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INTRODUCTION: GENOME GRAPHS



REFERENCE + DEVIATION MODEL OF GENETIC VARIATION

genetic variants

.

reference genome

##fileformat=VCFv4.2
#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT sample
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GENOME GRAPHS REDUCE REFERENCE BIAS
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300 Mbp of new sequence found by
assembling lllumina reads not mapping to
GRCh38in 910 humans of African descent
(Sherman et al., 2019)
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GENOME GRAPHS REDUCE REFERENCE BIAS

alt sequence

o

ref genome path
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300 Mbp of new sequence found by
assembling lllumina reads not mapping to
GRCh38in 910 humans of African descent
(Sherman et al., 2019)
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GENOME GRAPHS ALLOW GENOTYPING COHORTS

sample 2
/\ For multiple samples, sequencing reads can
be mapped to the graph, genotyped and
v compared on the same set of variants.
sample 1

bletcher@ebi.ac.uk 3


mailto:bletcher@ebi.ac.uk

MULTISCALE VARIATION



VARIATION AT MULTIPLE LENGTH SCALES

= Reference
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VARIATION AT MULTIPLE LENGTH SCALES

= Reference
== Genotyped
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VARIATION AT MULTIPLE LENGTH SCALES

= Reference
== Genotyped

##fileformat=VCFvi4.2

#CHROM POS REF ALT FORMAT sample
myRef 1 AAAAAA A GT 0
myRef 5 A C GT 1
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VARIATION AT MULTIPLE LENGTH SCALES

= Reference
== Genotyped

##fileformat=VCFvi4.2
#CHROM POS REF ALT FORMAT sample

<o Implied sequence: AAAAAA

myRef 1 AAAAAA A GT 0
< Implied sequence: AAACAA

myRef 5 A C GT 1
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VARIATION ON MULTIPLE SEQUENCE BACKGROUNDS

= Reference
== Genotyped
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VARIATION ON MULTIPLE SEQUENCE BACKGROUNDS

= Reference
== Genotyped

##fileformat=VCFv4.2

#CHROM POS REF ALT FORMAT sample
myRef 5 A C GT .
2?7 ? G T GT 0
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MOTIVATING QUESTIONS AROUND MULTISCALE VARIATION

e How to represent variant calls in graphs with multiscale variation?

e How to genotype graphs with multiscale variation?
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DEFINING VARIANT SITES IN GENOME GRAPHS

Object Directed, acyclic genome graph G with
nodes V and edges E
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DEFINING VARIANT SITES IN GENOME GRAPHS

bletcher@ebi.ac.uk

Object Directed, acyclic genome graph G with
nodes V and edges E
Notions

1. outdegree(v): number of edges (v, w) € E such
thatw e v

2. topological ordering on V: for all paths
(Viy -y Vjy -y V) € Gandj € [i,n),v; < vjy
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Avariant site is a set of nodes
s(vy,va) = {v € V|v; < v < vy} for which
outdegree(v;) > 1and v, is the first node where all
paths from v; end.
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DEFINING VARIANT SITES IN GENOME GRAPHS
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Object Directed, acyclic genome graph G with
nodes V and edges E
Notions

1. outdegree(v): number of edges (v, w) € E such
thatw e v

2. topological ordering on V: for all paths
(Viy -y Vjy -y V) € Gandj € [i,n),v; < vjy
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s(vy,va) = {v € V|v; < v < vy} for which
outdegree(v;) > 1and v, is the first node where all
paths from v; end.
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ALGORITHM FOR GENOTYPING MULTISCALE VARIATION

Ref: G Alts: {G, A} GT: G Ref: C Alts: {C, CC} GT: CC

Legend

@ genotyped site
@ called allele

Ref: C Alts: {CC, AGT} GT: AGT Ref: C Alts: {} GT: null Ref reference
Alts alternatives
) GT genotype EMBL-EBI
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APPLICATIONS OF MULTISCALE
GENOTYPING



DATASETS EXHIBITING MULTISCALE VARIATION

T

Organism M. tuberculosis P. falciparum
Context Map genetic determinants Map candidate vaccine
of drug resistance gene diversity
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LARGE DELETIONS AND OVERLAPPING VARIATION IN M. tuberculosis

1,017 samples cortex
variant caller

B

called variants ———— PacBio reads

Legend

Illumina reads

—

17 samples

------- Tool

——— Intermediate output

—_— Final output
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LARGE DELETIONS AND OVERLAPPING VARIATION IN M. tuberculosis

1,017 samples cortex
variant caller

17 samples # called variants ———_ PacBio reads
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LARGE DELETIONS AND OVERLAPPING VARIATION IN M. tuberculosis

1,017 samples

cortex
variant caller

17 samples # called variants ———_ PacBio reads
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—

——— Intermediate output

—_— Final output

genome graph
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LARGE DELETIONS AND OVERLAPPING VARIATION IN M. tuberculosis

1,017 samples cortex
variant caller

17 samples # called variants

deletions

—

genome graph

genome graph

variant calls
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Legend

Illumina reads

PacBio reads

Tool

Intermediate output

Final output
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LARGE DELETIONS AND OVERLAPPING VARIATION IN M. tuberculosis

1,017 samples cortex
variant caller

17 samples # called variants ———_ PacBio reads
-_ Yy Tool

deletions

Legend

Illumina reads

—

——— Intermediate output

—_— Final output

genome graph

assemblies

genome graph

variant calls
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MEASURE OF GENOTYPING PERFORMANCE

