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Genome Matrices
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A Circular Genome: E. coli

Source: Science, 05 Sep 1997: Vol. 277, Issue 5331, pp. 1453-1462
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General Scheme

a a b
b —
{ C
c )
Genomes
distance = 3
Distances

Trees, Ancestors
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Genome elements

syntenic region links
telomere
free end \,
\ a b c
L) v v M
/" A K o . 4 AN

telomere

free end

region end points

Y
linear chromosome

o Links: {ap, bp}, {bt, ct}; free ends: a, cp
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Representing genomes as matrices

o Links: {ap, bp}, {bt, ct}; free ends: a, cp

ar an b: by ¢ cp

ar 1 0 0 0 0 0
an 00 0 1 0 O
by 00 0 0 1 0
bn 01 0 0 0 O
c 00 1 0 0 O
e LO 0 0 0 0 1 |

Properties
@ symmetric matrix (A = A?)
e orthogonal matrix (At = A71)

e involution (A% = /)
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Rank Distance
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@ Distance between two genome matrices is the rank of their difference
d(A,B)=r(A—-B)

Properties

@ Rank is the maximum number of linearly independent rows
e d(A,B)=0ifandonlyif A=B

e d(A,B)=d(B,A)

e d(A,C)<d(AB)+d(B,(C)
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Biological Significance
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Events

Point mutations

Inversions

Translocations equal genetic content
Transpositions

Duplications

Gain/loss unequal genetic content

Horizontal transfer

Many others
Our focus in this talk

@ Genome rearrangements
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Inversion

Inversion

Source: yourgenome, Public Engagement Team, Wellcome Genome Campus, accessed 2017-11-08
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Translocation

Before translocation After translocation
Derivative
Chromosome 20 Chromosome

—>

Derivative
Chromosome 4

Chromosome 4

Source: Wikipedia, Chromosomal translocation, accessed 2017-11-08
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Integration of circular virus into human genome

VP1-MYBPC1 Fusion Protein

: NCCR P,
e (p.lsrend MYBPC1

/Breakpoint in Viral Integration

VP-1 Capsid Protein Gene,

BK Polyomavirus:
circular genome/episome

~~

Large T-Antigen Gene

Agnoprotein Gene

NCCR
Small t-Antigen Gene

Source: Kenan DJ, Mieczkowski PA, Burger-Calderon R, Singh HK, Nickeleit V., J Pathol. 2015 Nov 237(3):379-389
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Integration of plasmid into bacterial genome

1. Plasmid and chromosome copies Plasmid
of insertion sequence IS8 recombine
1o integrate F plasmid into the
chromosome.

Part of circular
host chromosome

2.7Tip of arowhead marks where DNA
strand begins transfer. Sequences nearest
the arfow's base transfer first (gene Bis
transferred before genes C and A).

A 1S3 tra onil oriV. 1S3 B C

T
Plasmid

Foster J, Aliabadi Z, Slonczewski J., Microbiology: The Human Experience, W. W. Norton & Company, Inc., Indep. Publ., 2017
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Integration /excision of phage lambda

Foster J, Aliabadi Z, Slonczewski J., Microbiology: The Human Experience, W. W. Norton & Company, Inc

Lambda phage DNA

1. Lambda phage integrase
protein mediates integration
of lambda DNA into host
chromosome at attB.

DNA attachment
sequence in phage

E. coli chromosome

DNA attachment
gal* attl_sequence in bacterium
o - J—)

attR bio
)~ P

int cos Tail
Hybrid att

Hybrid att
site left

ste, right

2. Accidental recombination (by host
enzymes) between sequences of
phage DNA and host chromosome
results in aberrant excision.

3. The resultis a speci
transducing DNA malecule cotaiing
phage and chromosomal D!

aetakiinen S )

4. Linearization and capsid packing of
chimeric phage DNA begins at cos site.
s o)

Tail_atiR bio”
E. )~ 1) 1 —

f u
Host chromosome | Phage tail genes

e fliagetal 5. After transduction into a new cell, chimeric
ggne (A jemaniof phage DNA integrates into another attB site.
<

gal*att int Cos gal” att_bio*
o D —) ) P —y

, Indep. Publ., 2017
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Transposition

Transposon
Donor DNA

Transposase
binds

- I

Transposition Complex
Formation

_—

Y
O Target Site Recognized

Target Site
& Transposon is inserted into target DNA

Source: Created by Alana Gyemi; accessed in Wikipedia, Chromosomal translocation, 2017-11-12
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Chromosome Fission

ra7

21
22

24
25

emm o 0 @ »
@ Mmoo ® >
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1n2

13
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b
L

23
24

31
32

Chrom. 14 / \ Chrom. 15
]

J E J
MMU-ANC HSA

Sorce: what-when-how, Genomics, Comparisons with primate genomes; accessed on 2017-11-14
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Chromosome Fusion

nl‘ }l

‘ . ) H*
Wbl Yold  dane 1382 i3

'

