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In 1996, a set X of 20 trinucleotides is identified in genes of both prokaryotes and eukaryotes which has in
average the highest occurrence in reading frame compared to the two shifted frames (Arqués and Michel,
1996). Furthermore, this set X has an interesting mathematical property as X is a maximal C> self-
complementary trinucleotide circular code (Arqués and Michel, 1996). In 2014, the number of trinucleotides
in prokaryotic genes has been multiplied by a factor of 527. Furthermore, two new gene kingdoms of plasmids
and viruses contain enough trinucleotide data to be analysed. The approach used in 1996 for identifying a
preferential frame for a trinucleotide is quantified here with a new definition analysing the occurrence
probability of a complementary/permutation (CP) trinucleotide set in a gene kingdom. Furthermore, in order
to increase the statistical significance of results compared to those of 1996, the circular code X is studied on
several gene taxonomic groups in a kingdom. Based on this new statistical approach, the circular code X is
strengthened in genes of prokaryotes and eukaryotes, and now also identified in genes of plasmids. A subset
of X with 18 or 16 trinucleotides is identified in genes of viruses. Furthermore, a simple probabilistic model
based on the independent occurrence of trinucleotides in reading frame of genes explains the circular code
frequencies and asymmetries observed in the shifted frames in all studied gene kingdoms. Finally, the
developed approach allows to identify variant X codes in genes, i.e. trinucleotide codes which differ from X. In
genes of bacteria, eukaryotes and plasmids, 14 among the 47 studied gene taxonomic groups (about 30%) have
variant X codes. Seven variant X codes are identified with at least 16 trinucleotides of X. Two variant X codes
X4 in cyanobacteria and plasmids of cyanobacteria, and Xp in birds are self-complementary, without
permuted trinucleotides but non-circular. Five variant X codes Xp in deinococcus, plasmids of chloroflexi and
deinococcus, mammals and kinetoplasts, X¢ in elusimicrobia and apicomplexans, Xg in fishes, Xr in insects,
and X¢ in basidiomycetes and plasmids of spirochaetes are C> self-complementary circular. In genes of
viruses, no variant X code is found.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

proposed by Crick et al. (1957) for explaining how the reading of
a series of trinucleotides could code amino acids. By excluding the

The trinucleotide codes, e.g. the genetic code, constitute a
fascinating and open problem. It is also an old problem. Almost
sixty years ago (in 1957), before the discovery of the genetic code,
a class of trinucleotide codes, called comma-free codes, was
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four periodic permuted trinucleotides {AAA, CCC, GGG, TTT} and
by gathering the 60 remaining trinucleotides in 20 classes of three
trinucleotides such that, in each class, three trinucleotides are
deduced from each other by the circular permutation map,
e.g. ACG, CGA and GAC, and we see that a comma-free code has
only one trinucleotide per class and therefore contains at most 20
trinucleotides. This trinucleotide number is identical to the amino
acid number, thus leading to a code assigning one trinucleotide


www.sciencedirect.com/science/journal/00225193
www.elsevier.com/locate/yjtbi
http://dx.doi.org/10.1016/j.jtbi.2015.04.009
http://dx.doi.org/10.1016/j.jtbi.2015.04.009
http://dx.doi.org/10.1016/j.jtbi.2015.04.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2015.04.009&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2015.04.009&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2015.04.009&domain=pdf
mailto:c.michel@unistra.fr
http://dpt-info.u-strasbg.fr/~c.michel/
http://dpt-info.u-strasbg.fr/~c.michel/
http://dx.doi.org/10.1016/j.jtbi.2015.04.009

CJ. Michel / Journal of Theoretical Biology 380 (2015) 156-177 157

per amino acid without ambiguity. However, statistically, no
trinucleotide comma-free code was identified in genes. Further-
more, in the beginning sixties, the discovery that the trinucleotide
TTT, an excluded trinucleotide in a comma-free code, codes
phenylalanine (Nirenberg and Matthaei, 1961), led to the aban-
donment of the concept of comma-free code.

