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The Genomic Distance Problem
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Operations: Double-Cut-and-Join (DCJ)
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Operations: Double-Cut-and-Join (DCJ)
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Operations: Double-Cut-and-Join (DCJ)
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Operations: Indels
Explicitly (BWS, 2011) Via Completion (Compeau, 2013)
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Problems with the BWS- and Compeau-Conceptualizations

» Unwieldy formulas:
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Problems with the BWS- and Compeau-Conceptualizations

» Unwieldy formulas:
> BWS:

disc,(A, B) = dpcy(A,B) + > A(C)
c

—2P-3Q-2T-S-2M—N
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Problems with the BWS- and Compeau-Conceptualizations
» Unwieldy formulas:
> BWS:

diics(A, B) = dpcy(A, B) + Z/\(C
C
2P _3Q-2T-S—2M—N

nsat. after all safe ops. in group | No py

1 Adas + BBas 11|21 1

1 2444+ BBA+ BBy
2BB.ag+ AL+ Ady

A4+ BB+ ABag
1

Pap = T1LQLPY
Ad4 Py
T3,QL,F1
2BBas+AAx BBy Pa.
@73
2BBas+Ads  BBa Py — Q2. PLT4:
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Problems with the BWS- and Compeau-Conceptualizations

» Unwieldy formulas:
» Compeau:

us
p’Y

)

1 H us T H
+ E(pgven + mm{podd? peven} + m'“{PZdw p:eyven} + 6)]

dggJ(na N=N—-[(c+p™"+p""+|
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Problems with the BWS- and Compeau-Conceptualizations

» Unwieldy formulas:
» Compeau:

dpd,(M,T) = N —[(c +p™7 +p"

+ E(pgven + min{pgdd’ pgven} + min{Pde, pgven} + 5)]

§ =1 when p”;‘* odd and either p7 s > Pien, Poyg > Plyen OF
Poid < Plvens Pogd < Paven: Otherwise 6 = 0.
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Problems with the BWS- and Compeau-Conceptualizations

» Unwieldy formulas:
> BWS:

disc,(A, B) = dpcy(A,B) + > A(C)
C
—2P—-3Q—-2T—-S—-2M—-N

» Compeau:
ind T, vy p‘n’”Y
a5 1) = N~ [(c+p™ 4+ + [ P7))

1 . T T H
+ E(pgven + mm{podd? peven} + m'“{Pdev pzven} + 6)]
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Problems with the BWS- and Compeau-Conceptualizations

» Unwieldy formulas:
> BWS:

disc,(A, B) = dpcy(A,B) + > A(C)
C
—2P—-3Q—-2T—-S—-2M—-N

» Compeau:

in T, p‘n’”Y
dpé,(N, 1) =N —[(c+p™" +p"7 + LTJ)

1 . T T H
+ E(pgven + mm{podd? peven} + m'“{Pdev pzven} + 6)]

» Models known to be equivalent, but unclear how formulas
relate.
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The Relational Diagram

Genome A JED> <G >

Genome B D> D> <G
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The Relational Diagram
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The Relational Diagram
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The Relational Diagram
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The Relational Diagram

Adjacency Edge
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The Relational Diagram

Adjacency Edge

Extremity Edge
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The Relational Diagram

Adjacency Edge

Extremity Edge
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The Relational Diagram

Adjacency Edge

Extremity Edge
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The Relational Diagram

Adjacency Edge

Extremity Edge

Genome A JED> <G >
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Genome B
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The Relational Diagram

Adjacency Edge

Extremity Edge
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Types of Components

Pontoons Piers
Paoa Pa\b Pbob PA\b PB|a PBob PAoa
m i Z i‘iﬂ )
Cycles Viaducts
G G Pgos Paca Pas

Earlier work, Recomb-CG 2023.
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A New Formula

Pontoons Piers
Paoa Pa\b Pbob Pgob  Paoa
Cycles Viaducts
C C Pas

Earlier work, Recomb-CG 2023.

dcs(A, ):”—Co+{

Leonard Bohnenkamper

Palb + Max(Paca; PB|a) + Max(pajp; PBob) — PAB—‘
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Safe Operations

+ max oas -+ max s ob) —
dic)(AB) =n—c, + {p"’"b (Paca; Paja) g (PA|bs PBob) pAB"
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Safe Operations

+ max oas -+ max s ob) —
dic)(AB) =n—c, + {p"’"b (Paca; Paja) g (PA|bs PBob) pAB"

Safe operations reduce the formula by 1, no matter the rest of the
graph.
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Safe Operations

/ + max ) + max _
dic/(AB) =n—c, + {pa“’ (Paca; Psla) : (Pa|b, PBob) pAB-‘

Safe operations reduce the formula by 1, no matter the rest of the
graph.

