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The genomic duplication is a DNA recombination problem
due to unequal crossing over

-
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The origin of duplicated and deficent regions of
chromosomes as a result of unequal crossing over. The tetrad at the left
is mispaired during synapsis. A single cossover bebween chromatids

2 and 3 results in deficient {chromosome 2) and duplicated

{chromecsome 3} chromosomal regions. The two chromosomes unin-

voleed in the crossover event remiain normal in their gene sequence
and content.

© Concepts of Genetics. W.S. Klug, M. Cummings, C. Spencer, M. Palladino.
Ed. Pearson 2009



Samre, UNIVERSITAT 7 DEPARTAMENTO DE SISTEMAS
z A POLITECNICA Dgl/ 6 INFORMATICOS Y COMPUTACION

.7 DE VALENCIA

Previous approaches to duplication languages:

J. Dassow and V. Mitrana, 1997 (together with A. Salomaa, 2002) : genomic operations
over strings and languages (transpositions, duplications, inversions, cross over, etc)

C. Martin-Vide and Gh. Paun,1999 : Duplication Grammars

V. Mitrana and G. Rozenberg, 1999: Properties of Duplication Grammars

J. Dassow, V. Mitrana, G. Paun, 1999: Regularity of duplication closure

M. Wang, 2000: Irregularity of duplication closure

P. Leupold, V. Mitrana, J.M. Sempere, 2004: Properties of (restricted) duplication languages
P. Leupold, C. Martin-Vide, V. Mitrana, 2005: Uniformly Bounded duplication languages

P. Leupold, V. Mitrana, 2007: Uniformly Bounded duplication codes
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Duplication Languages D*(w)

Let V be an alphabet

\4

a
D(w) = {uxxv |w = uxv,u,x,v € V*} /
o

e D'W)=w

* D'W) =U,cpiiy D) @21

D*w) = | Jpi(w)

=0
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On the regularity of duplication language D*(w)
(Dassow, Mitrana & Paun, 1999)

Th. If w is a string over a two-letter alphabet then D*(w) is a regular language

w = a1a2 ...an

D*(w) = {(wyayw,a; ... wp_1an_Wray,
w; € aj,
Wn+1 € a;lr
w; € a; for a;_4 = a;,
w; €EV* for a;_1 #a;,2 <i<n}
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On the irregularity of duplication language D*(w)
(M. Wang, 2000)

Th. Suppose w is a word containing at least three distinct letters. Then D*(w) is not regular.

w = abc and V is an alphabet.
If u = abcv then there exists v’ € V* such that uv’ € D*(w)

Suppose u = abcu' is square free. Let v be a shortest word such that uv € D*(w). Then

vl = loga(lul/3)

Through Myhill-Nerode’s characterization we can construct an infinite sequence of pairwise
inequivalent strings
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Bounded and unbounded duplication languages
(Leupold, Mitrana & Sempere, 2004)

An equivalent definition of (un)bounded duplication languages

X e{N}Uu{[k]llk =1}

Dy(w) = {uxxv |w = uxv,u,x,v € V* |x| € X }

e DI(w)=w

e Di(w) = UxED)i(_l(W)DX(x) i >1

=

Dy(w) the unbounded duplication language

Dzw) = | | Db w) | -

i>0 ka] (w) the k-bounded duplication language
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On the context-freeness of k-bounded duplication language D*(w)
(Leupold, Mitrana & Sempere, 2004)

Th. For any word w and any positive integer k, D[*k] (w) is context-free

A pushdown automaton based on a set of states in the form

U +—— guess
UV ——> memory

wI—— pattern
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First Open Problem

For any string w with at least three distinct symbols ...
how is the (non-regular) duplication language D*(w)?
(is it context-free, context-sensitive, ... ?)
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Compensation (deletion) loops

{a} Crigin of terminal deletion
=l
A B C DO E F B C D
ﬁ‘—&“—l— — —-I—'—.I.—l-
E {Lﬂiﬂ
(b} Crigin of Intercalary deletion
o C
A F ﬁ E F
il . AR W
L Origins of {a) a terminal and
A B E F o C (b} an intercalary deletion. Part (c) shows that
= S—— @ pairing can occur beteeen a normal chromco-
Delatad chromosome iLost some and ocne with an intercalary deletion if the

undeleted portion buckles out to form a deleticn
[or 2 compensation) loop.