In 1996, a statistical analysis of occurrence frequencies of the
64 trinucleotides {AAA,...,TTT} in the three frames of genes of
both prokaryotes and eukaryotes showed that the trinucleotides
are not uniformly distributed in these three frames (Arqués and
Michel, 1996). By convention here, the frame O is the reading
frame in a gene, and the frames 1 and 2 are the reading frame
0 shifted by one and two nucleotides in the 5 —3" direction,
respectively. By excluding the four periodic permuted trinucleo-
tides {AAA, CCC, GGG, TTT} and by assigning each trinucleotide to
a preferential frame (frame of its highest occurrence frequency),
three subsets X =Xy, X; and X, of 20 trinucleotides are found in
the frames 0, 1 and 2, respectively, simultaneously of two large
gene populations (protein coding regions): prokaryotes (13,686
sequences, 4,708,758 trinucleotides) and eukaryotes (26,757
sequences, 11,397,678 trinucleotides) (Arques and Michel, 1996).
This set X contains the 20 following trinucleotides:

X = {AAC, AAT, ACC, ATC, ATT, CAG, CTC, CTG, GAA, GAC,
GAG, GAT, GCC, GGC, GGT, GTA, GTC, GTT, TAC, TTC}. (1)

The two sets X; and X, of 20 trinucleotides each, in the shifted
frames 1 and 2, respectively, of genes can be deduced from X by
the circular permutation map (see below). These three trinucleo-
tide sets present several strong mathematical properties, particu-
larly the fact that X is a maximal C self-complementary tri-
nucleotide circular code (Arqués and Michel, 1996). A trinucleotide
circular code has the fundamental property to always retrieve the
reading frame in any position of any sequence generated with the
circular code. In particular, initiation and stop trinucleotides as
well as any frame signals are not necessary to define the reading
frame. Indeed, a window of a few nucleotides, whose nucleotide
length depends on the circular code, positioned anywhere in a
sequence generated with the circular code always retrieves the
reading frame. For crossing the largest ambiguous words gener-
ated with the circular code X (words, not necessarily unique, in
two or three frames), this window needs a length of 13 nucleotides
with X (Michel, 2012, Fig. 3). A window of 13 nucleotides allows to
retrieve the reading frame for all the ambiguous words generated
with X. Such a window explains that the circular codes are less
constrained than the comma-free codes. A review of this circular
code X gives some additional properties (Michel, 2008).

Recently, X motifs, i.e. motifs generated with the circular code
X, are identified in the 5 and/or 3’ regions of 16 isoaccepting
tRNAs of prokaryotes and eukaryotes (Michel, 2013). Several X
motifs are also found in 16S rRNAs, in particular in the ribosome
decoding center which recognizes the codon-anticodon helix in A-
tRNA (Michel, 2012; El Soufi and Michel, 2014). A 3D visualization
of X motifs in the ribosome shows several spatial configurations
involving mRNA X motifs, tRNA X motifs and 16S rRNA X motifs
(Michel, 2012; El Soufi and Michel, 2014). These results led to the
concept of a possible translation (framing) code based on the
circular code (Michel, 2012).

During the last 20 years, several classes of methods were
developed for searching circular codes in genes, in particular:

(i) trinucleotide frequency per frame (Arquées and Michel, 1996);
(ii) correlation function per frame (Arqués and Michel, 1997);
(iii) frame permuted trinucleotide frequency (Frey and Michel,
2003, 2006);
(iv) Gonzalez et al. (2011), by defining a statistical function
analysing the covering capability of a circular code, showed

on a gene data set from 13 classes of proteins that the circular
code X has on average the best covering capability among the
whole class of the 216 C? self-complementary trinucleotide
circular codes (Arqués and Michel, 1996; list given in
Tables 4a, 5a and 6a in Michel et al., 2008).

The approach used in 1996 for identifying a preferential frame for
a trinucleotide is quantified here with a new definition analysing the
occurrence probability of a complementary/permutation (CP) trinu-
cleotide set in a gene kingdom. Furthermore, in order to increase the
statistical significance of results compared to those of 1996, the
circular code X is studied on gene taxonomic groups of a kingdom.
The statistical analysis here is carried on 2,481,566,882 trinucleotides
of prokaryotic genes, a trinucleotide number multiplied by a factor of
527 compared to 1996, and on 824,825,761 trinucleotides of eukar-
yotic genes, a trinucleotide number also multiplied by a significant
factor of 72 compared to 1996. Furthermore, two new gene kingdoms
of plasmids and viruses contain enough trinucleotide data to be
analysed for a search of the circular code X. The proposed approach
strengthened the circular code X in genes of prokaryotes and
eukaryotes. Furthermore, it identifies the circular code X in genes
of plasmids and a subset of X in genes of viruses. The development of
a simple probabilistic model based on the independent occurrence of
trinucleotides in reading frame of genes will explain the circular code
frequencies and asymmetries observed in the shifted frames in all
studied gene kingdoms. Finally, the developed approach also allows
to identify variant X codes in genes, i.e. trinucleotide codes which
differ from X. In genes of bacteria, eukaryotes and plasmids, 14
among the 47 studied gene taxonomic groups (about 30%) have
variant X codes. Seven variant X codes are identified with at least 16
trinucleotides of X and which are either circular or non-circular. In
genes of viruses, no variant X code is found.

