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Unknown ancestor
~ 80 M years ago

Genome Rearrangements
Mouse X chromosome

Human X chromosome



Genome Rearrangements: 
Evolutionary Scenarios

Reversal (inversion) flips a 
segment of a chromosome

✔ What is the evolutionary scenario 
for transforming one genome into 
the other?

✔ What is the organization of the 
ancestral genome?

✔ Are there any rearrangement 
hotspots in mammalian genomes?

Unknown ancestor
~ 80 M years ago



Genome Rearrangements: 
Ancestral Reconstruction

✔ What is the evolutionary scenario 
for transforming one genome into 
the other?

✔ What is the organization of the 
ancestral genome?

✔ Are there any rearrangement 
hotspots in mammalian genomes?



Genome Rearrangements: Evolution-
ary “Earthquakes”

✔ What is the evolutionary scenario 
for transforming one genome into 
the other?

✔ What is the organization of the 
ancestral genome?

✔ Are there any rearrangement 
hotspots in mammalian genomes?
      (controversy in 2003-2008)



Genome Rearrangements: Evolution-
ary “Earthquakes”

✔ What is the evolutionary scenario 
for transforming one genome into 
the other?

✔ What is the organization of the 
ancestral genome?

✔ Where are the rearrangement 
hotspots in mammalian 
genomes?



promoter c-ab1 oncogene

BCR genepromoterpromoter ABL gene

BCR genepromoter

Chr 9

Chr 22

✔ Rearrangements may disrupt genes and alter  gene 
regulation.

✔ Example: rearrangement in leukemia yields 
“Philadelphia” chromosome:

✔ Thousands of individual rearrangements hotspots 
known for different tumors.

Rearrangement Hotspots in Tumor 
Genomes



Biological Problem:

Who are evolutionary closer 
to humans: mice or dogs?



Who is “Closer” to Us:
Mouse or Dog?



primate-rodent
split

rodent-carnivore
split

primate-carnivore
split

Primate – Rodent – Carnivore 
Split



primate-rodent
split

rodent-carnivore
split

primate-carnivore
split

Primate – Rodent – Carnivore 
Split



primate-rodent
split

primate-carnivore
split

Primate–Rodent vs. 
Primate–Carnivore Split

 before 2001
 most biologists believed in
 the primate-carnivore split

 2001
 Murphy et. al., Science 2001
 set a new dominant view:
 the primate-rodent split

 January 2007
 Cannarozzi et. al., PLoS CB 2007
 argued for 
 the primate-carnivore split

 April 2007
 Lunter et al., PLoS CB 2007
 refuted Cannarozzi et al. arguments

 July 2007 and up
 new papers supporting 
 the primate-carnivore split



Reconstruction of Ancestral 
Genomes: Human / Mouse / Rat



Reconstruction of MANY Ancestral 
Genomes: Can It Be Done?



Algorithmic Background:

Genome Rearrangements
and 

Breakpoint Graphs



Unichromosomal Genomes: 
Reversal Distance

✔ A reversal flips a segment of a chromo-
some.

✔ For given genomes P and Q, the number 
of reversals in a shortest series, transform-
ing one genome into the other, is called the 
reversal distance between P and Q.

✔ Hannenhalli and Pevzner (FOCS 1995)
gave a polynomial-time algorithm
for computing the reversal distance.



Prefix Reversals

✔ A prefix reversal flips a prefix a permutation.

✔ Pancake Flipping Problem: sort a given stack (permuta-
tion) of pancakes of different sizes with the minimum 
number of flips of any number of top pancakes.



Multichromosomal Genomes:
Genomic Distance

✔ Genomic Distance between two 
genomes is the minimum number 
of reversals, translocations, fusions, 
and fissions  required to transform 
one genome into the other.

✔ Hannenhalli and Pevzner 
(STOC 1995) extended their 
algorithm for computing the 
reversal distance to computing the genomic distance.

✔ These algorithms were followed by many improvements: 
Kaplan et al. 1999, Bader et al. 2001, Tesler 2002, Ozery-Flato & 
Shamir 2003, Tannier & Sagot 2004, Bergeron 2001-07, etc.



HP Theory Is Rather Complicated:
Is There a Simpler Alternative?

