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Biological recall: DNA

• Alphabet: A4={A,C,G,T}

• Double helix

• Complementary pairing

A – T and C – G

• Antiparallel
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Complementary map: C

Complementary nucleotide

C(A) = T and C(T) = A

C(C) = G and C(G) = C

Complementary trinucleotide

w0 = l0l1l2

with l0l1l2  A4, is

C(w0) = C(l2)C(l1)C(l0)

e.g. C(ACG)=CGT

Extension to a complementary trinucleotide set

Biological recall: complementary trinucleotide

3
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Permutation map: P

Permuted trinucleotide

w0 = l0l1l2

with l0l1l2  A4, is

P(w0) = w1 = l1l2l0

and 

P(P(w0)) = P(w1) = w2 = l2l0l1

e.g. P(ACG)=CGA and P(P(ACG))=P(CGA)=GAC

Extension to a permuted trinucleotide set

Biological recall: permuted trinucleotide

3
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Frame 0: Reading frame established by a start codon

{ATG,GTG,TTG}

Frame 1: Frame 0 shifted by 1 nucleotide in 5’-3’

Frame 2: Frame 0 shifted by 2 nucleotides in 5’-3’

A T G A C G G T A C G A T T G ...

Frame 0

Frame 1

Frame 2

Biological recall: 3 frames in genes 



Prof. Christian MICHEL, Theoretical Bioinformatics, ICube, University of Strasbourg, CNRS, France / 466

Result 1: The distribution of the 64 trinucleotides 

in the 3 frames of genes (prokaryotes, 

eukaryotes) are not uniform: 3 sets of 

trinucleotides are identified

 Trinucleotide frequencies per frame (Arquès, Michel, 

1996)

 Correlation functions per frame (Arquès, Michel, 1997)

 Frame permuted trinucleotide frequencies (Frey, 

Michel, 2003, 2006)

 Covering function (Gonzalez, Giannerini, Rosa, 2011) 
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Trinucleotide frequencies per frame

A T G A C G G T A C G A T T G ...

Frame 0

Frame 1

Frame 2

Frame 0 Frame 1 Frame 2
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Identification of 3 sets of trinucleotides per frame 

in prokaryotes and eukaryotes
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Complementary property C

C(X0) = X0 : X0 is self-complementary

C(X1) = X2 and C(X2) = X1 : X1 and X2 are 

complementary to each other

Permutation property P

P(X0) = X1 and P(X1) = X2 : X1 and X2 are deduced 

from X0 by permutation

Result 2 (Arquès, Michel, 1996, 1997):

Mathematical properties of X0, X1 and X2
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Result 2 (Arquès, Michel, 1996, 1997):

Mathematical properties of X0, X1 and X2
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Result 3 (Arquès, Michel, 1996, 1997):

X0, X1 and X2 are trinucleotide circular codes

X0 is able to retrieve the reading frame 0

X1 is able to retrieve the frame 1

X2 is able to retrieve the frame 2
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Y = {A,GC,AGC} is not a code as AGC = AGC

A4 = {AAA,...,TTT} (genetic code) is a code.

Code, comma-free code

3

A4 is not a comma-free code: ACGACG = ACGACG
3
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Circular code

For words of length 3 over a 4-letter alphabet (trinucleotides), the maximal length of 

circular codes is 20 words
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 Flower automaton (Lassez, 1976; Berstel, Perrin, 1985; 

Arquès, Michel, 1996, 1997)

 Necklaces 5LDCN (Letter Diletter Continued Necklace) 

(Pirillo, 2003) and nLDCCN (Letter Diletter Continued Closed 

Necklace) with n ∈ {2,3,4,5} (Michel, Pirillo, 2010)

Circular code: proof

Result 4 (Lacan, Michel, 2001):

Proof that the probabilistic model based on the nucleotide 

frequencies (Koch, Lehmann, 1997) is incomplete for 

constructing circular codes, in particular it cannot 

generate X0 (cannot generate the trinucleotides                      ) 
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Is Y = {GCG,CGC} a circular code ? C

G

C
C

G
G2 decompositions:

w = GCG CGC
w = CGC GCG
Y is not a circular code

Y = {GGC,CGG} is a circular code

Circular code

The decomposition of any word of a circular code Y

written on a circle is unique
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Circular code

Generation of a word from the circular code X0
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Circular code