2. Method
2.1. Definitions

A few classical definitions are briefly recalled in order to
understand the main properties of the trinucleotide circular code
X identified in genes of prokaryotes and eukaryotes (Arqués and
Michel, 1996).

Notation 1. The letters (or nucleotides or bases) define the
genetic alphabet A;={A,C,G,T}. The set of non-empty words
(words, respectively) over A4 is denoted by A, (A}, respectively).
The set of the 64 words of length 3 (trinucleotides or triletters) on
A4 is denoted by Ai ={AAA, ..., TTT}. Let x;---x, be the concatena-
tion of the words x; for i=1,..., n, the symbol “-” being the
concatenation operator.

Notation 2. In genes, there are three frames f. By convention
here, the reading frame f =0 is established by a start codon
{ATG, GTG, TTG}, and the frames f=1 and f =2 are the reading
frame f=0 shifted by one and two nucleotides in the 5 —3'
direction, respectively.

There are two important biological maps involved in codes in
genes on Ay.

Definition 1. The nucleotide complementarity map C:As—A4 is
defined by C(A)=T, C(C)=G, C(G)=C, C(T)=A. According to the
property of the complementary and antiparallel double helix, the
trinucleotide  complementarity map C:A3—A; is defined by
C(lo . l] . lz) = C(lz) . C(l]) . C(I()) for all lo, l] N lz €Ay, e.g. C(ACG) = CGT.
By extension to a trinucleotide set S, the set complementarity map

C: P(Ai) - [P’(Ai), P being the set of all subsets of A3, is defined by

CS) = {v ‘ u,ve Ai, ueS,v= C(u)}, i.e. a complementary trinucleotide
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set C(S) is obtained by applying the complementarity map C to all its
trinucleotides, e.g. C({ACG, AGT}) = {ACT, CGT}.

Definition 2. The trinucleotide circular permutation map P :
A3 —A3 is defined by P(lo - Iy - ) =1y -1, - Iy for all Iy, I, € Ay, e.g.
P(ACG)=CGA. The 2nd iterate of P is denoted as P2, e.g.
P%(ACG) = GAC. By extension to a trinucleotide set S, the set
circular permutation map P:P(Ai)—»P(Ai) is defined by

PS) = {v ‘ uve Af‘l, ueS,v= P(u)}, i.e. a permuted trinucleotide
set P(S) is obtained by applying the circular permutation map P to

all its trinucleotides, e.g. P({ACG, AGT}) = {CGA, GTA} and P>({ACG,
AGT}) = {GAC, TAG}.

Definition 3. A set ScA] of words is a code if, for each
X1s-ees Xn, Y1>--» Ym €S, N, m>1, the condition X;--xp =YY
impliesn=m and x; =y, fori=1,..., n.

Definition 4. As the set Ai:{AAA,...,TIT} is a code, its non-
empty subsets are codes and called trinucleotide codes C.

Definition 5. A trinucleotide code C c Aj is circular and called CC
if, for each xi,..., Xn, ¥1,..., yneC, n, m>1, reA}, seA;, the
conditions sxy---XpT =Y ---¥;, and x; =rs imply n=m, r = ¢ (empty
word) and x;=y; fori=1,..., n.

Remark 1. A trinucleotide code C containing either one periodic
permuted trinucleotide PPT = {AAA,CCC, GGG, TTT} or two non-
periodic permuted trinucleotides NPPT = {t,P(t)} for a trinucleo-
tide teAJ\PPT cannot be circular. Thus, the two trinucleotide
codes A; and A;\PPT are not circular.

Remark 2. The fundamental property of a circular code is the
ability to retrieve the reading (original or construction) frame of
any sequence generated with this circular code. A circular code is a
set of words over an alphabet such that any sequence written on a
circle (the next letter after the last letter of the sequence being the
first letter) has a unique decomposition (factorization) into words
of the circular code (Michel, 2012, Fig. 1 for a graphical representa-
tion of the circular code definition and Fig. 2 for an example). The
reading frame in a sequence (gene) is retrieved after the reading of
a certain number of letters (nucleotides), called the window of the
circular code. The length of this window for retrieving the reading
frame is the letter length of the longest ambiguous word, not
necessarily unique, which can be read in at least two frames, plus
one letter (Michel, 2012, Fig. 3 for an example).

Definition 6. A trinucleotide circular code CCcA] is self-
complementary and called SCC if, for each y € CC, C(y) € CC.