✔ HP theory is a key tool in most genome rearrange-
ment studies. However, it is rather complicated that 
makes it difficult to apply in complex setups.

✔ To study genome rearrangements in multiple 
genomes, we use 2-break rearrangements, also 
known as DCJ (Yancopoulus et al., Bioinformatics 
2005).



Simplifying HP Theory: Switch
from Linear to Circular Chromosomes

A chromosome can be represented 
as a cycle with directed red and 
undirected black edges, where:

red edges encode blocks and their 
directions;

adjacent blocks are connected with 
black edges.

a c

d

b

a   b  c d  



Reversals on Circular Chromo-
somes

reversal

Reversals replace two black edges with two other black 
edges

a c

b

a c

d

b

d

a   b  c d  a   b c  d



Fissions

fission
a c

b

a c

b

✔ Fissions split a single cycle (chromosome) into two.
✔ Fissions replace two black edges with two other black 

edges.

d d

a   b  c d  a   b  c d  

a



Translocations / Fusions

fusion
a c

b

a c

b

✔ Translocations/Fusions transform two cycles (chromo-
somes) into a single one.

✔ They also replace two black edges with two other black 
edges.

d d

a   b  c d  a   b  c d  

a



2-Breaks

2-break
a c

b

a c

b

✔ 2-Break replaces any pair of black edges with another 
pair forming matching on the same 4 vertices.

✔ Reversals, translocations, fusions, and fissions represent 
all possible types of 2-breaks.

d d

a



2-Break Distance

✔ The 2-Break distance dist(P,Q) between 
genomes P and Q is the minimum number of 2-
breaks required to transform P into Q.

✔ In contrast to the genomic distance, the 2-break 
distance is easy to compute.



Two Genomes as 
Black-Red and Green-Red Cycles

a b

d

c

Q

a   b  c d  

a  b  c  d

a c

d

b

P



Rearranging P in the Q order

a b

d

ca c

d

b

P

a b

d

c

Q



Breakpoint Graph = Superposition of 
Genome Graphs: Gluing Red Edges with the 

Same Labels

Breakpoint Graph
(Bafna & Pevzner, FOCS 1994)

G(P,Q)

a c

d

b

P

a b

d

c

Q

a b

d

c



Black-Green Cycles

✔ Black and green edges represent per-
fect matchings in the breakpoint 
graph. Therefore, together these edges 
form a collection of black-green al-
ternating cycles (where the color of 
edges alternate).

✔ The number of black-green cycles 
cycles(P,Q) in the breakpoint graph 
G(P,Q) plays a central role in comput-
ing the 2-break distance between P 
and Q.

a b

d

c



Rearrangements Change Cycles

cycles(P',Q) = 3 cycles(Q,Q) = 4

= blocks(P,Q)

Transforming genome P into genome Q by 2-breaks 
corresponds to transforming  the breakpoint graph G(P,Q) 
into the breakpoint graph G(Q,Q).

cycles(P,Q) = 2 

G(P',Q)
G(Q,Q)

trivial cycles
a b

d

c

G(P,Q)
a b

d

c

a b

d

c



Transforming P into Q by 2-
breaks

2-breaks
P=P0   →   P1   →   ...   →   Pd= Q

G(P,Q) → G(P1,Q) → ... → G(Q,Q)

cycles(P,Q) cycles  →  ...  →  blocks(P,Q) cycles

# of black-green cycles increased by 
blocks(P,Q) - cycles(P,Q)

How much each 2-break can contribute to this increase?



✔ Any 2-Break increases the number of cycles by at most one (ΔcyΔcy--
cles ≤ 1cles ≤ 1)

✔ Any non-trivial cycle can be split into two cycles with a 2-break 
(Δcycles = 1Δcycles = 1)

✔ Every sorting by 2-break must increase the number of cycles by
blocks(P,Q) - cycles(P,Q)blocks(P,Q) - cycles(P,Q)

✔ The 2-Break Distance between genomes P and Q:

                dist(P,Q) = blocks(P,Q) - cycles(P,Q)dist(P,Q) = blocks(P,Q) - cycles(P,Q)

(cp. Yancopoulos et al., 2005, Bergeron et al., 2006)

2-Break Distance



✔ The standard rearrangement operations (reversals, translocations, fu­
sions, and fissions) make 2 breakages in a genome and glue the result­
ing pieces in a new order.