{ch Formation of deficlency loop

Area missing In
dedeted chromosome

C o
A B C E E F
R B elemdE B A B E F
Mormmal chromosome  S¥Tapsls
—_—

A B E E _?_ﬂl_m_l_-
R RAE
Homiodog with deleted Farmation of deletion loop
reglon £ and D

© Concepts of Genetics. W.S. Klug, M. Cummings, C. Spencer, M. Palladino.
Ed. Pearson 2009
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An scheme for compensation (deletion) loops formation

(1) o Y )

2 9 g g v 6

m\m




ok o 1 0
Gaagd UNIVERSITAT DEPARTAMENTO DE SISTEMAS
Lll{LS;) POLITECNICA Dgl/ INFORMATICOS Y COMPUTACION
» DE VALENCIA

Duplication Languages with compensation loops D (W)
Let V be an alphabet without bracket symbols [ and ]

w = xq[wylxp [wy] o [wy,] shuffle with common segments

z = x1121]x2[2] .. xn[ 2] scs(W, z) = x1|wyzq]xz[wy 23] o [Wi 2, ]

e DY{(w) = {ux[x]v|w=uxv, ux,veV*}

e DL(w)={scs(x,y)|x,y € DiTI(w)}, i =1}

D (w) = U Dcil (w)

=20
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Duplication Languages with compensation loops D (W)

An example

w = abc

DY (abc) = {abc,alalbc, ab[b]c, abc[c], ab[ab]c, abc[bc], abc[abc]}
scs(alalbc,ablab]c) = alalb[ab]c € D}, (abc)

An erasing morphism h suchthat h([) = h(]) = 1

h(ala]blab]c) = aababc
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Duplication Languages with compensation loops D (W)

Property 1. For any arbitrary alphabet V and any string w € V", h(D};(w)) is regular

Letw = wyw, ...w, with w; €V

h(D};(w)) can be denoted by the following regular expression
Wy (W1) " Wa(Wy + wWiw,) W3 (Ws + waws + wiwoWws)™ o Wy (W + - + wywy .o wy)”

w = abc

h(D;(abc)) is denoted by aa*b(b + ab)*c(c + bc + abc)”
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Duplication Languages with compensation loops D (W)

Property 2. The following two statements are true

1) For any alphabet V with card(V)=1andw € V¥, h(D:l(W)) = D*(w)
2) For any alphabet V with card(V) > 1 there exists w € V't such that
h(Dg(w)) & D*(w)

1) is trivial given that if w = a™ then h(D:l(a")) = D*(a™) = a"a”

To prove 2), take w = aba and the following duplicated string sequence

aba E abaaba E abaabbaaba

that does not belong to the language h(D;‘l (aba)) = aa*b(b + ab)*a(a + ba + aba)*
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An scheme for dynamic compensation loops formation

b C

(1) a b c d (2) @

(3)

(4) S{C? (5 @7
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Duplication Languages with dynamic compensation loops D;.; (W)
Let V be an alphabet without bracket symbols [ and |

w = [wolxq [wq]xa [wa] . xp [wy,]
z = [zg]x1[z1]%2[22] - x5 2]

generalized shuffle with common segments

gscs(w,z) = { [nolx1[n1lx2 2] oo 2000 ] | Mox1m1X2M2 o Xy = WoZox1 W12y .. Xy Wy Zy }

DY (w) = {ux[x]v|w = uxv, u,x,v€EV*}

* Délcl(w) = Ux,yEDé;ll(W)gSCS(x’y)’ [ 2 1}

Décl (w) = U Dcilcl (w)

=20
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Duplication Languages with dynamic compensation loops D;.; (W)

An example

w = ablab]b[bb]c|bc]
z = ala]bbc|cc]

gscs(w, z) contains, among others, the following strings

x; = ala]blab]b[bb]c[bccc]
x5, = |ala[bab]bb|[bcbcc]c
x3 = alaba]b[bbbc]b[cc]c

h(x;) = h(x,) = h(x3) = aababbbbcbccc
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Duplication Languages with dynamic compensation loops D;.; (W)

Property 3. Let V be an alphabet with at least two symbols. Then there exists w € V *such
that h(Dg;(w)) & h(Dge(w))

Letw = ab

h(D/;(w)) can be denoted by the regular expression aa*bh(b + ab)”

ablab],alalb € DI (ab)

ala]lb[ab] € gscs(ala]b,ablab]) )
alabalb € gscs(alalb,ablab]) Dgci(ab)

alabaabalb € gscs(alabalb,alaba]b) Dz (ab)

aabaabab € h(Dj,(w)) — h(D}(w))
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Duplication Languages with dynamic compensation loops D;.; (W)

Property 4. Let V be an arbitrary alphabet with at least three symbols. Then there exists
w € V*such that h(D},(w)) € D*(w)

Let w = abc and we obtain the following duplicated string

abc E abcabc = abcacabc

How can abcacabc be obtained from abc by duplication with dynamic compensating loops ?

a symbol a cannot be inserted between the symbols ¢

/|

abcacabc

\/

a symbol ¢ cannot be inserted between the symbols a
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More Open Problem

e Foranystring w € V" what is the most restrictive language class for h(Dc*lcl (W))?

e For any string w with two different symbols is h(Dc*lcl (W)) =D*(w)?
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