Definition 7. A trinucleotide circular code CC c A3 is C* and called
C3CC if the two permuted trinucleotide sets CC; =P(CC) and
CC, =P*(CC) are trinucleotide circular codes.

Definition 8. A trinucleotide circular code CCcA] is C* self-
complementary and called C3SCC if CC, CC;=7P(CC) and
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CC, = P*(CC) are trinucleotide circular codes satisfying the follow-
ing properties CC = C(CC) (self-complementary), C(CC;) = CC, and
C(CCy)=CCq (CCq and CC, are complementary).

The trinucleotide set X = X, (Eq. (1)) coding the reading frame
(frame 0) in prokaryotic and eukaryotic genes is a maximal (20
trinucleotides) C? self-complementary circular code C3SCC with a
window length equal to 13 nucleotides for biinfinite words
(Arqués and Michel, 1996) and 12 nucleotides for right infinite
words associated to an unidirectional axis such as the 5 -3’
direction (Michel, 2012). The circular code X; = P(X) contains the
20 following trinucleotides:

X1 ={AAG,ACA, ACG, ACT, AGC, AGG, ATA, ATG, CCA, CCG,
GCG, GTG, TAG, TCA, TCC, TCG, TCT, TGC, TTA, TTG}

and the circular code X, =P?(X) contains the 20 following trinu-
cleotides:

Xy = {AGA, AGT, CAA, CAC, CAT, CCT, CGA, CGC, CGG, CGT,
CTA, CTT, GCA, GCT, GGA, TAA, TAT, TGA, TGG, TGT}.

Thus, X, X; =P(X) and X, =P*X) are maximal trinucleotide
circular codes verifying X = C(X), C(X1) = X, and C(X3) = X.

2.2. Kingdoms and taxonomic groups of genes

Kingdoms K and taxonomic groups G of genes belonging
to complete genomes of bacteria, (nuclear) eukaryotes, (bacterial)
plasmids and viruses are extracted from the GenBank data-
base (http://www.ncbi.nlm.nih.gov/genome/browse/, May 2014)
(Table 1). Usual preliminary tests exclude genes with nucleotides
different from A4, without start codons {ATG,GTG,TTG} (http://
www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi?mode=t),
without stop codons {TAA, TAG,TGA} and with nucleotide lengths
non-modulo 3. In a given kingdom, taxonomic groups containing
less than 500 genes are eliminated in this study. Note also that the
rare start codon CTG in the standard code is very often associated to
inaccurate sequences and it has been removed from the set of start
codons in order to (slightly) increase the speed of data acquisition.

The kingdom of bacteria K=B contains 7851,762 genes
(2,481,566,882 trinucleotides) and is divided into 25 taxonomic
groups G = B; listed and characterized in Table 1. The kingdom of
eukaryotes K=E has 1,662,579 genes (824,825,761 trinucleotides)
and is divided into 11 taxonomic groups G=E; (Table 1). The
kingdom of plasmids K=P contains 237,486 genes (68,244,356
trinucleotides) and is divided into 11 taxonomic groups G=P;
(Table 1). The kingdom of viruses K=V has 184,344 genes
(45,688,798 trinucleotides) and is divided into six taxonomic groups
G=V; (Table 1). The two gene kingdoms of plasmids and viruses
analysed for the first time here have numbers of genes and
trinucleotides significantly less than those in the gene kingdoms of
prokaryotes and eukaryotes. The statistical analysis developed here
considers each gene taxonomic group in a kingdom with the same
weight, i.e. with the same biological importance, whatever its
numbers of genes and trinucleotides (see below Egs. (4) and (12)).
Furthermore, the trinucleotide frequencies are computed here on
large gene taxonomic groups, i.e. greater than 500 genes, in order to
have stable and average values for the analysis of the circular code X.

2.3. Preferential frame of a trinucleotide in a gene taxonomic group
or a gene kingdom

A (very) simple parameter is defined for determining a pre-
ferential frame for a trinucleotide in a gene taxonomic group or a
gene kingdom. It quantifies the approach proposed in 1996 which
allowed the identification of the circular code X in genes of
prokaryotes and eukaryotes (Arqués and Michel, 1996).
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Table 1

frequency PrFrs(t, %) (MdPrFrs(t, %), respectively) among the

Kingdoms K and their taxonomic groups G of genes extracted from the GenBank three frames f {0, 1,2} of genes in &

database with their number of genes and trinucleotides.

