6 Triangular inequality and restricted models for distances of singular genomes

In the following we will examine restricted models considering linear genomes that are sin-
gular. We start by describing in more detail the special operations that occur in restricted
scenarios.

6.2.1 Transposition and block-interchange via (ei)-composition

As we have seen, besides the structural rearrangements that correspond to a single DCJ
operation, some additional rearrangements correspond to two DCJ operations. A block-
interchange occurs when two segments exchange their positions. A particular case is a
transposition, in which one of the two exchanged segments is empty. When a block in-
terchange affects one single chromosome it is said to be internal, otherwise external. These
rearrangements require at least three distinct cuts and cannot be represented by a single DCJ
operation. Instead, they can be obtained by a composition of two DCJ operations. While
external block interchanges and transpositions can always be mimicked by two consecutive
translocations (Figure 6.3 (i)), internal ones can only be mimicked by two DCJs if the first
is a circular excision and the second is a circular integration (Figure 6.3 (ii)). We call such
a pair of operations an (ei)-composition. Note that, without (ei)-compositions, an internal
block-interchange or transposition requires three inversions, as illustrated in Figure 6.3 (iii).
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Figure 6.3: (i) External block interchange of markers 4 and 2 mimicked by two translocations.
(ii) Internal block interchange of markers 4 and 2 mimicked by an (ei)-composition. (iii)
Without a circular excision, the internal block interchange of markers 4 and 2 requires at
least three inversions to be mimicked.

6.2.2 Formalizing restricted DCJ models

Let A and B be two linear genomes. A scenario sorting A into B is said to be restricted
when each circular excision is immediately followed by a circular integration, forming an
(ei)-composition. The restricted distance of A and B, is the minimum cost of a restricted
scenario sorting A into B.

e If linear genomes A and B are canonical, we have the restricted DCJ distance of A
and B, denoted by rdpc;(A,B). It is clear that dpe;(A,B) < rdpes (A, B).

e If A and B are singular, we have the restricted DCJ-indel distance of A and B, denoted
by rdpy, (A, B), and the restricted DCJ-substitutuion distance of A and B, denoted
by rd¢, (A, B). Again, dpg, (A, B) < rdp, (A, B) and die, (A, B) < rdj(, (A, B).
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6.2 Restricted DCJ models for sorting linear genomes

6.2.3 Restricted and unrestricted DCJ distances are the same

Let A and B be two canonical linear genomes. Consider a scenario sorting A into B in which
an intermediate step is the excision of circular chromosome K,. Observe that K, must have
at least one adjacency a; = 179 that is not part of any chromosome of B. Moreover, B
must have a cutpoint 19 = v1-y3 such that 3 is not part of any adjacency in K,. Note that
marker extremities 71, ye,y3 are distinct. Furthermore, if 3 is empty, then 15 is a telomere.
By creating the cutpoint 2, circular chromosome K, is integrated into a linear chromosome
by a gaining DCJ. This guarantees that rdpc; (A, B) = dpe, (A, B) [99].

Finding an optimal restricted DCJ-indel sorting scenario

Below we will describe the most efficient available algorithm for the restricted canonical DCJ
sorting, which mimics the solution as the sorting of a permutation represented as a balanced
tree structure and runs in time O(n, logn.) [60].

Data structure for handling permutations. Our sorting algorithm uses a data structure
for handling permutations by Kaplan and Verbin [57]. It can be traced back to Chrobak
et al. [34], where it was used to improve heuristics for the traveling salesman problem. It
supports the following three operations in logarithmic time: find the i*® marker in a linear
chromosome, return the position of marker X, and perform a reversal operation. Linear
chromosomes can be represented by a balanced tree supporting operations split and merge
(e.g., red-black tree or splay tree). The order is the same as the left-to-right order of markers
on the chromosome. In each node of the tree, we store one marker, its orientation, number
of descendants, and a reverse flag. A reverse flag being “on” signifies that the whole subtree
is reversed. The reverse flag of node v can be cleared (“pushed down”) by changing v’s
orientation, swapping its children and flipping their reverse flags. Reversing a segment from
1 to j can be implemented as follows:

1. Find the i* and j*® markers (using the information about sizes of subtrees and reverse
flags).

2. Split the tree into three parts: 1} with markers before i, T3 with markers after j, and
T with the segment from i to j.

