misc/paftools.js#l 2605-L.2719

Chr. 22
15.711 Mb

Chr. 13
17.509 Mb

11.306 Mb

Chr. 14
12.708 Mb

Chr. 15
17.694 Mb

From HPRC main paper.

* With the exception of assembly errors in one haplotype (HG02080 paternal).
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https://github.com/lh3/minimap2/blob/67dd906a80988dddacc8c551623fdc75b0c12dd2/misc/paftools.js#L2605-L2719
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We decided to take a closer
look, focusing on the best
assemblies in these regions.
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We decided to take a closer
look, focusing on the best
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Untangling
recombination in the
acrocentric short arm(s)



Pangenome untangling

Untangling extracts pairwise
alignments from variation graphs.
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Pangenome untangling

Untangling extracts pairwise
alignments from variation graphs.
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Pangenome untangling

Untangling extracts pairwise
alignments from variation graphs.
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alignments from variation graphs.
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Pangenome untangling

S L

Query

Target-2
Target-3

query
Query
Query
Query

start end

A
A
A

A

X2
X3

B
B
B

target

Target-2
Target-3

|

start end

X3

Y3

jaccard

Y2
Y3

rank

Untangling extracts pairwise

alignments from variation graphs.

Compare segments

with jaccard in node (allele) space



Grounding the untangle against CHM13

We first pick a consistent set of query contig segments.
For each, we find its best mapping against each acrocentric chromosome.

We then merge this (grounding) with a “multiple” untangling result where each
query contig segment picks the best N target (reference) segments.

chr14-contig

chr15
y. query start end target start end
\ ccccc -contig A B
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Linkage disequilibrium (LD) describes
correlation between pairs of SNPs.

Higher LD (correlation) means lower rates of
recombination.

We express LD in terms of its “decay” with
distance. That's what we see in this plot.

LD decays faster in pseudo-homologous
regions than elsewhere in the p-arms or
in the g-arms. (chr15 lacks data)

This pattern is consistent with higher
recombination rates and/or effective
population size in these reqgions.

Silvia Buonaiuto, Vincenza Colonna



chromosome 13/14/21

Pseudo-homologous regions

The SST1 array is a GC-rich
satellite (DNA repeat) derived
from Alu elements.

It lies at the center of
pseudo-homologous regions
(PHRs) on 3 acrocentric
chromosomes.

This is where we see
recombination occurring in
Robertsonian translocations.
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Recombination between heterologous chromosomes

The high level of homology of the acrocentric
chromosomes is likely due to recombination
between heterologous chromosomes!

High-quality de novo assemblies and
pangenomic approaches thus shed light on the
most difficult regions of the human genomes.

This answers questions that arose in the early
era of cytogenetics, ~50 years ago.

Volume 16 Number 4 1988 Nucleic Acids Research

Homologous alpha satellite sequences on human acrocentric chromosomes with selectivity for
chromosomes 13, 14 and 21: implications for recombination between nonhomologues and
Robertsonian translocations

K.H.Choo*, B.Vissel, R.Brown, R.G.Filby and E.Earle

ABSTRACT

We report a new subfamily of alpha satellite DNA (pTRA-2) which is found on all the
human acrocentric chromosomes. The alphoid nature of the cloned DNA was established by
partial sequencing. Southern analysis of restriction enzyme-digested DNA fragments from
mouse/human hybrid cells containing only human chromosome 21 showed that the predominant
higher-order repeating unit for pTRA-2 is a 3.9 kb structure. Analysis of a "consensus” in situ
hybridisation profile derived from 13 normal individuals revealed the localisation of 73% of all
centromeric autoradiographic grains over the five acrocentric chromosomes, with the following
dnstnbunon 20. 4% 21. 5% 17. l% 7.3% and 6.5% on chromosomes 13, 14 21, 15 and 22

remammg 19 nonacrocentnc chromosomes These results mdncate the presence of a common
subfamily of alpha satellite DNA on the five acrocentric chromosomes and suggest an
evolutionary process consistent with recombination exchange of sequences between the

[
chromosomes l3 14 and 21 than for chromosomes 15 and 22. The possible role of centromeric
alpha satellite DNA in the aetiology of 13ql4q and 14q21q Robertsonian translocations
involving the common and nonrandom association of chromosomes 13 and 14, and 14 and 21 is
discussed.

