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Abstract

The process of gene assembly in ciliates, an ancient groogahisms, is one of
the most complex instances of DNA manipulation known in argaaism. Three
molecular operationsd;, hi, anddlad) have been postulated for the gene assembly
process, [3], [1]. We propose in this paper a mathematicalehfor contextual
variants ofld anddlad on strings: recombinations can be done only if certain
contexts are present. We prove that the proposed modeliisgFuniversal.
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1 Introduction

Ciliates are an ancient group of eukariotes (about 2.5ohiljiears old). They
are known to be the most complex unicellular organisms onEdwh. Their
main special feature which differs them from other eukasas nuclear duality:
ciliates have two types of nuclei (micronucleus and macctgus) performing
completely different functions. Micronuclei are used naito store genetical
information for future generations, while macronuclei tzon genes used to pro-
duce proteins during the life-time of a cell. Genomes areest these two types
of nuclei in two completely different ways: micronucleamgs are highly frag-
mented and shuffled, fragments (coding blocks) are sekirate each other by
non-coding blocks, while in macronuclei each DNA-molecotatains usually
one gene stored in assembled (non-fragmented) way. Duexigas reproduc-
tion coding blocks from micronuclei get assembled into raaaclear genes. For
details related to ciliates and the gene assembly processf@reo [6], [14], [15].

Two models were proposed for the gene assembly processatesil the in-
termolecular model in [7], [9], [10] and the intramolecuitaodel in [3] and [16].
They both are based on so called “pointers” - short nuclea&tjuences (about
20 bp) lying on the borders between coding and non-codingkisloEach coding
block £ starts with a pointer-sequence repeating exactly the @esgquence in
the end of that coding block preceditgin the assembled gene. It is currently
believed that the pointers guide the alignment of codinghkdaduring the gene
assembly process.

The bulk of the research on the intermolecular model comatzg on the com-
putational power of the model, in various formulations..Eig[7], the so-called
guided recombination systems were introduced, definingigegt-based applica-
bility of the model. The authors proved that this intermalec guided recombi-
nation system witlnsertion/deletioroperations is computationally universal. For
this, they constructed for each Turing machine a guidednéooation system, so
as for each computation of the Turing machine, there is @spanding sequence
of recombinations in the guided recombination system. i@hycthe input of the
recombination system has to be given in a large enough nuaoficepies.

Most of the research on the intramolecular model concesgran the combi-
national properties of the gene assembly process, ingutie number and the
type of operations used in the assembly, parallelism, @riants.

In this paper we initiate a study of the intramolecular modeim the per-
spective of the computability theory. Using a similar agmto as in [7], we in-
troduce a context-based version of the intramolecular e prove that it is
Turing universal. We prove that any Turing machine may beutabed through
intramolecular recombination systems: for any Turing n@eh/ there exists
a recombination systeid such that for any wora, w is accepted by/, if and
only if p(w) is accepted by, for a suitable encoding. Unlike in the intramolec-
ular case, no multiplicities are needed in this case, sime@itramolecular model
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conjectures that all useful (genetic) information is presd on a single molecule
throughout the assembly.

2 Preliminaries

We assume the reader to be familiar with the basic elemeritsofl languages
and Turing computability [17], DNA computing, [13]. We pezg here only some
of the necessary notions and notation.

An alphabetis a finite set of symbols (letters), and a word (string) over a
alphabet is a finite sequence of letters from the empty word we denote by
The set of all words over an alphabets denoted by *. The set of all non-empty
words over is denoted a& ™, i.e., Xt = X* \ {A}.

The length|z| of a wordz is the number of symbols that contains. The
empty word has length 0. Given two wordsindy, the concatenation af andy
(denoted asy) is defined as the word consisting of all symbols af followed

by all symbols ofy, thus|z| = |z| + |y|. The concatenation of a wordwith itself
k times is denoted ag®, andz® = \.

We denote byz|s the number of letters from the subsetC ¥ occurring in
the wordz and by|z|, the number of letters in .