Pab Pajb Paoa Phob

T — WAL

Safe operation
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Safe Operations

/ + max ) + max _
dic/(AB) =n—c, + {pa“’ (Paca; Psla) : (Pa|b, PBob) pAB-‘

Safe operations reduce the formula by 1, no matter the rest of the
graph.

PA\b PA\b Paoa Phob
|
 —
Unsafe operation
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BWS-Conceptualization: Basics
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BWS-Conceptualization: Basics

Indel Edge
P s st 2t o
© o 2 Y o o

Leonard Bohnenkamper

Bridging Disparate Views on the DCJ-indel Model



BWS-Conceptualization: Basics
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BWS-Conceptualization: Basics

Indel Edge
A-Run
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BWS-Conceptualization: Basics

Indel Edge
A-Run A-run
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Compeau-Conceptualization: Basics
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Compeau-Conceptualization: Basics
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Compeau-Conceptualization: Basics
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Compeau-Conceptualization: Basics
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Compeau-Conceptualization: Basics
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Compeau-Conceptualization: Basics
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Compeau-Conceptualization: Basics
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Compeau-Conceptualization: Basics

® Completion vertex
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Compeau-Conceptualization: Basics

® Completion vertex

A
L J
> <G > ° |
[ ]
m -
D> > <CEEEK . | | . '

Leonard Bohnenkamper Bielefeld University

Brid Disparate Views on the D



Compeau-Conceptualization: Basics

® Completion vertex
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Compeau-Conceptualization: Basics

® Completion vertex
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Compeau-Conceptualization: Basics

® Completion vertex
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be accumulated.
___. -
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be accumulated.
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be accumulated.
___. -

Leonard Bohnenkamper

Compeau: Optimal 1-bracelet
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be accumulated.
___. -
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Compeau: Optimal 1-bracelet
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be accumulated.
___. -

Compeau: Optimal 1-bracelet

=0

Common Ground: Safe operation!

Leonard Bohnenkamper
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be recombined.
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be recombined.
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be recombined.

SaG
|
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Compeau: Optimal 2-bracelet.
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be recombined. | Compeau: Optimal 2-bracelet.
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Bridging BWS- and Compeau-Conceptualizations

BWS: Runs can be recombined. | Compeau: Optimal 2-bracelet.

B R A 41
l

-~ -- | =0

Common Ground: Safe operation!
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Safe Operations and the BWS-Conceptualization

Sources Reusable | Unsat. after safe internal ops. || Unsat. after all safe ops. in group | No partner due to
Resul-
tants
roa i | aw | an Bob woa  Bla | by | Al Bob

P

1 AAus + BBag 1 1|21 1 0 o0of oo 0

Q

1 2AAas+ BB4+ BBg 2 2 2 2 2 0 0 0 0 0

2 2BBup+ AAa+ AAgp 2 2 2 2 2 0 0 0 0 0

T

1 AAup+ BB+ ABug 2 2021 1 0o ofo o 0

2 AAups+ BBg+ ABgsa 11|22 2 0o ofo0 o 0

3 BBas+ AAs+ ABga 2 2 (2|1 1 o ofofo 0

4  BBas+ AAg+ ABag 1 1|22 2 0 ofo0 o 0

5 2AA s + BBa AAgp 2 2 2 2 0 0 0 0 2 0 Pap — T1,Q1, P1;
6 2AAxs + BB AAq 2 0 2 2 2 2 0 0 0 0 Paca -

T2,Q1, P1;
7 2BBas + AA4 BBg 2 2 2 0 2 0 0 0 0 2 Ppop -
Q2,P1,T3;

8 2BB s + AAp BBy, 0 2|22 2 o 2|00 0 2p1a — Q2. P1,T4;
S

1 \A 4+ BB, 2 2]0]0 0 o ofofo 0

2 \Ap + BBg 0 0 0 2 2 0 0 0 0 0
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Safe Operations and the Compeau-Conceptualization

Safe DCJ operation Bracelet/Chain with optimal DCJ operation
[ a4

09, | T
k] aiain
Mo I
M| T

“0 | n
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What’s the use?