Kingdom K Group G Symbol Nb of Nb of
genes trinucleotides
Bacteria B Actinobacteria Bacr 1,089,730 357,508,023
Aquificae Baou 20,280 6,165,531
Armatimonadetes Barm 2809 1,017,309
Bacteroidetes Bgac 318,160 110,404,488
Caldiserica Bear 1581 481,735
Chlamydiae Bcna 127,066 43,201,999
Chloroflexi Bcro 51,703 17,418,781
Chrysiogenetes Bcrr 2571 858,437
Cyanobacteria Beya 283,213 87,868,703
Deferribacteres Bper 9387 3,041,832
Deinococcus Bpgr 50,870 15,707,697
Dictyoglomi Bpic 3654 1,177,023
Elusimicrobia Bery 1529 494,013
Fibrobacteres Bris 41,927 15,301,826
Firmicutes Brir 1,692,429 502,060,799
Fusobacteria Brus 15,867 4,998,875
Gemmatimonadetes Bcem 3935 1,420,091
Nitrospirae Bnir 11,182 3,380,667
Planctomycetes Bpia 27,692 10,270,528
Proteobacteria Bpro 3,873,667 1,225,804,951
Spirochaetes Bspy 114,930 38,196,569
Synergistetes Bsyn 8903 2,837,236
Tenericutes Bren 63,690 20,717,741
Thermodesulfobacteria Byyp 3791 1,199,562
Thermotogae Brhc 31,196 10,032,466
Sum 7,851,762  2,481,566,882
Eukaryotes E  Birds Egir 79,171 46,172,760
Fishes Epis 76,602 43,256,890
Insects Eins 30,062 16,365,302
Mammals Evav 700,461 372,644,961
Roundworms Erwo 42,418 17,007,286
Ascomycetes Epsc 171,318 81,422,894
Basidiomycetes Epas 19,618 10,421,444
Green_Algae Ecar 25,537 10,010,687
Land_Plants Eipp 428,348 172,311,552
Apicomplexans Eapr 42190 27,166,377
Kinetoplasts Exin 46,854 28,045,608
Sum 1,662,579 824,825,761
Plasmids P Actinobacteria Pacr 17,531 4,963,407
Bacteroidetes Pgac 3773 1,241,432
Chlamydiae Pcvip 617 172,493
Chloroflexi Pcrr 1239 384,468
Cyanobacteria Pcya 12,540 3,768,101
Deinococcus Ppgy 6633 1,937,528
Fibrobacteres Prig 844 323,211
Firmicutes Prig 29,628 7,258,266
Fusobacteria Prys 1083 322,669
Proteobacteria Prro 157,869 46,615,252
Spirochaetes Pspy 5729 1,257,529
Sum 237,486 68,244,356
Viruses V dsDNA Vpsp 172,198 39,934,299
dsRNA Vbsr 973 654,931
Retro-transcribing Vrir 559 269,070
ssDNA Vssp 3562 796,401
ssRNA Vssr 4492 3,510,773
Phages Veua 2560 523,324
Sum 184,344 45,688,798

Let the (protein coding) gene family & be a gene taxonomic
group G or a gene kingdom K. Let PrFrs(t,#) be the occurrence
frequency of a trinucleotide teAft in a frame f € {0, 1,2} of a gene
family &. Let MdPrFrs(t, ) be the median occurrence frequency of
a trinucleotide teA; in a frame f€{0,1,2} of a gene family F.
Thus, there are 3 x 64 =192 trinucleotide occurrence frequencies
PrFrp(t, %) (MdPrFrs(t, %)) in the three frames f of a gene family %.
Then, the preferential frame PrefFr(t,#)e{0,1,2} (MdPrefFr
(t,#)e{0,1,2}, respectively) of a trinucleotide teAi in a gene
family & is defined by the frame having the maximal occurrence

PrefFr(t, %) = argf m(;aax2 PrErs(t, F)
€{0.1.2)
MdPrefFr(t, %) = argf m(;‘a]x2 MdPrFry(t, ). @)
€{0,1.2}

Remark 3. With the large gene taxonomic groups G studied
(Section 2.2), the three trinucleotide occurrence frequencies
PrFrs(t,G) in the three frames f have always different values.