If w = zy, for somex,y € ¥*, thenz is called aprefixof w andy is called a
suffixof w; if w = zyz for somex, y, z € ¥*, theny is called asubstringof w.

A rewriting systemM = (S, ¥ U {#}, P) is called aruring machingwe use
also abbreviation TM), [17], where:

(i) S andX U {#}, where# ¢ X andX # (), are two disjoint sets referred to
as thestateand thetapealphabets; we fix a symbol froii, denote it as!
and call it “blank symbol”.

(77) Elementss, andsy of S are thenitial and thefinal states respectively.

(77i) The productions (rewriting rules) d? are of the forms

(1) s;a — s;b

(2) s;ac — asjc

(3) sia# — as; U#
(4) cs;a — sjca

(5) #sia — #s;Ua
(6) sja — sy

(7) asy — sy

wheres; ands; are states iy, s; # sy, anda, b, c are inX.
A Turing machine) is calleddeterministiaf:
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e each words;a from the left side of the rule (1) is not a subword of the left
sides from rules (2)—(5), and

e each subword;a from the left side of rules (2) and (3) is not subword from
the left side of rules (4) and (5), and viceversa, each sutbwwarfrom the
left side of rules (4) and (5) is not subword of the left sidewés (2) and
(3), and

e for each left side:; of the rules (1)—(5) it corresponds exactly one right side
V;.

A configuration of the Turing machin&/ is presented as a Wosw, s;w-#
overX U {#} U S, wherew,w, € ¥* represents the contents of the tages
are the boundary markers, and the position of the state dymlodicates the
position of the read/write head on the tape:sifis positioned at the left of a
letter a, this indicates that the read/write head is placed over ¢flecontaining
a. The TM M changes from one configuration to another one accordingsto it
set of rulesP. We say that the Turing machindg halts with a wordw if there
exists a computation such that, when started with the re#d/fvead positioned
at the beginning ofv, the TM eventually reaches the final state, i.e#d,w#
derives#s;# by successive applications of the rewriting rules (1)—(@pf P.
The languagé.(M) acceptedy the TM M is the set of words on which/ halts.
If TM is deterministic, then there is the only computatiorsgible for each word.
The family of languages accepted by Turing machines is edgnv to the family
of languages accepted by deterministic Turing machines.

Using an approach developed in a series of works (see [14]],[|], and [8])
we usecontextgo restrict the application of molecular recombinationrapiens,
[13], [1].

First, we give the formal definition of splicing rules. Cathsi an alphabet
and two special symbolgt, $, not inX. A splicing rule(overX) is a string of the
form

r= Ul#u2$u3#u47

whereu,, us, us, uy € ¥*. (For a maximal generality, we place no restriction on
the stringsuy, us, us, us. The cases whemu, = X or uzuy, = A could be ruled
out as unrealistic.)

For a splicing ruler = wui#usSus#uy and stringse,y, 2z € ¥* we write
(z,y) k. zifand only if x = zyujusws, ¥y = Yyrusugys, 2 = Tiuusys, fOr some
x1, T2, Y1, Y2 € L. We say that weplicex, y at thesitesu,us, usuy, respectively,
and the result is. This is the basic operation of DNA molecule recombination.

A splicing scheme [5] is a paik = (3, ~), whereX is the alphabet and
~, the pairing relation of the scheme,C (X1)? x (X*)3. Assume we have
two stringsz, y and a binary relation between two triples of honempty words
(v, p, B) ~ (,p, 3'), such thatr = 2’appx” andy = y'a/pp'y”; then, the strings
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obtained by the recombination in the context from abovezare x'api’y” and
2 = y'a'pBa’.

When having a paifta, p, 5) ~ (o/,p,5’) and two strings: andy as above,
x = 2'apfBr” andy = y'o'pF'y”, we consider just the string, = 2’apf’'y” as
the result of the recombination (we call it one-output-rebmation), because the
stringz; = y'a’pBz”, we consider as the result of the one-output-recombination
with the respect to the symmetric p&ir', p, 5') ~ (a, p, 3).