(Besides didactics)
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Duplicate Markers make the Problem NP-hard

DY T D> G o
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Duplicate Markers make the Problem NP-hard

DY T D> G o
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Duplicate Markers make the Problem NP-hard
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Duplicate Markers make the Problem NP-hard
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Duplicate Markers make the Problem NP-hard

DY T D> G o

WA AN

D> > (O >
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Duplicate Markers make the Problem NP-hard

DY T D> G o

WA AN

D> > (O >

— Solved by ding, ILP based on BWS-model (BBDS,2023).

Leonard Bohnenkamper Bielefeld University

Bridging Disparate Views on the DCJ-indel Model



Path-Recombinations in BWS-model are too Complicated
for an ILP.

Sources Reusable | Unsat. after safe internal ops. | Unsat. after all safe ops. in group | No partner due to
Resul-
tants
P
1 AAus + BBas 1121 1 o o0lofo 0
Q
1 24445+ BBa+ BBy 2 2]2f2 2 0o o000 0
2 2BBas+AAa+ Adg 2 2|22 2 o 0lo0fo 0
T
1 Adus+BBa+ ABas 2 2|2 1 o o000 0
2 AAas+ BBg+ ABga 112 2 0o 0lo0fo 0
3 AA4 + ABsa 2 2|2 1 0o o000 0
1 BBas+Adg + ABas 112 2 0o o000 0
5 24445+ BBA 1A 2 2|22 0 0o o002 0 Pay = T1LQL P
6 2AA s + BBy 144 2 0|22 2 2 0o o 0 Paca ,
72,Q1,P1
7 2BBas + AAa BBy 2 2020 2 0o oo o 2 Py >
PLT3,

8 2BBas + Adg BB 0 2|22 o 2/0]0 0 Ppja = Q2. P1,T4
s
1 AAu+ BB 2 2 00 0 o ofo]o 0

Leonard Bohnenkamper Bielefeld University
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Transforming Paths into Cycles - Capping
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Transforming Paths into Cycles - Capping
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Transforming Paths into Cycles - Capping
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Transforming Paths into Cycles - Capping

Hithi
R

» Superexponential increase of Solution Space. (Rubert &
Braga, 2022)
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ILP Based on New Formula Avoids Capping!

' alb + Max(Paoa; PBja) + Max . PBob) —
dicy(AB) =n—c + {p lb (Paca, PB|a) (Pa|bs PBob) pAB-‘

2
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Considerable Performance Advantage when the Number of
Linear Chromosomes is High

* 3500 *
o 3000
10° X % X
X
2500 o
z z time-limit
o) J— . x o
v @
£ % £2097 ¢ dingl 8
=] = . O
5 102 X § 1500 O ding_cf X
8 8
é S é S 1000 % X W
— time-limit
X (Q;
§ X dingll 500 g w@ &
10t § O ding_cf s
[
0 100 200 300 400 500 600 0 1000 2000 3000 4000 5000 6000
Total number of linear chromosomes Number of duplicate markers
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Computing Rearrangement Phylogenies on Contig-level
resolved Genomes

11000.0 D. willistoni

D. mojavensis

D. grimshawi
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Computing Rearrangement Phylogenies on Contig-level
resolved Genomes

1000.0 D. willistoni

D. mojavensis

D. grimshawi

» High quality
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Computing Rearrangement Phylogenies on Contig-level
resolved Genomes

1000.0 D. willistoni

D. mojavensis

D. grimshawi

» High quality

» Robust: On average only 0.53% deviation from computed
pairwise distances.
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Summarized Results

» More compact and simple DCJ-indel formula
» Link between BWS and Compeau-conceptualizations

» Significant performance improvement of ding for high
numbers of linear chromosomes/contigs
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