3. Flip the reverse flag in the root of 75, and
4. Merge T, T and T5.

We store a lookup table with a pointer to the corresponding node of a tree for every marker.
In this way, we can find the position of any marker in logarithmic time. To support multi-
linear genomes, we simply concatenate the chromosomes with a delimiter between each pair,
and in each node we store the number of delimiters in its subtree. This way, given a marker
X, we can tell on which chromosome it is by counting the number of delimiters before X. To
support different rearrangement operations, we can express them as a sequence of reversals.
For example, block interchange can be mimicked by four reversals; if we add sufficiently
many delimiters at the end of the sequence (representing empty chromosomes), we can also
mimic fusions and fissions.
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6 Triangular inequality and restricted models for distances of singular genomes

Algorithm description. As already mentioned and described in Chapter 3, Bergeron et
al. [10] gave a linear-time algorithm for DCJ sorting disregarding the constraint of rein-
corporating circular chromosomes immediately. The solution can be easily adapted to a
quadratic-time algorithm for the restricted version: after each step, check whether a circular
chromosome was created and if so, find the appropriate DCJ operation acting on adjacencies
in the circular and the original linear chromosome that reintegrates the circular chromosome.
It is not obvious how to do this efficiently (say in polylogarithmic time).

Yancopoulos et al. [99] had proposed to transform A into B by restricted sorting in four
stages: (0) Add caps to the ends of linear chromosomes. (1) By translocations, fusions
and fissions transform A into A’ such that chromosomes in A’ and B have the same marker
contents. (2) Perform oriented reversals to get A” with all markers in the same direction
as in B. (3) Finally, use block interchanges to transform A” into B . Stages 2 and 3 can
be implemented in O(n,logn,) time using the data structure described above (Swenson et
al. [92]; Feng and Zhu [47]). Thus, a unichromosomal restricted DCJ sorting can be solved
in O(n.logn.) time. However, it is not obvious how to implement stage 1 efficiently. Our
algorithm is based on the following observation:

Observation 1 Let X, Y be two markers that are adjacent in B, but not in A. If X and Y
are on different chromosomes in A, there is a translocation that puts them together. If X
and Y are on the same chromosome and have o different orientation, there is a reversal that
puts them together. These operations are optimal in the DCJ model. Transposition and block
interchange take two DCJ operations. These operations are optimal if they create two new
common adjacencies and destroy none.

This is simply because, even more generally, k operations, that create £ new adjacencies and
destroy none, create k new cycles in the relational graph, and thus decrease the distance
by k.

Theorem 12 A restricted optimal DCJ scenario transforming multilinear genome A into
multilinear genome B can be found in O(n.logn,) time.

Proof: The ends of linear chromosomes, telomeres, produce some difficulties and nasty special
cases. Here, again, we can bypass these special cases with the capping technique, but this
time transforming A and B into multilinear co-tailed and not circular genomes: we adjoin
new markers (caps) to the ends of the lienar chromosomes so that we do not change the
distance and we do not have to worry about telomeres any more. We find all the paths in
the relational graph Ggr(A,B). Paths of odd length have one end in A and one in B — simply
adjoin a new marker (properly oriented) to the two telomeres. This increases the number of
markers by one, but instead of an odd path, we have a cycle and a 1-path, so the distance
does not change. For paths starting and ending in A, add two new markers to the ends of
A and add a new chromosome consisting of just these two markers (properly oriented) to
B. The case with a path starting and ending in B is symmetric. The number of markers
increases by 2, but instead of an even path, we have a cycle and two odd paths, so the
distance does not change. Capping of all chromosomes can be done in linear time.

Let A’ and B’ be the capped co-tailed multilinear genomes and let p be the number of caps
added to them. Note that the number of chromosomes in A" and in B is m = £. Without loss
of generality, we may assume that the p 4+ n, markers in the m capped linear chromosomes
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6.2 Restricted DCJ models for sorting linear genomes

of A’ and B’ are the numbers from 1 to p+ n,; and that the target genome B’ is the identity
permutation split into the successive m chromosomes:

B = {[12... K1 Ki] [Kt{ K#2 ... Ko1 Ko] ... [Kprtl Kppor#2 ... Kl Kpo] }.

The caps are increasing from left to right: 1 < K; < Ko <Kz < ... < Kjp1 < Ky = p + 1.
The representation of the initial genome is

A ={[1...K] [Ki#*l ... Ko] ... [KptH ... Ky }.

We will be transforming A’ into B’ gradually “from left to right”: once we have transformed
the beginning of a chromosome in A’ to X ¥1 %2 ... Y we extend it by moving Y next to Y.
We adopt the notation Z to represent a marker Z with unkown orientation.