2.1 Intramolecular Gene Assembly Operations

The intramolecular operations excise non-coding bloc&mfthe micronuclear
DNA-molecule, interchange positions of some portions efrtiolecule or invert
them, so as to obtain after some rearrangements the DNAenieleontaining a
continuous succession of coding blocks, i.e., the assehgaee. Contrary to the
intermolecular model, all the molecular operations in thigaimolecular model
are performed within a single molecule.

We recall bellow the three intramolecular operations cctojed in [3] and [16]
for the gene assembly, which were proved to be complete.R],any sequence
of coding and non-coding blocks can be assembled to the maclear gene by
means of these operations (for details related to the iriecalar model we refer
to [1]):

— Id excises a non-coding block flanked by the two occurrencesaire
pointer in the form of a circular molecule, as shown in Figlure

— hi inverts part of the molecule flanked by the two occurrencea of
same pointer, where one pointer is the inversion of the péseshown
in Figure 2.

— dlad swaps two parts of the molecule delimited by the same pair of
pointers, as shown in Figure 3.

ld(7) ld (i) Id (i)

Figure 1: Loop Recombination: (i) the molecule folds onlitse
aligning pointers in the direct repeat to form the loop, €i})-
zymes cut on the pointer sites, (iii) hybridization happeAs
the result, a portion of the molecule in the loop is excisethe
form of a circular molecule.
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hi())  hi(id)  hi(idi)

Figure 2: Hairpin Recombination: (i) the molecule folds on i
self aligning pointers in the inverted repeat to form theiai
(i) enzymes cut on the pointer sites, (iii) hybridizaticaypens.
As the result, a portion of the molecule in the hairpin is ited.

9 99

dlad(i dlad(i7) dlad(ii7)

Figure 3: Double-Loop Recombination: (i) the molecule #old
on itself aligning equal pointers from the repeated paiotofa
double loop, (i) enzymes cut on the pointer sites, (iii) hgllza-
tion happens. As the result, portions of the molecule intlop$
interchange their places.

3 The Contextual Intramolecular Operations

We define the contextual intramolecuteanslocationanddeletionoperations as
the generalization aflad andld operations, respectively. We follow here the style
of contextual intermolecular recombination operatiorsdus [7].

We consider a splicing schenie= (3, ~).

Definition 1 The contextual intramolecular translocation operatioritwiespect
to R is defined asrl, ,(xpuqypvqz) = xpvqypugz, where there are such relations

(v, p, B) ~ (¢, p, ) and(v,q,9) ~ (7, ¢,9') in R, thatz = 2'a, uqy = pu’ =

u"o,vqz = BV, xpu = 2"y, ypv = &y =y andz = 7.

We say that operatiotyl p, ¢ is applicable, if the contexts of the two occur-
rences ofp as well as the contexts of the two occurrences afe in the relation
~. Substring® andq we callpointers In the result of application afl p, ¢ strings
u andv, each flanked by pointegsandq, are swapped. If from the non-empty
word u we get bytrl, , operation worcy, we writeu =, , v and say that is
recombined ta by trl, , operation.

Definition 2 The contextual intramolecular deletion operation withgest toR
is defined aslel,(zpupy) = zpy, where there is a relatiofc, p, 5) ~ (a/, p, ')
in Rthatr = 2/, u = fu’ = u"d/, andy = §'y/.
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In the result of applyinglel,,, the stringu flanked by two occurrences pfis
removed, provided that the contexts of those occurrencesacd in the relation
~. If from the non-empty word: we get bydel,, word v, we writeu =4, v and
say that the word is recombined ta by del, operation.