Truth assembly

H L ]
e differences
Variant Calls

Ref Alt GT
o
—0O 1
—0O 1
0 o

Linear reference genome
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12

Tools:
gramtools,
vg (Garrison
etal., 2018),
graphtyper?2
(Eggertsson
etal., 2019)
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12

Average
distance:
gramtools
(1.37%),
graphtyper?2
(2.09%),
vg(2.41%),
baseline_ref
(4.78%)
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DIMORPHIC SURFACE ANTIGEN IN P. falciparum

Genotype P. falciparum surface antigen DBLMSP2
Has two genetically diverged forms, likely due to immune-system driven balancing
selection (Amambua-Ngwa et al., 2012)
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DIMORPHIC SURFACE ANTIGEN IN P. falciparum

2,500 samples (Pf3k)

cortex
variant caller

p

700 samples (Pf3k)

variants

gramtools
Legend

— Illumina reads

genome graph

------- Tool
variant calls

Intermediate output

Final output
Pf3k: Pearson et al., 2019
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GENOTYPING THE TWO FORMS OF DBLMSP2

{

haplogroup:
group of paths outgoing
from a parent branch
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haplogroup:
group of paths outgoing
from a parent branch
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GENOTYPING THE TWO FORMS OF DBLMSP2

vy

haplogroup
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A NEW FORMAT FOR VARIANT CALLS IN
GENOME GRAPHS




JSON VARIANT CALL FORMAT

how do we record
relationships between
variant sites?

linear reference
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JSON VARIANT CALL FORMAT

JSON-encoded extension
to VCF for recording

variant calls in genome
how do we record graphs.
relationships between
variant sites?

Prototype specification:
https://github.com/
igbal-lab-org/

linear reference

jVCF-spec
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jVCF format

TB benchmark
DBLMSP2 genotyping
Graph construction

gramtools mapping and genotyping



GRAPHICAL ILLUSTRATION OF JVCF

Site 0

{ "ALS":

[ "CTGATGTTAAT" ],

"GT": [ [ 011 { "Child Map":
"HAPG": [ [ 0 ] ], {

"POS": 11826, "o".

"SEG": "Pf3D7 10 v3"} {"1":[1, 21, "0": [31}

+
/ "Ix11_Sites: [0],

"Samples": [...],

w @ Sites": [...] }
&8

linear reference



rGFA describes genome graphs
with stable alt. references
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rGFA: Li, Feng, and Chu, 2020
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COMPUTATIONAL PERFORMANCE ON M. tuberculosis DATASET

Index Genotype
Disk(Mb) Max RAM(Mb) Speed(sec) | Max RAM(Mb) Speed(reads/sec)
vg 29 697 171 605(158) 3,869
gramtools 153 4M 29 446 28,382
graphtyper?2 - - - 869(88) 8,024

Table 1: Index: vg genome graph built from VCF and pruned to reduce graph complexity (else
temporary disk use exceeded 500 Gb before completion. graphtyper2 runs from a VCF and has
no separate indexing operation. Genotype: Speed shows the average number of reads mapped
across the 17 samples (10.7 million) divided by the average CPU time. vg and graphtyper2 have
separate read mapping and genotyping steps: for speed, CPU time is summed, and for RAM,
mapping is shown followed by genotyping in brackets. graphtyper?2 requires an input file of
reads mapped to a linear reference genome; mapping RAM and speed is shown for bwa mem with
default parameters. metrics: Mb: Megabytes; sec: total CPU seconds (accounts for

miilti-threadine 10 threadc 1iced for cenotvnino in each tonl)



SETUP FOR VALIDATING DBLMSP2 GENOTYPING

2,500 samples (Pf3k)

cortex
variant caller

14 validation samples

Legend

- — Illumina reads
assemblies |  \  cccmeeeeeeeea- a4

PacBio reads

genome graph | | Tool

——— Intermediate output
variant calls

—_— Final output

Assemblies: Otto et al., 2018



gramtools GENOTYPING COMPARED TO REFERENCE-BASED VARIANT CALLING

0.06
0.04
0402 !
samtools(3D7) cortex(3D7) gramtools cortex(PR) samtools(PR)
condition

scaled edit distance




gramtools FINDS RECOMBINANTS BETWEEN INPUT HAPLOTYPES IN THE GRAPH

0.004
0.002
0.000
-0.002

—0.004

-0.006

—0.008

scaled edit distance difference (gramtools vs closest input)

-0.010
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Tool: make_prg


https://github.com/rmcolq/make_prg

RECURSIVE COLLAPSE AND CLUSTER (RCC) FOR BUILDING GENOME GRAPHS

——r,  Minmatch
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Tool: make_prg
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RECURSIVE COLLAPSE AND CLUSTER (RCC) FOR BUILDING GENOME GRAPHS
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GENOTYPING MODEL IN gramtools

For allele a in candidate set A,

L(a) = p(c(a))p(i(a))g(a)

P(A) tof A, ¢
covergg‘gifjsfntoof Set);( \ g la—g
9(a) = plela) = 0)(1 — plcla) = 0))"

cla) = EXGP(A):XBa cx

Poisson if sigma <= lambda
else Negative Binomial

k
ple(a) = KIA) = exp(—N)

Divide exponents by [,

i(a) = ZXeP(A):aex X

k! Sequencing error rate €
k+r-1 s Call max. likelihood
c(a) = klp,r) = 1—p)" : _ _ k all max. likelihoo
plela) I7,7) ( k >( 2 p(z(a) - k|€) =€ allele a', with confidence
_ 2 N /
"Tox PExy ‘C(a)
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