There are several cases we need to consider:
1. If ¥ is already next to Y we are done!

2. If Y1 is on a different chromosome than Y , we can always use a translocation. In the
rest of the proof, we assume that ¥ is on the same chromosome, to the right of Y.

3. If Y and ¥ have different orientation, we can use a reversal.

Otherwise, Y and ¥ have the same orientation. Following Christie [33], find marker Z
with the highest number between Y and ¥ and find marker Z+.

4. If 74 is on a different chromosome, we can use a translocation to move it next to Z; this
operation also moves Y+ to another chromosome, so we can use another translocation
to move it next to Y.

Otherwise the situation is Y ... Z ... ¥ ... ZH (since Z is the highest number between
Y and ¥+ and the part of the chromosome to the left of Y is already sorted, ZH must
be to the right of ¥+1).

5. If Z and ZH have different orientations, we can use a reversal to move Z+ next to Z;
this will also change the orientation of ¥+, so in the next step, we can use another
reversal to move Y+ next to Y.

6. Finally, if Z and 7zl have the same orientation, we interchange blocks
(i) Y(..Z)...(W..)Z0 ~ Y(w ..)...(...2)z1
if both Z and Z+1 have direct orientation; or
(i) Y(.)0Z...(¥ ... ) ~ Y(W...Z)Z...(...)
if both Z and Z+ have reverse orientation.
In both cases (i) and (ii), with two DCJs we move ¥+ next to Y and Z: next to Z.

Note that p < 2n,. Every step can be implemented in O(logn,) time using an extended
version of the data structure described above. We need the data structure to support the
following operations: (1) Given a marker, find the chromosome that contains it. (2) Perform
a DCJ operation. (3) Given interval Y ... Z, find the marker with the highest number on the
chromosome between Y and Z. To support this query, we store the highest number in the
subtree in each node. O
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APPENDIX A

Symbols used in the adopted formalism

genomes
family-annotation of marker, marker extremity, adjacency, telomere or chromosome
set of unannotated adjacencies in genome A

=n(adj(A)) : set of annotated adjacencies in genome A

set of unannotated marker extremities in genome A

= n(ext(A)) : set of annotated marker extremities in genome A

set of unannotated telomeres in genome A

= n(tel(A)) : set of annotated telomeres in genome A

set of cutpoints in genome A

set of unannotated chromosomes in genome A

set of families occurring in annotated genome A

=n(M(A)) : set of annotated markers of genome A

set of unannotated markers of genome A

number of occurrences (markers) of family F in genome A

In comparison of two annotated genomes A and B:

F, set of common families of genomes A and B

A set of families exclusive to genome A (see also table below)

B set of families exclusive to genome B (see also table below)

G« (multi)set of common annotated markers of genomes A and B
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A Symbols used in the adopted formalism

Graphs and respective derived properties:

Gr
GMr
GFrr

AA®

156

relational graph of canonical or singular genomes

multi-relational graph of balanced or natural genomes

family-free multi-relational graph of unannotated genomes

set of junctions in the whole relational graph or in one of its connected components
family graph of natural genomes

similarity graph

shared-content graph

perfect shared-content graph

component (path or cycle) of a relational graph

component whose length (given by the number of extremity edges) is i > 0

cycle of a relational graph

cycle of (even) length i > 0

path of a relational graph starting and ending in a telomere of genome A

AA-path of (even) length i > 0

path of a relational graph starting in a telomere of A and ending in a telomere of B
AB-path of (odd) length i > 1

path of a relational graph starting and ending in a telomere of genome B

BB-path of (even) length i > 0

type of component I

= {I'|T € Gg(A,B) and T(I') = O } : set of (circular) singletons

= {T'|T € Gr(A,B) and T(T) = O34} : set of cycles of length at least 2
={I'| T € Gg(A,B) and T(I") = AA } set of AA-paths

={T'| ' € Gg(A,B) and Y(I') = AB} : set of AB-paths

={T' | € Gg(A,B) and Y(I') = BB} : set of BB-paths

as a path-subscript: odd sequence of runs starting and ending in an A-run

as a path-subscript: odd sequence of runs starting and ending in an B-run
path-subscript: even sequence of runs starting in an A-run and ending in a B-run
number of runs in component I'

number of transitions in component I'

indel-potential of component I'

substitution-potential of component I

ortholog-set

complement of ortholog-set O
ortholog-maxset

complement of ortholog-maxset H
sibling-set

complement of sibling-set £
sibling-maxset

complement of sibling-maxset J
capping-maxset