13z it "lfl‘
XX x XX X

From left: HSA, PPA, GGO, PPY

Sorce: what-when-how, Genomics, Comparisons with primate genomes; accessed on 2017-11-14
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Chromosome Fusion

Centromeric
fusion

Normal Robertsonian
chromosomes translocation

Source: Dr. Dana M. Krempels, University of Miami, Course: Genetics (BIL250), Fall 2017 Lecture Notes, Lecture 8: Mutations

at the Chromosome Level; accessed on 2017-11-14
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Linearization

Journal List » EMBO Rep »v.8(2); 2007 Feb » PMC1796773

EMBO

reports

EMBO Rep. 2007 Feb; 8(2): 181-187. PMCID: PMC1796773

Published online 2007 Jan 12. doi: 10.1038/s].embor. 7400880
Scientific Report

Escherichia coli with a linear genome

Tailin Cui,! Naoki Moro-oka, ! Katsufumi Ohsumi,! Kenichi Kodama,® Taku Ohshima,?
Naotake Ogasawara_z Hirotada Mori,2 Barry Wanner,® Hironori Niki,% and Takashi Horiuchil@

Author information » Article notes » Copyright and License information »

H 09N

This article has been cited by other articles in PMC.

— ]

June 2019

Genome Matrices and The Median Problem

Meidanis, Chindelevi nicamp, SFU)



Circularization

@ Springer Link Search @ | Menu ¥

Molecular and General Genetics MGG
February 1997, Volume 253, Issue 6, pp 753-T60 | Cite as

Artificial circularization of the chromosome with
concomitant deletion of its terminal inverted
repeats enhances genetic instability and genome
rearrangement in Streptomyces lividans

Authors Authors and affiliations

J.-N. Volff, P. Viell, J. Altenbuchner

ORIGINAL PAPER
65 18 1

Downloads Citations  Shares
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Rank Weight of Frequent Rearrangements

Rearrangement Rank Distance

N

Inversion
Translocation
Integration
Excision
Transposition
Fission

Fusion
Linearization
Circularization

_ R R R AN N
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Biological Significance of Rank Distance

composition of small rank operations
composition of frequent operations
amount of rearrangement evolution

rank distance

%

%
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Trees
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Brassica mitoch

- " 170 kb - 49kb »

Booloracea { M|l o |olferiHie o oAbl i Ml

ns

B. campestris

- 83kb = % 135kb -
171 kb inversion ' 3 2 3 4 s 3 1
66 kb inversion ! s Q 4 ;3r 2 K
84 kb inversion 15 : 4 lai 2 ; !
s 4 ) 2 1

Source: Palmer JD, Hebron LA., J Mol Evol. 1988 28:87-97
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Brassica mitochondrial genomes

10 kb recombination
single codII gens

€—— 10-11 rearrangements ——>

lces of 10 kb

@:I.nntzkb(wxn)

(— 3 —> (—:.n—) 1—«
,(—' np-nt
B. olexaces

B. campestris B paue B. matlve B- mative P plas  B. hicts

turnip cakbage rapeseed fertile s black white
radish radish mwtard  mustard

Source: Palmer JD, Hebron LA., J Mol Evol. 1988 28:87-97
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human vs.

Mouse
1 -76-109 -8 2 -11 -3 5 4
- ==

- -

- - ————
1 2 34567 8 910 11
Human

2 Genome Research

Source: Pevzner P, Tesler G., Genome Research. 2003 Jan 1, 13(1):37-45
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Vibrio genomes

16S phylogeny

DCJ phylogeny

0.0162

00614

0.0240

Vh ATCC

Vp RIMD
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Vv YJO16

0000 _ v ot
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L0000 ¢ 03gs
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Source: Oliveira KZ. , MSc Thesis, University of Campinas, 2010
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Campanulaceae, family of flowering plants
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Campanulaceae chloroplast genomes

—— Tobacco
p————————~"latycodon
Cyananlh us
Codonops\s
Legousia
Triodanis
Asyneuma
Merciera
Wahlenbergia
Symphyandra
Trachelium
Adenophora
Campanula

Tobacco
Platycodon
Codonopsis
Cyananthus
Legousia
-Asyneuma
Triodanis
-Trachelium
Symphyandra
Wahlenbergia
Merciera
-Adenophora
Campanula

(d)

Source: Biller P, Feijao P, Meidanis J.,

Chindelevitch

Tobacco
Platycodon
Cyananthus
Codonopsis
Legousia
‘Triodanis
-Asyneuma
Merciera
-Wahlenbergia
Symphyandra
-Trachelium
-Adenophora
Campanula

——

(e)

Tobacco
Platycodon
Cyananthus
Codonopsis
Merciera
Wahlenbergia
Legousia
-Asyneuma
-Triodanis
Symphyandra
-Trachelium
-Adenophora
Campanula

Tobacco
Platycodon
Cyananthus
Codonopsis
Legousia
‘Triodanis
-Asyneuma
Merciera
Wahlenbergia
Symphyandra
Trachelium
-Adenophora
Campanula