Table 2a gives the mean occurrence frequencies PrFr(t, K) of the
64 trinucleotides t in the three frames fe{0,1,2} of genes in
bacteria K=B (7,851,762 genes, 2,481,566,882 trinucleotides),
eukaryotes K=E (1,662,579 genes, 824,825,761 trinucleotides),
plasmids K=P (237,486 genes, 68,244,356 trinucleotides) and
viruses K =V (184,344 genes, 45,688,798 trinucleotides) (Table 1).
The codon usage is given by PrFry(t,K) in reading frame f =0 of
genes. These 64 trinucleotide frequencies PrFrs(t,K) in a
gene kingdom K are obtained from the sum of trinucleotide
occurrence numbers in the gene groups G belonging to K. By
defining the occurrence number NbFr(t,G) of a trinucleotide

teAf1 in a frame fe{0,1,2} of a group G, then the mean
occurrence frequency PrFro(AAA,V) of AAA in frame O of the
viral kingdom v, for example, is equal to
PrFro(AAA, V) = z55g5755 INDFTo(AAA, dSDNA) + NbFro(AAA, dsRNA)
+NbFry(AAA, Retro—transcribing) + NbFrq(AAA, sSDNA) + NbFrq
(AAA, sSRNA)+ NbFro(AAA, Phages)| = 7:%5s%es = 3.61% which  is
given in Table 2a. These mean trinucleotide frequencies can be
considered as reference values for the codon usage in bacteria,
eukaryotes, plasmids and viruses. However, some statistical aspects
should not be ignored, in particular (i) some gene taxonomic groups
are overrepresented or underrepresented (experimental difficulty
or not to sequence some genomes, large number of species or not in
a today's taxonomic group, etc.); (ii) an overrepresented gene
taxonomic group may reflect or not the trinucleotide distribution
in its kingdom.

Table 2b gives the median occurrence frequencies MdPrFr(t, K)
of the 64 trinucleotides t in the three frames f € {0, 1,2} of the 25
gene taxonomic groups G = B; in bacteria K =B (7,851,762 genes,
2,481,566,882 trinucleotides), the 11 taxonomic groups G =E; in
eukaryotes K=E (1,662,579 genes, 824,825,761 trinucleotides),
the 11 taxonomic groups G = P; in plasmids K = P (237,486 genes,
68,244,356 trinucleotides) and the six taxonomic groups G =V; in
viruses K =V (184,344 genes, 45,688,798 trinucleotides) (Table 1).

2.4. Preferential frame occurrence probability of a trinucleotide in a
frame of a gene kingdom

Let a gene kingdom K with Card(K) gene taxonomic groups G, i.e.
K={G,....,Geardy }- Let the indicator function &¢(PrefFr(t,G))
(67(MdPrefFr(t,G)), respectively) be equal to 1 if the preferential
frame PrefFr(t,G) e {0,1,2} (MdPrefFr(t,G) e {0, 1,2}, respectively)
of the trinucleotide teAi is equal to a given frame f €{0,1,2} of a
gene taxonomic group G, 0 otherwise

1 if PrefFr(t,G)=f,

0 otherwise

1 if MdPrefFr(t,G)=f, 3
0 otherwise

Sp(PrefFr(t, G)) = {
Sp(MdPrefFr(t, G)) = {

where PrefFr(t,G) and MdPrefFr(t,G) are defined in Eq. (2).
Then, the preferential frame occurrence probability PrPrefFr(t,K)
of a trinucleotide t e Ai in a frame f € {0, 1, 2} of a gene kingdom K is
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Table 2a

Mean occurrence frequencies PrFry(t,K) of the 64 trinucleotides t in the three frames f € {0, 1,2} of genes in bacteria K =B (7,851,762 genes, 2,481,566,882 trinucleotides),
eukaryotes K =E (1,662,579 genes, 824,825,761 trinucleotides), plasmids K = P (237,486 genes, 68,244,356 trinucleotides) and viruses K =V (184,344 genes, 45,688,798
trinucleotides) (Table 1). The codon usage is given by PrFry(t,K) in reading frame f =0 of genes.