✔ k­Break rearrangement operation makes k breakages in a genome 
and glues the resulting pieces in a new order.

✔ Rearrangements are rare evolutionary events and biologists believe 
that k­break rearrangements are unlikely for k>3 and relatively rare 
for k=3 (at least in the mammalian evolution).

✔ Also, in radiation biology, chromosome aberrations for k>2 (indica­
tive of chromosome damage rather than evolutionary viable varia­
tions) may be more common, e.g., complex rearrangements in irra­
diated human lymphocytes (Sachs et al., 2004; Levy et al., 2004).

Multi-Break Rearrangements



✔ A cycle is called odd if it contains an odd number of 
black edges.

✔ The 3-Break Distance between genomes P and Q is:

          dd33(P,Q) = ( #blocks – cycles(P,Q) = ( #blocks – cyclesoddodd(P,Q) ) / 2(P,Q) ) / 2

3-Break Distance: Focus on Odd Cycles



Multi-Break Rearrangements

✔ The formula for d20(P,Q) is estimated to contain over 1,500 terms.

✔ We proposed exact formulas for the k-break distance between 
multi-chromosomal circular genomes as well as a linear-time algo-
rithm for computing it. (MA & PP, Theor. Comput. Sci. 2008)

✔ The exact formulas for dk(P,Q) becomes complex as k grows, e.g.:



Algorithmic Problem:

Reconstruction of
Ancestral Genomes



Ancestral Genomes
Reconstruction in a Nutshell

✔ Given a set of genomes, reconstruct genomes of 
their common ancestors.

✔ The evolutionary tree of these genomes may be 
known or unknown.



✔ GRAPPA: J. Tang, B. Moret et al. (2001)

✔ MGR: G. Bourque and P. Pevzner (2002)

✔ InferCARs: J. Ma, D. Haussler et al. (2006)

✔ EMRAE: H. Zhao and G. Bourque (2007)

✔ MGRA: M. Alekseyev and P. Pevzner (2009)

Existing Tools for 
Ancestral Genomes Reconstruction



Ancestral Genomes Reconstruction 
Problem (with a known phylogeny)

✔ Input: a set of k genomes and a phylogenetic tree T
✔ Output: genomes at the internal nodes of the tree T
✔ Objective: minimize the total sum of the genomic dis-

tances along the branches of T

✔ NP-complete in the “simplest” case of k=3.
✔ What makes it hard?



✔ Input: set of k genomes and a phylogenetic tree T
✔ Output: genomes at the internal nodes of the phylogen-

etic tree T
✔ Objective function: the sum of genomic distances along 

the branches of T (assuming the most parsimonious re-
arrangement scenario)

✔ NP-complete in the “simplest” case of k=3.
✔ What makes it hard? BREAKPOINTS RE-USES (res-

ulting in messy “footprints”)! 
Ancestral Genome Reconstructions of MANY Genomes 
(i.e., for large k) may be easier to solve.

Breakpoints Are “Footprints” of Re-
arrangements on the “Ground” of 

Genomes



Solution:

Multiple Breakpoint Graphs
and

MGRA Algorithm



How to Construct Breakpoint Graph 
for Multiple Genomes?

a b

d

c

Q

a c

d

b

P a d

c

b

R



Constructing Multiple Breakpoint 
Graph: rearranging P in the Q order

a

c

b

d

a b

d

c

Q

a c

d

b

P a d

c

b

R



a

c

b

d

Constructing Multiple Breakpoint 
Graph: rearranging R in the Q order

a b

d

c

Q

a c

d

b

P a d

c

b

R



a

c

b

Multiple Breakpoint Graph: Still 
Gluing Red Edges with the Same Labels

Multiple
Breakpoint 
Graph

G(P,Q,R)
a b

d

c

Q

a c

d

b

P a d

c

b

R

d



Multiple Breakpoint Graph of 6 Genomes

Multiple Breakpoint Graph G(M,R,D,Q,H,C) of the Mouse, Rat, 
Dog, macaQue, Human, and Chimpanzee genomes.



k=2 Genomes: 
Two Ways of Sorting by 2-Breaks

Transforming P into Q with “black”  2-breaks“black”  2-breaks:

P = P0 →→ P1 →→ ... →→ Pd-1 →→ Pd = Q

G(P,Q) →→ G(P1,Q) →→ ... →→ G(Pd,Q) = G(Q,Q)

Transforming Q into P with “green”  2-breaks“green”  2-breaks:

Q = Q0 →→ Q1 →→ ... →→ Qd = P

G(P,Q) →→ G(P,Q1) →→ ... →→ G(P,Qd) = G(P,P)

Let's combine these two ways...