Chroo et al., 1988.
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https://doi.org/10.1101/9ad.331892.119
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HUMAN MEIOSIS I. THE HUMAN PACHYTENE KARYOTYPE
ANALYZED BY THREE DIMENSIONAL RECONSTRUCTION OF
THE SYNAPTONEMAL COMPLEX

by
PREBEN BACH HOLM

and
SGREN WILKEN RASMUSSEN

Department of Physiology, Carlsherg Laboratory
Gamle Carlsberg Vej 10, DK-2500 Copenhagen, Valby

Figure 10. Two consecutive seetions theough the centromeric heterochromatin of a bivalent ac early pachytene.

The synaptoncmal complex {SC) passes through the i in {CH}.
(Bar = 0.2 um)

https://doi.ora/10.1007/BF02910454
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TRANSACTIONS OF THE 70™ ANNUAL MEETING OF THE PACIFIC COAST OBSTETRICIANS AND
GYNECOLOGICAL SOCIETY | VOLUME 190, ISSUE 6, P1781-1785, JUNE 01, 2004

FISHing for acrocentric associations between
chromosomes 14 and 21 in human oogenesis

Edith Y Cheng, MD 2 & e Theresa Naluai-Cecchini, BA

Figure The pachytene nucleus with 2 hybridization signals is
oriented in a linear fashion. The red signal represents
chromosome 14, and the green signal represents chromosome
21.

https://doi.org/10.1016/j.2j0q.2004.02.062
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Pseudo-homologous regions (PHRS)
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Pseudo-Homologous Regions Robertsonian Translocations

m

Nucleolus 14
PHRs PHRs [l DNA
4,53 6.48 PHRs— [] Centromere
Mbp Mbp Mgg p 'Y Orientation
PHRs PHRs
3.79 2.82
Mbp Mbp %
e
& . \& &
13 14 15 21 22

13




Article

Recombination between heterologous
human acrocentric chromosomes

https://doi.org/101038/541586-023-05976-y

Received: 15 August 2022

Accepted: 17 March 2023

Published online: 10 May 2023

Andrea Guarracino'?, Silvia Buonaiuto®, Leonardo Gomes de Lima®, Tamara Potapova®,
Arang Rhie®, Sergey Koren®, Boris Rubinstein®, Christian Fischer', Human Pangenome
Reference Consortium®*, Jennifer L. Gerton®, Adam M. Phillippy®, Vincenza Colonna'® &
Erik Garrison'™

Open access

™ Check for updates

The shortarms of the human acrocentricchromosomes 13,14, 15, 21 and 22 (SAACs)
share large homologous regions, including ribosomal DNA repeats and extended
segmental duplications'?. Although the resolution of these regions in the first
complete assembly of ahuman genome—the Telomere-to-Telomere Consortium’s
CHMI3 assembly (T2T-CHM13)—provided amodel of their homology?, it remained
unclear whether these patterns were ancestral or maintained by ongoing
recombination exchange. Here we show that acrocentric chromosomes contain
pseudo-homologous regions (PHRs) indicative of recombination between non-
homologous sequences. Utilizing an all-to-all comparison of the human pangenome
from the Human Pangenome Reference Consortium? (HPRC), we find that contigs
from all of the SAACs forma community. A variation graph® constructed from
centromere-spanning acrocentric contigs indicates the presence of regions in which
most contigsappear nearly identical between heterologous acrocentricchromosomes
in T2T-CHM13. Except on chromosome 15, we observe faster decay of linkage
disequilibriumin the pseudo-homologous regions thanin the corresponding short
and long arms, indicating higher rates of recombination®’, The pseudo-homologous
regions include sequences that have previously been shown to lie at the breakpoint of
Robertsonian translocations®, and their arrangementis compatible with crossoverin
inverted duplications on chromosomes 13,14 and 21. The ubiquity of signals of
recombination between heterologous acrocentric chromosomes seenin the HPRC
draft pangenome suggests that these shared sequences form the basis for recurrent
Robertsonian translocations, providing sequence and population-based confirmation
ofhypotheses first developed from cytogenetic studies 50 years ago®.
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PanGenome Graph Builder

wfmash (biWFA)




PanGenome Graph Builder
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seqwish (unbiased graph builder)




PanGenome Graph Builder
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smoothed graph

smoothxg (graph normalization)



wfmash makes initial
alignments
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smoothxg organizes & normalizes the graph

Pangenome graph with 12 ALT sequences of the HLA-DRB1 gene from the GRCh38 reference genome.
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2d layout

identity

ODGl is meant to be a

basic toolkit for

interacting with position
pangenome graphs.