Bacteria B Eukaryotes E Plasmids P Viruses V
Frame f=0 f= f=2 f=0 f= f=2 f=0 f= f=2 f=0 f= f=2
t PrFry PrFrq PrFr, PrFry PrFry PrFr; PrFry PrFry PrFr, PrFrg PrFrq PrFry
AAA 2.87 249 2.22 2.73 2.23 2.32 215 193 1.75 3.61 2.77 2.83
AAC 1.79 1.46 1.14 2.00 1.38 1.14 1.77 135 0.99 2.46 1.61 1.51
AAG 1.97 2.74 0.75 3.21 2.72 1.24 2.16 2.10 0.68 2.58 2.92 0.93
AAT 1.93 1.26 1.60 211 1.19 143 1.69 1.09 1.24 271 1.70 1.96
ACA 1.00 1.66 1.03 1.55 2.52 135 0.93 1.76 0.90 1.65 2.51 1.36
ACC 212 1.65 0.73 1.56 1.76 1.10 2.22 1.74 0.71 1.62 1.61 1.00
ACG 1.39 2.46 0.67 0.78 1.40 0.47 1.66 2.56 0.71 1.20 2.67 0.67
ACT 0.90 1.02 1.07 144 1.49 1.14 0.75 0.96 1.03 1.64 141 1.10
AGA 0.54 1.55 2.25 1.36 2.94 3.09 0.52 1.75 1.78 1.08 2.00 3.02
AGC 1.39 1.97 1.53 1.70 2.36 1.66 1.49 2.07 133 1.07 1.54 1.50
AGG 0.32 234 1.27 117 2.98 1.45 0.45 2.67 1.03 0.56 211 134
AGT 0.81 0.92 1.1 133 1.42 134 0.73 0.89 0.84 1.09 133 137
ATA 0.89 1.87 0.58 0.99 1.56 0.57 0.77 1.50 0.51 1.43 2.64 1.00
ATC 2.71 1.61 0.73 1.89 1.40 113 3.03 1.73 0.73 217 1.52 111
ATG 234 2.53 0.39 2.24 3.07 0.60 2.29 2.38 0.43 245 2.96 0.66
ATT 243 1.40 1.49 1.88 1.32 1.30 1.72 1.19 1.16 2.50 1.82 1.84
CAA 1.61 1.20 2.53 1.59 1.68 3.09 1.33 1.08 2.65 1.83 1.75 2.99
CAC 1.05 0.86 1.76 1.32 1.27 1.90 1.09 0.89 1.96 1.07 1.04 1.75
CAG 2.18 1.45 1.1 2.80 240 197 2.35 133 1.28 1.72 1.78 1.05
CAT 1.06 0.71 2.24 1.20 112 240 1.07 0.70 242 0.98 113 2.08
CCA 0.77 1.88 1.51 1.69 2.53 1.93 0.70 1.99 1.63 1.10 1.66 1.27
CCC 1.08 1.38 1.08 1.47 1.58 1.50 1.29 1.56 114 0.92 0.95 1.06
CCG 1.88 3.29 1.57 0.83 1.29 1.00 2.10 3.81 1.94 1.21 2.03 1.03
CCT 0.81 1.18 1.91 1.66 1.47 2.05 0.71 1.40 221 113 0.83 1.36
CGA 0.42 1.52 3.87 0.65 0.70 1.70 0.57 1.83 4.44 0.60 1.22 3.23
CGC 2.25 2.38 3.17 0.95 0.92 113 2.67 2.78 3.72 1.36 1.30 2.04
CGG 1.08 2.67 3.00 0.88 118 1.08 1.47 3.09 3.37 0.66 1.63 1.89
CGT 1.10 0.86 211 0.59 0.57 1.05 0.95 0.86 2.39 1.08 0.96 1.67
CTA 0.56 0.93 1.05 0.78 1.15 0.94 0.51 0.69 1.16 0.84 1.71 0.98
CTC 1.73 0.74 0.99 1.75 1.63 1.68 2.19 0.72 1.09 1.28 11 1.00
CTG 3.66 1.53 0.93 2.85 2.81 1.19 3.92 1.39 1.10 1.91 2.19 0.79
CTT 1.28 0.96 1.66 1.55 1.31 1.94 1.31 0.74 1.72 1.27 1.1 1.44
GAA 3.47 0.72 1.87 3.21 117 293 2.99 0.69 1.96 3.58 0.96 2.29
GAC 2.63 0.44 1.44 2.40 0.67 1.33 2.90 0.51 1.76 2.92 0.57 1.37
GAG 2.62 0.65 0.65 3.68 133 1.52 2.88 0.64 0.77 2.67 0.94 0.81
GAT 2.80 0.39 2.36 2.73 0.58 1.66 2.56 0.42 2.53 3.22 0.64 1.82
GCA 1.69 1.86 2.02 1.75 1.84 1.94 1.66 212 2.09 1.79 1.47 1.45
GCC 3.54 1.61 1.63 225 1.40 1.53 4.17 1.89 1.86 2.04 0.96 112
GCG 3.06 2.87 1.83 1.03 1.08 0.91 343 3.20 217 1.72 1.83 113
GCT 1.60 1.20 3.00 2.04 1.22 212 1.39 1.30 3.29 1.92 0.82 1.54
GGA 1.23 0.83 2.63 1.75 1.42 3.55 117 0.98 2.81 1.43 0.93 241
GGC 3.35 1.27 3.00 1.85 1.1 2.08 3.69 1.60 3.47 1.95 0.80 1.94
GGG 1.22 1.24 1.70 135 1.37 149 133 144 1.79 0.95 1.06 1.24
GGT 1.76 0.54 233 1.40 0.67 1.62 1.38 0.61 2.36 21 0.71 1.57
GTA 1.08 0.95 0.59 0.82 0.81 0.67 0.80 0.69 0.52 1.41 1.41 0.91
GTC 2.04 0.79 0.86 143 0.86 1.18 2.50 0.77 0.99 1.54 0.89 1.05
GTG 2.58 1.45 0.51 2.34 1.83 0.80 2.46 1.25 0.54 1.81 1.80 0.77
GTT 1.52 0.86 1.67 1.55 0.78 1.40 1.25 0.67 1.53 1.96 0.96 1.73
TAA 0.00 1.29 1.94 0.00 1.06 1.70 0.00 0.95 1.42 0.00 1.75 3.24
TAC 1.32 0.75 1.07 145 0.75 0.96 1.26 0.60 0.86 1.76 0.91 1.47
TAG 0.00 1.32 0.55 0.00 1.09 0.82 0.00 0.91 0.46 0.00 1.60 1.01
TAT 1.62 0.81 1.92 1.31 0.71 132 147 0.62 132 2.04 113 234
TCA 0.77 2.23 135 148 247 1.68 0.70 245 1.22 1.16 222 1.53
TCC 0.99 1.43 1.08 1.59 1.75 1.52 1.08 1.74 1.09 0.90 1.21 1.19
TCG 1.10 3.53 0.78 0.73 1.19 0.68 1.36 4.34 0.85 0.97 2.30 0.86
TCT 0.86 1.23 1.26 1.74 1.57 1.61 0.69 141 1.40 1.42 114 1.29
TGA 0.01 243 2.78 0.00 2.38 3.68 0.00 2.46 2.30 0.00 214 3.73
TGC 0.56 2.87 2.18 1.03 211 2.20 0.65 295 213 0.70 1.60 1.99
TGG 1.25 341 1.59 1.18 3.21 233 1.38 3.24 138 134 2.36 1.97
TGT 0.38 1.31 1.63 0.96 1.39 214 0.33 1.22 137 0.78 1.45 2.06
TTA 1.64 1.72 0.92 1.02 1.29 0.70 1.01 118 0.70 1.71 2.30 1.16
TTC 1.94 1.33 1.15 1.91 1.61 1.56 223 1.34 1.02 1.87 1.35 1.30
TTG 1.44 2.66 0.49 1.65 2.65 0.66 1.21 215 047 1.39 2.79 0.75