Sorting By 2-Breaks: 
Meet In The Middle

✔ Let X be any genome on a path from P to Q:

P = P0 →→ P1 →→ ... →→ PPm m = X = Q= X = Q
m-dm-d ←← ... ←← Q1 ←← Q0 = Q

✔ 2-Breaks at the left and right hand sides of X are independent!

✔ Sorting By 2-Breaks Problem is equivalent to finding a shortest 
transformation of G(P,Q) into a set of trivial cycles G(X,X) (an iden-
tity breakpoint graph of a priori unknown genome X):

G(P0,Q0) →→ G(P1,Q0) →→ G(P1,Q1) →→ G(P1,Q2) →→ ... →→ G(X,X)

✔ The “black”“black” and “green”“green” 2-breaks may arbitrarily alternate.



MGRA: Transformation into 
an Identity Breakpoint Graph

✔ We find a transformation of the multiple breakpoint graph 
G(P1,P2,...,Pk) with reliable rearrangements (recognized from their 
“footprints”) into some (a priori unknown!) identity multiple break-
point graph G(X,X,...,X):
G(P1,P2,...,Pk) → ... → G(X,X,...,X)

✔ Each rearrangement is consistent 
with the given tree T and thus is 
assigned to some branch of T.

✔ Rearrangements are applied in 
arbitrary order that ideally (if no extensive breakpoint re-uses) does 
not affect the result. Previously applied rearrangements may reveal 
“footprints” of new ones.



Tree-Consistent Rearrangements

✔ Each branch of the given tree T defines two complementary 
groups of genomes, to each of which the same 2-breaks may be ap-
plied simultaneously.

✔ For example, the branch labeled
MR+DQHC defines groups 
{M, R} (Mouse and Rat) and 
{D,Q,H,C} (Dog, macaQue, 
Human, Chimpanzee). 
But there are no groups like 
{M,C} or {R,D,H}.

✔ So, we can apply the same rearrangement to M and R simultaneously, 
viewing it as happening in their common ancestor (denoted MR) along 
the MR+DQHC branch. 



When All Reliable 2-Breaks Are 
Identified and “Undone”

✔ The multiple breakpoint graph is reduced dramatically!

✔ The remaining (non-trivial) components can be processed man-
ually in the case-by-case fashion.



MGRA: Reconstruction of the An-
cestral Genomes

✔ The resulting identity breakpoint graph G(X,X,...,X) defines its un-
derlying genome X. 

✔ The reverse transformation is applied to the genome X to transform 
it into each of the original genomes P1, P2, ..., Pk. 

✔ This transformation traverses all internal nodes of T and thus defines 
the ancestral genome at every node.



Reconstructed X Chromosomes

✔ The Mouse, Rat, Dog, macaQue, Hu-
man, Chimpanzee genomes and their 
reconstructed ancestors: 



If The Evolutionary Tree Is Not 
Known

✔ For the set of 7 mammalian
genomes: Mouse, Rat, Dog,
macaQue, Human, Chimpanzee,
and Opossum, the evolutionary
tree T is not known.

✔ Depending on the primate – rodent – carnivore split, three 
topologies are possible (only two of them are viable).

✔ However, these three topologies share many common branches in 
T (confident branches). We can restrict the  transformation only 
to such branches in order to simplify the breakpoint graph, not 
breaking an evidence for either of the topologies.



Resolving The Primate-Rodent-Carni-
vore Split Controversy

✔ We reduced the multiple breakpoint graph G(M,D,Q,O) 
(of representatives of each family and an outgroup) with 
reliable 2-breaks on the confident groups of genomes.