We define the set of all contextual intramolecular operatiomder the guiding
of ~ as follows:

R = {trl,g del, | (a,p, ) ~ (a',p,3), (7,4,0) ~ (', 4,8)
for somea, o, 3, 6',7,7',6,8' . p,g € &}

Now, we define an intramolecular recombination (AIR) systesrthelanguage
accepting devicthat captures series of dispersed homologous recombiretents
on a single micronuclear molecule with a scrambled gene.

Definition 3 An accepting intramolecular recombination system is a quplk
G = (¥, ~,ap,w;), WhereR = (X, ~) is the splicing schemey, € X* is the
start word, andw, € X7 is the target word.

The language accepted byis defined ad.(G) = {w € £* | agw =7 wi}.

To illustrate the definitions above we give the following exaes.
Here we show some examples of application of contexts ankleofecombi-
nation operationsr| anddel.

(i) Consider the wordv; = abccbecba and the contexta, b, c) ~ (c b,a). The
context is applicable ta; only in the following way:a abecbecha, where by
underlinewe marked the context and Iyt we marked the pointers. Dele-
tion del, is applicable tav, in the context from above, i.eipccbecba = gel,
aba.

(i) Consider the wordw, = abcabccba and the contexta, b, c) ~ (c,b,a).
This context we can apply te, in two different ways: eithetibcabecha,
or abcabccba In this waydel, being applied tow, produces two differ-
ent results in the conteXiu, b,c¢) ~ (c¢,b,a): abcabecba =4, aba and

abcabc cba = g4ei, abcaba.

(iif) Here we show that contexts and pointers can have leggthter than one.
Consider the stringu; = babababaaaabaa and the contextb, aba, ba) ~
(aaa, aba a). The contextis appllcable tos in the following two ways: ei-
therbabababaaaabaa or babababaaaabaa In this way by applyinglel, to
the stringw; in the contex(b aba, ba) ~ (aaa,aba, a) we get the following
two results: babababaaaabaa = del,,, babaa and babababaaaabaa = del, .
bababaa.



(iv) Consider the stringy, = abcaabcabcbabcaab and the contexts; = (a, b, ¢)
~ (¢,b,a) andoy = (bc, a, abe) ~ (c, a,a). Contexto, is applicable tav,
in three different ways: eitharbcaabcabcbabeaab or abcaabeabebabcaab
or abcaabcgbgbgbcaab Contexto, can be applied tav, only in one way
abcaabcabcbabcaab. In this way, we can apply ta, reductiondel, either
in one of the three different ways or reductidei, or trl, , reduction in the

contexts bothr; ando,. One can see, thatl, , is applicable tav, in the
. . RN —— S
contextso; ando, only in a single way.ab ¢ aabcabch abc aab =,

A ~ e _
ab abc aabcabchb” ¢ ~aab. By underline we marked the context for the
pointerb and by overline we marked the context for the poimnter

As the summary of the example from above, to the same strangame con-
text can be applied in many different ways and as the resifiereint words can
be obtained from the same word by applications of the sametpes.

In the next example we illustrate a recombination system.

We define an intramolecular recombination system acceptioigis of the
form a"b", wheren > 2. G = ({$,#,0,1}, ~, $1#0#1, $10##). We will
define the splicing scheme = (X, ~) so as for each word of the forff¥ 1"0##
we would obtain the target;, = $104##:

g0 1"0H# = STHOH10™1"0H# = S1H0#10000" 1" P1T104H# =iy o
$1404£110000" 1" 1T1004## =4y - - - - =41y o $14£04 115110000743
1R 3111005 1 0H## =g oo - = tr1y o STHOF11731001100™ P0#H# =4y o
$100110#1™ 10" 0## =qer, $10011040" ' H## = 4o, $1001104## = gai,
$10## = w;.