It uses the embedded
genomes as orientation
references.

copy number
variation

odgi helps us
understand the
pangenome

https://www.biorxiv.org/content/10.1101/2021.11.10.467921v1
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Putting it all together!
A PGGB Algorithm @
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Chromosome 6
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Test material today

1. Afew genes from HLA-D (MHC class Il) in humans — getting started
a. https://qithub.com/pangenome/hprc-workshop/tree/evomics2023
2. Yeast chromosome 6 — scaling up

a. ~/workshop_materials/pangenomics/cerevisiae.chrV.fa
b. you will want to apply samtools faidx to this... pggb will warn you

3. Whole yeast chromosomes — looking at chromosome variation
a. ~/workshop_materials/pangenomics/cerevisiae.pan.fa.gz



https://github.com/pangenome/hprc-workshop/tree/evomics2023

/
Example: yeast chromosome 6 / / / /
Yue, JX., Li, J., Aigrain, L. et al. Contrasting
evolutionary genome dynamics between
domesticated and wild yeasts. Nat Genet 49, / / / / /
913-924 (2017). https://doi.org/10.1038/ng.3847 /
— DBVPG6044 / / / /
— SK1
 YPS128 / /
L. ¥12
UWOPS03-461.4
— DBVPG6765 / / pafplot of
| §288C initial alignments

from wfmash
Cladogram of the S.c. clade
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a bit of the 2D layout
you have to zoom in in the
web browser
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these are all quite boring here...









Conclusions

- Variation graphs solve a key conceptual problem in bioinformatics: joint
representation of many genomes and their alignment.

- We can apply them to improve basic bioinformatic analyses.

- Building pangenomes benefits from an unbiased approach where many
reference genomes are treated equivalently.

- Applying these methods to the human pangenome reveals patterns of
recombination between heterologous acrocentric chromosomes.
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Recombination
between 15p and 22p.

Mitotic recombination among acrocentric chromosomes
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Fig. 3. Diagrammatic representation of how chromosome and chromatid exchanges may produce the
different cell lines. Both a G, (a) and a G, (b) exchange may produce a shift of the polymorphism s+ from
chromosome 22 to another acrocentric. The same G, exchange would result in absence (¢) or presence (d) of
the same polymorphism on chromosome 22 and on another acrocentrie, if the alternative segregation occurs.

https://doi.org/10.1111/].1469-1809.1996.tb01180.x
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Zero-Mode Waveguide imaging of single polymerases
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https://doi.org/10.1016/S0076-6879(10)72001-2
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PacBio HiFi produces incredibly accurate long reads

Start with high-quality Circularized DNA

Jouble stranded DNA is sequenced in
repeated passes

— [

| I

, |
Ligate SMRTbell B Fm—— - :

adapters and size select o The polymerase reads e . mammessesnls
are trimmed of adapters s s . . wips
to yield subreads S — —_— -

I I

| |
ssafas 3z po z s

— 1 1

) Consensus is called

Anneal primers and a0
& from subreads

bind DNA polymerase

(>979% accuracy)

https://www.pacb.com/wp-content/uploads/How-to-get-HiFi-reads v2.png
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Nanopore sequencing
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Preliminaries:
Sequencing and
assembling genomes



So you want to look at genomes?

N

Cloned genomes

We (0) bse rve Multiple genomes are sheared
genomes by < into variable sized segments
Seq u e n CI n g Unordered sequenced
B | segments
fragments of =il
DNA and . =
Computational automated
1 assembly
assembling them ¢ ¢ ¢ =
_ g [ W e— . S ) . 5 s
- (— ] esuiting overlapping sequence
COmpUtatlona”y . n— segments, (The higher the
- m _ — coverage the better the qua“‘y
[ 4] (ol — [E— ] of the sequencing.
H &) —= =
-
‘ - Overlapping sequence segments
ATGTTCCGATTA IGTTTCATTCAGTAAAAGGAGGAAATATAA | combined to construct the
\ ) genome consensus. /

https://doi.org/10.1007/s12575-009-9004-1
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Biology: “Sorry, it's not that simple”

Genomes evolve by copying.
They are full of repeats.

Repeats make it hard to
assemble genomes.

If our sequence reads are

shorter than repeat sequences,
the best we can do is the string
graph, where repeats collapse.

Before 2019, our
sequence reads were
Shorter than repeats.

Genome
=P = >—=D>
>

String Graph
2

Myers’ string graph
https://doi.org/10.1093/bioinformatics/bti1114
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Preliminaries:
Sequencing and
assembling genomes

completely!!



TATTTTATACTCTACATGAAATATCAAA Uncompressed

Long, accurate reads Ginu
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= Homopolymer
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