✔ What would be an evidence for one topology over the 
others?

M

D

Q

M

D

Q

M

D

Q

O O

O



Rearrangement Evidence For The 
Primate-Carnivore Split

✔ Each of the three topologies has an unique branch in the 
tree. A single rearrangement assigned to such a branch 
would correspond to least two rearrangements if this 
branch is absent.

✔ We observed the prevalence of rearrangements' “foot-
prints” specific to the primate – carnivore split.

M

D

Q

M

D

Q

M

D

Q

O O

O

12
19 26



Biological Problem:

Why and Where Genome Re-
arrangements Happen?



Chromosome Breakage Models

✔ Chromosome Breakage Models specify how chromosomes are 
broken by rearrangements.

✔ While the exact mechanism of rearrangements is not known, 
such models try to explain as many as possible statistical char-
acteristics observed in real genomes.

✔ The more characteristics are captured by a model, the better is 
this model.

✔ The choice of a model is particularly important in simulations 
that aim creation of simulated genomes whose characteristics 
should match those of real genomes.



Testing Models

✔ Given a characteristic observed in real genomes and a chromo-
some breakage model, we can test whether the model explains 
this characteristic.

✔ Test: Simulate genomes using the model and check if the sim-
ulated genomes possess the required characteristic.

✔ As soon as new characteristic in real genomes is discovered, 
the existing models can be tested against it.

✔ If they fail, this calls for a new model that would explain all 
previously known characteristics as well as the new one.



Susumu Ohno: Rearrangements 
occur randomly

Ohno, 1970, 1973

✔ Random Breakage Hypothesis:
Genomic architectures are shaped by 
rearrangements that occur randomly.



Random Breakage Model (RBM)

✔ The random breakage hypothesis was embraced by bi-
ologists and has become de facto theory of chromo-
some evolution.

✔ Nadeau & Taylor, Proc. Nat'l Acad. Sciences 1984
✔ First convincing arguments in favor of the Random 

Breakage Model (RBM)
✔ RBM implies that there is no rearrangement hotspots
✔ RBM was re-iterated in hundreds of papers



Fragile Breakage Model (FBM)

✔ Pevzner & Tesler, PNAS 2003

✔ argued that every evolutionary scenario for trans-
forming Mouse into Human genome must result in a 
large number of breakpoint re-uses, a contradiction 
to the RBM.

✔ proposed the Fragile Breakage Model (FBM) that 
postulates existence of rearrangement hotspots and 
vast breakpoint re-use

✔ FBM implies that the human genome is a mosaic of 
solid and fragile regions



Rebuttal of the Rebuttal

✔ Sankoff & Trinh, J. Comput. Biol. 2004, presented 
arguments against the Fragile Breakage Model: 
“… we have shown that breakpoint re­use of the same magnitude as 
found in Pevzner and Tesler, 2003 may very well be artifacts in a con­
text where NO re­use actually occurred.”



Rebuttal of the Rebuttal of the 
Rebuttal

✔ Sankoff & Trinh, J. Comput. Biol. 2004, presented 
arguments against the Fragile Breakage Model: “… we 
have shown that breakpoint re­use of the same magnitude as found in 
Pevzner and Tesler, 2003 may very well be artifacts in a context where 
NO re­use actually occurred.”

✔ Peng et al., PLoS Comput. Biol. 2006, found an error 
in the Sankoff–Trinh arguments.

✔ Sankoff, PLoS Comput. Biol. 2006, acknowledged the 
error: ”Not only did we foist a hastily conceived and incorrectly exe­
cuted simulation on an overworked RECOMB conference program com­
mittee, but worse — nostra maxima culpa — we obliged a team of high­
powered researchers to clean up after us!”



Kikuta et al., Genome Res. 2007: “... the Nadeau and Taylor hypoth­
esis is not possible for the explanation of synteny in rat.”

All Recent Studies Support FBM



Ma et al., Genome Res. 2006:
“Simulations … suggest that this frequency of breakpoint re­
use is approximately what one would expect if breakage was 
equally likely for every genomic position … a careful analy­
sis [of the RBM vs. FBM controversy] is beyond the 
scope of this study.”