In this way, we need the following contexts in our splicinpsme:

@) (#,1,0) ~ (L, 1, 10) () (14,0, #) ~ (10011, 0,0)
(b) (1,1,0) ~ (1,1,10) (9) (0,#, 1) ~ (1,4,0)

(c) (10,0,0) ~ (1,0, %) (h) (0,#,0) ~ (0, #, #)

(d) (10,0,0) ~ (1,0,0) (i) ($,10,0) ~ (1,0, ##)
(e)($,1,#0) ~ (1,1,00110)

In these contexts the recombination steps from the Wi¢e)#10000" 3173
111044 is looking like this (for each line the first column from the left contains
notation of the wordv;, in the second column there are shown applicable contexts,
the third column contains the word, the forth column from the left contains con-
texts of the recombination operation, the fifth column corgaéhe recombination
operation of the string, context of the left pointer of thig operation in the string
is marked byunderline context of the right pointer is marked byerling context
for thedel, operation is marked bynderline pointers are marked by tlnat).



wi | @)(©) | S1#0#T0000" 1" 1TT0## | (3)(©) | trhv
wy | (b)(d) | $14£04110000" 141110044 | (b)(d) | trlyg

we | (0)(d) | $1404115-2110000"+—317—F=3
1110007 20## (b)(d) | trli o

was | (€)(f) | STEOZT1"*110011000" 4044 | (e)(f) | trl
Wooy | (@) | $100110411"STHDO 1044 | (g) | dels

w, | (h) | $100110400"304# (h) | dely
wair | ()| $1001T0## (i) | delg
Wn 2 $10##

In this way, each word of the forg1'1"0## is accepted by our recombination
systemG. Words of the form0™ 104+, wheren # m are not accepted.

Indeed, assume: < n. To the wordw; from the table above only the con-
texts (a) and (c) are applicable and so, we can use whly operation which
can produce only the single result. After application oheitdel; or del, to
w; it is not possible to reach the target. Only the contexts () @) are ap-
plicable to the wordsy; with 2 < i < m — 2. Operationtrl, , applied tow;,

2 < i < m — 2 can produce only the single result. After application oeitlel;

or dely to those words we cannot reach the target. In this way we gestting
Wp—o = $140#11™=4110000" "™~ 111000™ 4044 . Only the context (d) is ap-
plicable tow,,_» and in this way, onlyel, is applicable, but after that we cannot
reach the target. The case whern> n is proved in the same way.

4 The Computational Power of Intramolecular Con-
textual Recombinations

Here we show, that by using intramolecular contextual dp®ra one can express
any deterministic Turing machine. We prove that for any figmachine\/ over

an alphabek, we associate a recombination systBrover an alphabet’. Also,

for anyw € ¥*, we associate awond’ € ¥* such thatv € L(M) iff w’ € L(R).
Intuitively, R simulates)/ in the following way:«w’ encodes both the word, as
well as all rules ofM in a large enough number of copies. It is important to have
a large number of copies because in every step of the siron)dti “consumes”
one rule ofM, which is then never “recovered”.

Theorem 1 For any deterministic Turing machin® = (S, U {#}, P) there
exists an intramolecular recombination systéfyy = (X', ~, ag, w;) and a string
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my € X such that for any wordv over X* there existst,, > 1 such thatw €
L(M) if and only ifw#575e 42 € L(Gy).

Proof. Consider a deterministic Turing machiné = (S, XU{#}, P) containing
m rewriting rules inP. Each rule ofP we identify uniquely by an integerr <
1 < m, and a rule identified aswe represent as: u; — v;. The configuration of
the Turing machine can be represented by the stings,aw,#, wherea € %,
s, € S andw;, w, € ¥*.

We define a recombination system

GJ\/[ = (2/7 ~, Qp, wt)

and a stringr,, for the Turing machiné/ in the following way:

Y o= SUSU{#IU{S|0<i<m+1},
oy = #4507
_ 4 3
wy = # Sf# )
™ = $0( H $z‘pviq$z‘)$m+1-
1<i<m
P,qEXU{#}

For arewriting rule : u; — v; of the Turing machiné/ and allc,, o, dy, ds, d3, p,
q € X U {#} we define the relations:

() (c1c2, p, uiqdydads) ~ ($5, p, viq3;) and
(ii) (C1C2puz’7 q, d1d2d3) ~ ($ipvi7 q, $i)-

Also we define the relation

(i) (Fttsp#, #, #4450) ~ (Bmrr, #, #).-

We have to prove the following claim: a wotd € ¥* is accepted by/ if and
only if there is sucl,,, that Wordw#####m’f} #4# is accepted byr ;.

