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DNA Extraction Problem

Given:
1 input pool P of heterogeneous DNA strands, same length

n, same prefix α, and suffix β: |αxβ| = n;
2 a string γ (shorter than n);

Provide:
output pool of all and only the γ-superstrands from P:

Pγ = {αyγzβ | αyγzβ ∈ P, y , z ∈ Σ∗}
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One additional separation step

Given a string γ, we compute XPCRγ(α, β).

Input pool: P = {αxβ | |αxβ| = n}.

1 (P1,P2) := split(P);

2 P1 := PCR(α, γ)(P1);

3 P2 := PCR(γ, β)(P2);

4 P:= Mix(P1,P2);

5 P: = ∪k<nElk (P); % what about skipping this step?

6 P: = PCR(α, β)(P); % combinatorial amplification

7 P := Eln(P).
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XPCR based Extract(P, γ)

1 P := infix(P, α, β);
2 L := length(P); S := ∅;
3 for each n ∈ L do

1 R1 := ∅,R2 := ∅,Q := ∅,P1 := ∅,P2 := ∅;
2 P := separate(P,n);
3 (P1,P2) := split(P);
4 P1 := PCR(P1, α, γ̄);
5 for each m < n do R1 := mix(R1, separate(P1,m));
6 P2 := PCR(P2, γ, β̄)
7 for each m < n do R2 := mix(R2, separate(P2,m));
8 Q := mix(R1,R2);
9 Q := PCR(Q, α, β̄);
10 Q := separate(Q,n);
11 S := mix(S,Q);
12 output S 1.

1Problem of the γ-chimeras/mermaids.
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Chimeras/Mermaids
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XPCR − PureExtract(P, γ)

1 L := length(P);
2 for each n ∈ L do
3 P := separate(P,n);
4 (P,Q) := split(P);

5 P := infix(P, α, λ);
6 Q := infix(Q, λ, β);
7 P := PCR(P, α, γδ);

8 P := mix(P,Q);
9 P := PCR(P, α, β̄);

10 P := separate(P,n + |α|+ |β|);
output P
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Extraction with no chimeras
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XPCR −Mutagenesis(P, γ, δ)

let P = {< αγβ >}, and Q = {< α[−18,−1] δ β[1,20] >};
1 (P1,P2) := split(P);
2 P1 := PCR(P1, α[1,18],mir(α[−18,−1]));
3 P2 := PCR(P2, β[1,20],mir(β[−20,−1]));
4 P1 := separate(P1, |α|); P2 := separate(P2, |β|);
5 P1 := mix(P1,Q);
6 P1 := PCR(P1, α[1,18],mir(β[1,20]));
7 P1 := separate(P1, |α|+ |δ|+ 20);
8 P := mix(P1,P2);
9 P := PCR(P, α[1,18],mir(β[−20,−1]));

10 P := separate(P, |α|+ |β|+ |δ|);
Output: P.
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Quaternary Recombination Algorithm

This method starts from α-prefixed and β-suffixed I1, I2, I3 I4,
works in linear time, by using polymerase extension.

Let P1 and P2 be two copies of the pool

{αI1β, αI2β, αI3β, αI4β}

for i = 2,3,4,5 do

perform XPCRXi on P1 and XPCRYi on P2
2

mix the two pools into one P := P1 ∪ P2, then split P
randomly in two new pools P1 and P2

2Run together (no intermediate electrophoresis) have a worse efficiency
and complexity
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Splicing Examples

Initial sequences: I1 = X1X2X3X4X5X6, I2 = Y1Y2Y3Y4Y5Y6,
I3 = X1Y2X3Y4X5Y6, I4 = Y1X2Y3X4Y5X6.

1 I1, I4
rX2−→ X1X2Y3X4Y5X6, Y1X2X3X4X5X6,

I2, X1X2Y3X4Y5X6
rY5−→ Y1Y2Y3Y4Y5X6, X1X2Y3X4Y5Y6.

2 I2, I4
rY3−→ Y1Y2Y3X4Y5X6,Y1X2Y3Y4Y5Y6,

I1, Y1Y2Y3X4Y5X6
rX4−→ X1X2X3X4Y5X6, Y1Y2Y3X4X5X6.

3 I1, I3
rX5−→ X1Y2X3Y4X5X6,X1X2X3X4X5Y6,

I2, X1Y2X3Y4X5X6
rY2−→ X1Y2Y3Y4Y5Y6, Y1Y2X3Y4X5X6
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Correctness/completeness of recomb. algorithm

The n-dimensional library {α1 · · ·αn | αi ∈ {Xi ,Yi}, i = 1, . . . ,n}
is the null context splicing language generated by the system
N = (Σ,A,R), where Σ = {A,T ,C,G}, A = {I1, I2, I3, I4}, and
R = {rX2

,rY2
,...,rXn−1

,rYn−1
}.

The recombination algorithm, by construction, generates the
null context splicing language. Any null context splicing rule
(over axioms and products) generates an element of the library.
We have to show that it generates the whole n-dimensional
library, that is, each element of the library is generated by a
sequence of null context splicing rules.
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Algorithm Correctness Proof (1/2)

Proof. For any recombination α1α2 . . . αn there exists the
subset of rules {rα2 , rα3 , . . . , rαn−1} that generates it by means of
the following computation starting from the initial sequences.