… With One Influential Exception



Our Contribution

 We reconcile the evidence for limited breakpoint reuse in Ma et al., 
2006 with the Fragile Breakage Model and reveal a rampant but elu-
sive breakpoint reuse. 

 We provide evidence for the “birth and death” of the fragile regions, 
implying that they move to different locations in different lineages, 
explaining why Ma et al., 2006, found limited breakpoint reuse be-
tween different branches of the evolutionary tree.

 We introduce the Turnover Fragile Breakage Model (TFBM)Turnover Fragile Breakage Model (TFBM) that 
accounts for the “birth and death” of the fragile regions and sheds 
light on a possible relationship between  rearrangements and MatchMatch--
ing Segmental Duplicationsing Segmental Duplications.

 TFBM points to locations of the currently fragile regions in the hu-
man genome.



Tests vs. Models
 Why biologists believe in RBM? Because RBM implies the exponential 

distribution of the sizes of the synteny blocks observed in real genomes.
 A flaw in this logic: RBM is not the only model that complies with the 

“exponential distribution” test.
 Why Pevzner and Tesler refuted RBM? Because RBM does not comply 

with the “breakpoint reuse” test: RBM implies low reuse but real genomes 
reveal high reuse.

 FBM complies with both the “exponential distribution” and “breakpoint 
reuse” tests.

 But is there a test that both RBM and FBM fail?

Exponential 
distribution

Breakpoint 
reuse

RBM      YES       NO     

FBM      YES      YES     

              

Model
Test



Tests vs. Models
 Why biologists believe in RBM? Because RBM implies the exponential 

distribution of the sizes of the synteny blocks observed in real genomes.
 A flaw in this logic: RBM is not the only model that complies with the 

“exponential distribution” test.
 Why Pevzner and Tesler refuted RBM? Because RBM does not comply 

with the “breakpoint reuse” test: RBM implies low reuse but real genomes 
reveal high reuse.

 FBM complies with both the “exponential distribution” and “breakpoint 
reuse” tests.

 RBM and FBM fail the Multispecies Breakpoint Reuse (MBR) test.

Exponential 
distribution

Breakpoint 
reuse

MBR

RBM      YES       NO     NO

FBM      YES      YES     NO

              

Model
Test



Tests vs. Models
 Why biologists believe in RBM? Because RBM implies the exponential 

distribution of the sizes of the synteny blocks observed in real genomes.
 A flaw in this logic: RBM is not the only model that complies with the 

“exponential distribution” test.
 Why Pevzner and Tesler refuted RBM? Because RBM does not comply 

with the “breakpoint reuse” test: RBM implies low reuse but real genomes 
reveal high reuse.

 FBM complies with both the “exponential distribution” and “breakpoint 
reuse” tests.

 TFBM passes all three tests.

Exponential 
distribution

Breakpoint 
reuse

MBR

RBM      YES       NO     NO

FBM      YES      YES     NO

TFBM      YES      YES     YES

Model
Test



Algorithmic Problem:

Breakpoint Re-use Analysis



Breakpoints Are Vertices 
in Non-trivial Cycles

✔ Breakpoints correspond to regions in the 
genome that were broken by some re-
arrangement(s).

✔ In the breakpoint graph, breakpoints cor-
respond to vertices having two neighbors 
(while vertices with just one neighbor 
represent common adjacencies between 
synteny blocks).

✔ All vertices in non-trivial cyclesvertices in non-trivial cycles in the 
breakpoint graph represent breakpoints.

a b

d

c



Breakpoint Uses and Reuses

✔ Each 2-break usesuses four vertices (the endpoints of the af-
fected edges).

✔ A vertex (breakpoint) is reusedreused if it is used by at least 
two different 2-breaks (i.e., the number of uses > 1).

Number of uses:

a b

d

c

a b

d

c

a b

d

c 0

0
2

1

1
1 2

1



✔ For an evolutionary tree with known rearrangement scenarios, a 
breakpoint is intra-reusedintra-reused on some branch if it is used by at 
least two different 2-breaks along this branch.

✔ Similarly, a breakpoint is inter-reusedinter-reused across two branches if it 
is used on both these branches.

Intra- and Inter- Reuses



✔ In mammalian evolution we know only genomes of ex-
isting species but do not know the ancestral genomes.