Let a wordw be accepted by the givéluring machine\/, by the derivations
FHSOWH =i, FW S5, We F =iy FFWLSjWraFE =iy - - . =k FWI S, Wr FF = kt1
... =, #s;#. We prove that there is an integey big enough such that the word
wH#omhe #4+ is accepted by the recombinationgo#°mhy ## = #4HHsowHH
HAATN A =, BAFH, 5,0, AT S, BAHHW, S,
W, FHHHATAHE S, - S, o FHHHWL 5,0y, AT A

Vo sy o an THAFS (H#HH AT H##, Wherew,, w,, € X7, sj, €
Sandr; € ¥*forall 1 <i < n andmr;, differs froms; only by a substring.;
which replaces substring in ;.



Since for eachk < n there is a rulei, applicable to#w;, s;, w,, #, then
Fwy, 85, 0p, F#F = Wy, pug, qu,, , Wheres;, isinu;,, p,q € XU {#} andw; ,w;, €
(X U {#})*. We suppose, that the string contains at least one copy of the sub-
stringpuv;, g, i.e., 1, = $0$1w'S$;, pvi, ¢8:, "3, $.m 1. Then there are two relations
in our recombination system such a$, , operation is applicable to the string
HHHW], pus, qut, FHHHTAHE

Indeed, these relations afe) (cico, p, i, qdideds) ~ (3;,,p,v;,¢9%;,) and
(1) (crcapui, , q, didads) ~ ($i,pvi,, q,$,). In this way, we can obtain the string
wy, poi quy $o$10' 85, pui, 35, W S #H#H = #lwr 85, W F o # from
the string oft+t#w;, pus, qu, #HHHFTHH = W] pui, qu;, $0$1w'S;, pv;, g8, "
S 174, Wherew) = #4t#w;, = wy'cico andw; = w,, ###+4 = didadzwy;’ .

In this way, for each derivation stepw;# =, #wi41# from the Turing ma-
chine M we have the corresponded recombination step#H#w,, #H#HH#Hm.#

H# =ty o FHHHFWHHHH#H L1744, In the recombination systefi,, .

Now, we have to provide the numbky, of copies of ther,,; big enough, so
as for each derivatioftw,# =, #wi1# we would have at least a copy of the
substringu;, in the substringr;,. Such numbek,, exists and it is Turing com-
putable. Indeed, this can be for instarige> n, i.e., the number of derivations
of M in order to accept the word.

In this way, ifw is accepted by/ by the derivationgtsow# = ... = #s,#,
then we can have recombination#%&##sow#####m’f} HH O HHHHs#
HHHHEm, #4 by trl operations inG,,. In order to accepﬂ;#####wﬁ##
in G, we have to recombingt### s  #H#H#H##m,## 1o the targetw, =
##H#Hs r##4. This can be done by the deletion operation in the relation:
HHHH S 17 HHFHTHH = del, HHHFHSrH#HHH#-

Now, we prove, that for each Wo####sow#####m’f} #4# accepted by
the recombination systetH,,, Turing machinel/ accepts wordv too.

Assume, that there is sueh € ¥, that #4##sow#H##4mre 44 is ac-
cepted by, for somek,, > 0, butitis not accepted by/. That means, there are
recombination operations possible which do not correspotite derivation rules
from M, i.e., there are possible recombinations of the fefpaA#w' #H#HHH#r'
## =5 w", wherew' € (XU S)*, |w's = 1, 7,w" € ¥* and the re-
combination is not of the formt##w” pu;qu™ ##H#HHw" $:pvigdw " ## =, ,
HHHO" pUiqu HHHHW SipuiqSw i HH, wherew” | w? € (BU{#})*, w?, wv
€ X™* andp, ¢ € ¥ U {#}. Such recombinations exist.