 Generation of a word from the circular code X0

…GAA,GAG,GTA,GTA,ACC,AAT,GTA,CTC,TAC,TTC,ACC,ATC…

 Then, the trinucleotides in frame 1 mainly belong to X1

…G,AAG,AGG,TAG,TAA,CCA,ATG,TAC,TCT,ACT,TCA,CCA,TC…

 Then, the trinucleotides in frame 2 mainly belong to X2

…GA,AGA,GGT,AGT,AAC,CAA,TGT,ACT,CTA,CTT,CAC,CAT,C…

 X0 X2

 X0  X0  X1

In a comma-free codeY0, the trinucleotides of Y0 do not 

occur in the shifted frames 1 and 2

In frame 1: 75.4 % of X1 , 11.9 % of X0 and 12.7 % of X2

In frame 2: 75.4 % of X2 , 11.9 % of X0 and 12.7 % of X1
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Result 5 (Arquès, Michel, 1996, 1997):

X0 is a C3 self-complementary trinucleotide 

circular code

 X0 , X1 = P(X0) and X2 = P(X1) are maximal (20) 

trinucleotide circular codes

 C(X0) = X0 , C(X1) = X2 and C(X2) = X1

Remark: if X0 is a circular code then X1 = P(X0) and 

X2 = P(X1) are not necessarily circular codes
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Result 6 (Michel, Pirillo, Pirillo, 2008):

Growth function of comma-free codes

Result 7 (Michel, Pirillo, Pirillo, 2008):

Growth function of C3 self-complementary 

comma-free codes

Result 8 (Michel, Pirillo, 2010):

Growth function of circular codes
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Number of potential circular codes: 320 = 3 486 784 401

Number of circular codes: 12 964 440

Number of C3 codes: 221 544

Number of C3 self-complementary codes: 216

Occurrence probability of X0 in genes: 216 / 320  = 6.2  108

Result 9 (Arquès, Michel, 1996, 1997):

Classes of maximal (20) circular codes
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Result 10 (Michel, Pirillo, 2011; Michel, Pirillo, Pirillo, 

2012):

Hierarchy of maximal (20) circular codes

Strong: comma-free codes Weak 
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Result 11 (Bussoli, Michel, Pirillo, 2011, 2012):

Self-complementary maximal (20) circular codes
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Result 12 (Benard, Michel, 2013):

Transversion II on the three positions of any 

subset of trinucleotides of the circular code X0

yields no circular code
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Result 13 (Benard, Michel, 2013):

Transversion I on the 2nd position of any subset 

of trinucleotides of the circular code X0 yields to 

circular codes which are always C3
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Result 14 (Michel, Pirillo, 2013):

Dinucleotide circular codes
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Result 15 (Michel, Pirillo, 2013):

List of the 24 dinucleotide circular codes
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Result 16 (Arquès, Michel, 1996, 1997):

The circular code X0 codes 12 amino acids

Result 17 (Michel, Pirillo, 2013):
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Result 18 (Arquès, Michel, 1996, 1997):

The comma-free code RNY = {RRY,RYY} deduced 

from X0
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Result 19 (Arquès, Lacan, Michel, 2002):

Identification of genes in genomes with statistical 

functions based on the circular code X0



Prof. Christian MICHEL, Theoretical Bioinformatics, ICube, University of Strasbourg, CNRS, France / 4630

Result 19 (Arquès, Lacan, Michel, 2002):

Identification of genes in genomes with statistical 

functions based on the circular code X0
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Frameshift genes
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Result 20 (Ahmed, Frey, Michel, 2007):

Loss of the signal of the circular code X0 at the 

frameshift site of frameshift genes
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Result 21 (Ahmed, Michel, 2011):

Shift of the signal of the circular code X0 at the 

frameshift site of frameshift genes +1
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Result 21 (Ahmed, Michel, 2011):

Shift of the signal of the circular code X0 at the 

frameshift site of frameshift genes -1

Statistical tests based on the circular code X0 can be 

used to describe frameshift genes (Seligmann, 2012)
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Result 22 (Ahmed, Michel, 2008):

Signal of the circular code X0 in the plant miRNAs
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Result 23 (Michel, 2013):

X0 circular code motifs in transfer RNAs
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Result 23 (Michel, 2013):

X0 circular code motifs in tRNAs of prokaryotes
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Result 23 (Michel, 2013):

X0 circular code motifs in tRNAs of eukaryotes
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Result 24 (Arquès, Fallot, Marsan, Michel, 1999; 

Bahi, Michel, 2008):

Asymmetry between the circular codes X1 and X2

in genes
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Result 25 (Michel, 2013):

Asymmetry between the circular codes X1 and X2

in the 3’ regions of tRNAs of prokaryotes and 

eukaryotes
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Result 26 (Michel, 2012):

A possible translation code based on the circular code X0

tRNA-Phe
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Result 26 (Michel, 2012):

A possible translation code based on the circular code X0

16S rRNA
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Result 26 (Michel, 2012):

A possible translation code based on the circular code X0
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Result 26 (Michel, 2012):

A possible translation code based on the circular code X0
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Result 26 (Michel, 2012):

A possible translation code based on the circular code X0
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