✔ While ancestral genomes can be reliably reconstructed, 
the exact rearrangement scenarios between them remain 
ambiguous.

✔ Can we compute the number of breakpoint intra- 
and inter- reuses without knowing rearrangement 
scenarios?

Rearrangement Scenarios Remain 
Ambiguous



Number of Intra-Reuses
(Lower Bound)

For a rearrangement scenario between genomes P and Q:

✔ The number of 2-breaks is at least dist(P,Q)

✔ Each 2-break uses 4 breakpoints

✔ The number of breakpoints is 2· blocks(P,Q)

✔ Hence the total number of intra-reuses is:

≥ 4· dist(P,Q) – 2· blocks(P,Q)



Number of Inter-Reuses
(Lower Bound)

For two branches (P,Q)(P,Q) and (P',Q')(P',Q') in the tree:

✔ Set V of the vertices in non-trivial cycles in G(P,Q)G(P,Q) rep-
resents the breakpoints between genomes PP and QQ

✔ Set V' of the vertices in non-trivial cycles in G(P',Q') 
represents the breakpoints between genomes P'P' and Q'Q'

✔ Hence, the number of inter-reuses is
≥ size of the intersection of V and V'



Surprising Irregularities in Breakpoint 
Reuse Across Various Pairs of Branches

✔ Statistics of breakpoint intra- and inter-reuses between the 
branches of the tree of six mammalian genomes:

✔ Colors represent the “distance” between a pair of branches:
red      red      = adjacent branches; 
green  green  = branches separated by one other branch;
yellow yellow = branches separated by two other branches.

✔  What is surprising about this Table?



Solution:

Turnover Fragile Breakage Model
and

Multispecie Breakpoint Reuse Test



Turnover Fragile Breakage Model 
(TFBM)

✔ The Ma et al. observation and the statistics of in-
ter-reuses indicates:

Breakpoint inter-reuses mostly happen across 
adjacent branches of the evolutionary tree.

✔ Turnover Fragile Breakage Model (TFBM):

Fragile regions are subject to a “birth and 
death” process and thus have limited lifespan.



Simplest TFBM:
Fixed Turnover Rate for Fragile Regions

✔ TFBM(m,n,x)TFBM(m,n,x):
✔ genomes have mm fragile regions
✔ nn (out of mm) fragile regions are active
✔ each 2-break is applied to 22 (out of nn) randomly 

chosen active fragile regions
✔ after each 2-break, xx  active fragile regions (out of nn) 

“die” and x new active fragile regions (out of m-nm-n) 
are “born”

✔ FBM is a particular case of TFBM with x=0x=0
✔ RBM is a particular case of TFBM with x=0x=0 and n=m



Recognizing the “Birth and 
Death”

✔ Given an evolutionary tree with known rearrangement 
scenarios, how one would determine whether they fol-
lowed TFBM with x = 0 (that is, FBM/RBM) or x > 
0 ?

✔ Comparing breakpoint inter-reuse across different pairs 
of branches would help, but it also depends on the 
branch lengths that may differ significantly across the 
tree.



Scaled Breakpoint Reuse

✔ The number of breakpoint intra- and inter- reuses de-
pends on the length of branches. To eliminate this de-
pendency, we define the scaled intra- and inter- re-
use:

✔ We defined and expressed analytically:
E(t) =E(t) = the expected number of intra-reuses along a 
branch of length tt; 
E(tE(t

11,t,t22) =) = the expected number of inter-reuses across 
branches of length tt11

 and tt22
.

✔ Scaled intra- and inter-reuse is the number of reuses 
divided by E(t)E(t) or E(tE(t

11,t,t22) ) respectively.



Scaled Inter-Reuse in Colored Cells (Simulated 
Genomes with Variable Branch Length)

FBM

TFBM
TFBM
TFBM

Simulations for the case when n=900 out of m=2000 fragile 
regions are active and various turnover rate x=0..4.



Measuring Reuse in 
the Whole Evolutionary Tree

✔ TFBM suggests that on average the number breakpoint 
reuses br(rbr(r

11,r,r22)) for 2-breaks rr11
 and rr22

 depends on the 
distance (in the evolutionary tree) between them. The 
larger is the distance, the smaller is br(rbr(r

11,r,r22)).