Assume, relation of the forifa) or (i4) is applicable to the stringtw?” c; copuq
d1dodsw " # 80w $;pv;q8iw” S, 1 FHE, Wherew™ WV € (BU{#})*, W, w® €
Y*andey, g, dy, ds, ds, p, g € XU{#}, which is obtained fromgt# ## sowH#HH#+#
HHS w44 only by translocations corresponding to the rules friBrRelation
(i7) is not applicable to the string because we do not have sofst##s y# in
#w””clCquiqdldgdgw”M#$0wi$$ipviq$iwm$m+1##. Here we may have either:

Casedel: w = #w""cicopu;qdidodsw’™ #30w™$;pviqS;w™ S 1 #H# =del, #
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W copuiq$iw®S,, 1 ## = @’ in the relation of the typéi), or #w""c ¢y
puiqdy dadsw”  # 30w $;pviq8iw S 1 HH =ael, FW ' C102DU S0 S 11
#+# = w” in the relation of the typéii). Since relations of typeg) and
(#7) both consider pair of pointers, one of which is from the léftesand
another one is from the right side of the substrifAgt##+#$, of string
w, substring###+#+#$%, is deleted, we obtain eithet’ or ” and after
that it is not possible to reach by the recombination thengtwhere the
relation (ii7) is applicable. Moreover, after the deletion operationegiih
the relation(z) or relation(ii), it is not possible to remove from the string
symbol$,,, in the relationg:) and(i:). Indeed, in any recombination in
the relations(i) and (i:) of stringsw’ and w” the suffix$,,.## is not
affected.

Casetrl: @ = #w " cicopuiqddadzw? ™ #$0w™ $:p0;q8iw™ $;pv;qS;w™ S, 1 #
# =, Hw ' 100p0;q8w S pviqdy dodsw #H 0w S puiqd ;w1
# = =" in the relationg) and (ii), wherew™, w*" W™ € ¥/*. Assume
u; is the substring opv;q. There is no context applicable to the string'.
Indeed, according to the definition of the Turing machinerfrabove, the
maximal length of the suffix containing-symbol as the prefix in the right
side of a derivation rule i8 (type (3)v; = a;s;, U # or type (5)v;, =
#sj, Ua;, We represent; asv; = a;s;,a;a;’, wherea;, a, aj’” € (X U{#}))
and in the rule of the type (73§, — s;) S-symbol is the rightmost-symbol
in the left side of the rule. There are no other types of rulesneS-symbol
is the rightmost in the left side of the rule. In this way, wensigler that
s;, = sy. L.e., we have substring;¢$;, = pa}ssa’a’q3;. Relations(i) and
(77) are not applicable. Indeed, to the right fréfrsymbol we need to have
at least! symbols not equal t&; in order to satisfy the left condition dt)
and (’Ll) (i.e., (0162, D, Uiqdldgdg) and (clchui, q, dldgdg)). Slmllarly, we
can show that to the left frori-symbol we need to have at leagssymbols
not $; in order to satisfy the left conditions of the relatiof$ and (i:).
There are no other places in the strind where left conditions ofi) and
(1) are satisfied, i.e., relationis) and () are not applicable as soon as the
translocation involving symbols; is used.

There are no other recombinations possible in the relations:i) and (i:).
It follows then, that as soon as we have recombination noesponding to a rule
from P, the targetv; cannot be reached, i.e., waidéé####w]’f; #+# is accepted
by G, if and only if w is accepted by/. O

5 Final Remarks

In [7] the equivalence between a Turing machine languageaaset of multisets
of words was explored. Since we are working with the intragoolar model, we

11



can prove here a universality result in a standard way, stgtiie equivalence of
two families of languages.
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