Let us call Li the initial sequence containing αi−1αi as
subsequence, for i = 2, . . . ,n, and let c, s1, s2 be string
variables.

By construction, for each value of i there exists only one of
such an initial sequence.
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Algorithm Correctness Proof (2/2)

c := L2

for j = 2, . . . ,n − 1
apply rαj : c, Lj+1 −→ s1, s2;
c := s1;

output: c

The string c contains the substrand α1α2 before the for cycle,
and α1α2 . . . αi after the cycle corresponding to j = i − 1. Since
its length remains constant during the computation, after the for
cycle the string c is equal to α1α2 . . . αn.
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Infogenomics introduced a method

to represent and compare genomes (genomic profiles,
dictionary intersections): Zipf diagrams

...

to (automatically) find tandem repeats, and good genomic
dictionaries.
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Genomic profiles and Zipf curves

Zipf curves measure word frequencies in natural languages
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Genomic*DicConaries*
•  D(G)*=*{G[i,j]*|1*≤***i**≤**j**≤*|G|}*(square*dim.*w.r.t.*|G|)*
•  Dk(G)*=*D(G)*****Γk*
•  L*included*in*D(G)*is*a*dicConary*of*G*
•  A*posiCon*p*of*G*is*mUcovered*in*D*if*there*are*m*words*
G[i,j]*of*D*with*i*≤*p*≤*j*(posi/onal(coverage)(

•  D*covers*G*if*every*posiCon*of*G*is*kUcovered*with*k*≥*1*
by*D*(lexical(coverage)*

•  D*minimally*covers*G*if*D*covers*G*and*no*D’*included**
*in*D*covers*G*

•  G*is*DUsegmentable*if*G*belongs*to*D**
U
((
*
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A(Word(Selec/on(Algorithm(based(on(EXP/KL(

•  Word*Recurrence*distance*distribuCon*RDD(α)*
•  RDD(α)*!RDD*(α)*(norm.*removing*peaks*and*holes)*
•  Best*ExponenCal*Distr.*approx.*to*RDD*(α),*NED(α)*
•  Entropic*“distance”*between*distribuCons*RDD*and*NED*
(symmetric*KullbackULeibler)*KL~(RDD||NED)*

•  ExtracCon*of*words*by*elongaCon*stability*
*(starCng*from*different*seeds*<*10)*

•  Union*of*the*maximal*elongaCons*
•  Word*filtering*by*different*tests*
(length,*mulCplicity,*sequence*coverage,*posiConal*coverage,*…*)*
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A novel word recurrence based approach 

● Approach
● Characterize words by the divergence between their RDD and a theoretical distribution 
● The divergence is used as a measure of the information content of a word
● Elongate low expressive words until they acquire a reasonable level of significance 

● Random deviation of a word  α
1) Extract the RDD of α in G,  R

α

2) Remove distribution noise (peaks)
3) Force R

α
 to be a probability distribution

4) Estimate an exponential distribution E
α
 from R

α

5)
 
Force E

α
 to be a probability distribution

6) Calculate the random deviation as
r(α) = max( KL(R

α
,E

α
), KL(E

α
,R

α
) ) 

 where KL is the entropic divergence (namely the Kullback-Leibler divergence)

Extraction of Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy
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Elongation procedure
Words, factors and roots

Extraction of Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy

ATGCGCGTATGCAT

ATGCGCGTATGCAT

seed

r(α)

Selected word

Basic elongation strategy

Elongate a seed until r(α) increases

Elongation strategy is inversely 
inclusive w.r.t. seeds

Elongation from large seeds include what 
smaller seed elongate

Slide courtesy of Dr. Vincenzo Bonnici, Univ. Verona, IT
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Elongation procedure 
Preferred word lengths in WLD

Hg19, chromosome 1

Extraction of Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy
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Elongation procedure 
Preferred word lengths and their  sequence coverage

Extraction of Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy
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Hg19, chromosome 1
Sequence coverage
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Elongation procedure 
Preferred word lengths and their positional coverage

Extraction of Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy
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Hg19, chromosome 1
Positional coverage

Slide courtesy of Dr. Vincenzo Bonnici, Univ. Verona, IT
Dr Giuditta Franco



XPCR based algorithms
Infogenomics

5

Informational Analysis Pipeline

Extraction of Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy

chr1

5'-3'

Seeds

D
1
(G)

…

D
8
(G)

Elongation

L2R
R2L

… 

1

8

WLDs

Dictionaries

 Word count
 Sequence coverage
 Positional coverage

Dictionary
selection

Chromosome 
similarity & 
clustering

Partitioning

Selection of 
salient word

WLDs

k-selectivity

Word length 
selection

Autonomous

Non-autonomous

…G
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DicConary*ValidaCon*
Words*extracted*by*informaConal*methods*are*informaConally*
relevant,*but*what*about*their*biological*meaning?*
(Infogenomics*is*analogous*to*ENCODE)**
*
Words*are*pieces*on*which*genomes*were*built.*
Which*categories*emerge?*
*
Words*are,*in*this*perspecCve,*iper2dense6informa;on6units66
!

How*defining*and*discovering*biological*significance?*
Can*informaCon*tell*us*deep*biological*mechanisms?*

*********
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