✔ Our goal is to define a single measure for the whole 
tree that would “describe” this trend and allow one to 
test whether the rearrangement process follow the 
TFBM with x>0. 



Multispecies Breakpoint Reuse

✔ The multispecies breakpoint reuse is a function R(L)R(L) 
expressing averaged breakpoint reuse between pairs of 
rearrangements separated by LL other rearrangements in 
the given tree.

✔ It can be explicitly defined as:

R(L) = R(L) = ΣΣ br(r br(r
11,r,r22) / ) / ΣΣ 1 1

    where both sums are taken over all pairs of
    rearrangements rr11

 and rr2 2 at distance LL in the tree.



Multispecies Breakpoint Reuse 
Test

✔ For RBM/FBM, R(L) is a constant.

✔ For TFBM with x > 0, R(L) is a decreasing function.

✔ MBR Test: compute R(L), and check if it is decreasing. 

(A stronger variant: determine x and check if x>0.)



Multispecies Breakpoint Reuse in 
TFBM (theoretic curve)

✔ For TFBM with parameters mm, nn, xx, we derive an ana-
lytic formula:

R(L) = 8(m-n)/(mn) * ( 1 – xm/(n(m-n)) )R(L) = 8(m-n)/(mn) * ( 1 – xm/(n(m-n)) )L L + 8/m+ 8/m

✔ For small L, R(L)R(L)  is approximated by a straight line:
8/n – 8x/n8/n – 8x/n22 L L

    which does not depend on mm.

✔ Given R(L), the parameters n and x can be determined 
from the value and slope of R(L) at L=0.



Multispecies Breakpoint Reuse in 
TFBM (theoretic vs. empiric curve)

  Simulations for the case when n=160 out of m=800 frag-
ile regions are active and various turnover rate x



From Simulated to Real 
Genomes: Complications

✔ It is easy to compute R(L)R(L) for simulated genomes, 
whose rearrangement history is defined by simu-
lations.

✔ For real genomes, while we can reliably recon-
struct the ancestral genomes, the exact evolution-
ary scenarios between them remain ambiguous.



From Simulated to Real 
Genomes: Complications

✔ It is easy to compute R(L)R(L) for simulated genomes, 
whose rearrangement history is defined by simu-
lations.

✔ For real genomes, while we can reliably recon-
struct the ancestral genomes, the exact evolution-
ary scenarios between them remain ambiguous.

✔ We can sample random scenarios instead.



Multispecies Reuse 
between Mammalian Genomes

✔ Best fit:   m m ≈≈ 4017 4017    n     n ≈ 196    x ≈ 1.12≈ 196    x ≈ 1.12



Implications:

How will the Human Genome 
Evolve in the Next Million Years?



Prediction Power of TFBM

✔ Can we determine currently active regions in the human 
genome HH from comparison with other mammalian 
genomes?

✔ RBM provides no clue
✔ FBM suggests to consider the breakpoints between HH 

and any other genome
✔ TFBM suggests to consider the closest genome such as 

the macaque-human ancestor QHQH. 
Breakpoints in G(QH,H)G(QH,H) are likely to be reused in the 
future rearrangements of HH.



Validation of Predictions for 
the Macaque-Human Ancestor (QH)

Prediction of fragile regions on (QH,H)(QH,H) based on the 
mouse, rat, and dog genomes:

✔ Using mouse genome MM as a proxy:
          accuracy 34 / 552 ≈ 6%

✔ Using mouse-rat-dog ancestor genome MRDMRD:
          accuracy 18 / 162 ≈ 11% 

✔ Using macaque genome QQ:
          accuracy 10 / 68 ≈ 16%
                                 (using synteny blocks larger than 500K)



Putative Active Fragile Regions 
in the Human Genome



Unsolved Mystery: 
What Causes Fragility?

✔ Zhao and Bourque, Genome Res. 2009, suggested 
that fragility is promoted by Matching Segmental 
Duplications, a pair of long similar regions locat-
ed within breakpoint regions flanking a re-
arrangement.

✔ TFBM is consistent with this hypothesis since the 
similarity between MSDs  deteriorates with time, 
implying that MSDs are also subject to a “birth 
and death” process.
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