IEEE/ACM Trans Comp Bio Bioinf. 2013 Jan, 10(1):122-134
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Eutherian genomes

13(1.97)
Human
juman-Chimp
Chimpanzee
202 2 | i
- Catarrhini Orangutan h
47(0.98) . "
Simian THGT] R »
(1.36) 110 (2.55) \’\
9(1.36)
M
o—————Mouse I
. odentia
—1Rod=ntia Rat »
L Glires inea Plg *
pika ‘| Lagomorpha
6(0.80) ) [ Cattle “
L Goa “ Cetartiodactyla
Pig ”»y
White Rhinoce rosm\ )
Perissodactyla
Jeutheria Horse h
Dog “ Carnivora
“gp- | Eulipotyphla
Elephant m Proboscidea
—‘—‘ Manat M, | sirenia
Tenrec W | Afrosoricida
100 75 = = )

Source: Kim J et al., PNAS July 3, 2017 114 (27) E5379-E5388
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Ancestors
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Median Problem

Useful for ancestor reconstruction

Definition

Given three input genome matrices A, B, and C, find matrix M
minimizing d(M, A) + d(M, B) + d(M, C).
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Median may not be genomic

0100 0001 0010
1000 0010 0001
0001 0100 1000
0010 1000 0100

«—

\ /

-05 05 05 05
05 -05 05 05
05 05 —-05 05
05 05 05 -05

@ Need ways to go back from matrices to genomes
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From matrices back to genomes

02 08 05 0 0 04 0 01 01 0000O0O0CO
04 0 0 O O 03 0 06 10000000
03 0 0502 0 0 0 03 [ ] 00100000
o 0 0o 0 0 1 0 o0 0000O0OT1O0O0
01 0 0 01 01 04 02 07 0000O0OO0OCO0CT1
0o 0 0o 1 0 0 0 O 00010000
03 0 0 05 01 0 04 01 0000O0OO0CTL1IO0
0 08 02 0 0 08 02 03 00001000

o Assign weight |aj;| + |aji| to edge ij
@ Take a maximum weight matching as your solution

@ A genome is a matching of gene extremities
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Division into subspaces

Cv=Av Wi
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Approximation Algorithm

Subspaces

Orthonormal Bases

Projection Matrices

Median Candidates

°4

Vi Vo Vs Ve Ve
L
Bl B2 B3 B4 B5
L
P, P, P; P, Ps
/o |
Ma = APy + APs + BPs + APy + APs
Mg = BPy + BP; + BP; + AP, + BPs
Mc = CP1 + BPy + CP3 + CP4 + CPs

3 approximation factor for genome matrices

o if V5 = {0} then My = Mg = Mc is a median

Meidanis, Chindelevitch (Unicamp, SFU)
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M; Median — O(n“)

@ Specific for genome matrices
o M, follows majority in V7 through V,
e M follows [ in Vg

Subspaces V1 V2 V3 V4 V5
L
Bases Bt B, By By Bs
L
Projection Matrices Pr P, P3 Py Py
/o I

Median M; = APy + AP, + BP3 + AP, + IP5
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Orthogonal matrices

@ Specific for orthogonal matrices

o Exact, efficient algorithm

Vi
B C

o “Walk towards the median”
@ Find rank 1 matrix H such that B + H is closer to both A and C

@ Always possible!
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Orthogonal matrices

@ Algorithm

while d(A, B) + d(B, C) > d(A, C) do
Find non-zero u € im(A— B) Nim(C — B)
B+ B—2uu"B/u"u
end
return B

@ Nondeterministic

@ Reaches all orthogonal medians
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Data Sets

Simulation

@ Start with random genome
@ Apply random rearrangement operations
@ Repeat to get A, B, C

Parameters

@ sizes: 12, 16, 20, 30, 50, 100, 200, 300, 500, 100 extremities
@ type of operation: Add/remove adjacencies (near) or DCJ (far)
@ number of operations: 5% to 30%

@ 10 x each

@ 1,080 instances

Meidanis, Chindelevitch (Unicamp, SFU) Genome Matrices and The Median Problem June 2019



Near

e For 595/600 instances, the algorithms find genomic medians

@ In 5 remaining cases, heuristics find genomic medians
Far

@ For 263 cases, the algorihtms find genomic medians

@ In 135 remaining cases, heuristics find genomic medians (diff 0-21,
avg 3)

@ In 102 remaining cases, heuristics find genomic medians (diff 1-173,
avg 19)

Running Times

e M, algorithm: 1 second, n = 500 (cubic algorithm)
@ Orthogonal: 1 minute, n = 500 (quartic algorithm)
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Next Steps
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Incorporate point mutations + rearrangements in analysis
Study median problem with indels

Interpretation of fractional/negative entries in matrices

Interpetation of semi-chromosomes

Get this presentation:

http://www.ic.unicamp.br/~meidanis/research/rear/
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