TIT 2.01 1.54 219 1.86 1.31 1.80 1.52 113 1.54 218 1.47 214
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Table 2b

Median occurrence frequencies MdPrFr(t,K) of the 64 trinucleotides t in the three frames f € {0, 1,2} of the 25 gene taxonomic groups G = B; in bacteria K =B (7,851,762
genes, 2,481,566,882 trinucleotides), the 11 taxonomic groups G = E; in eukaryotes K = E (1,662,579 genes, 824,825,761 trinucleotides), the 11 taxonomic groups G = P; in
plasmids K =P (237,486 genes, 68,244,356 trinucleotides) and the six taxonomic groups G =V; in viruses K =V (184,344 genes, 45,688,798 trinucleotides) (Table 1).

Bacteria B Eukaryotes E Plasmids P Viruses V

Frame f=0 f=1 f=2 f=0 f=1 f=2 f=0 f=1 f=2 f=0 f=1 f=2
t MdPrFry MdPrFry MdPrFr, MdPrFrg MdPrFry MdPrFr, MdPrFry MdPrFry MdPrFr, MdPrFry MdPrFry MdPrFr;
AAA 3.94 343 2.94 2.78 2.07 2.06 3.84 3.62 291 3.39 2.56 2.78
AAC 1.83 1.50 1.49 2.05 143 1.14 1.74 1.43 1.84 219 1.65 1.69
AAG 2.06 3.50 1.15 3.21 2.76 1.15 2.36 3.65 1.06 2.68 2.79 1.19
AAT 2.34 1.54 2.32 1.82 111 1.30 3.06 1.77 2.28 2.77 1.75 2.09
ACA 1.24 1.64 1.06 1.54 2.39 135 1.49 1.80 1.08 1.88 242 1.55
ACC 1.76 1.26 0.82 1.51 143 111 1.67 1.47 0.77 1.38 1.46 1.32
ACG 1.15 1.98 0.63 0.96 2.06 0.52 1.04 1.86 0.70 1.17 2.01 0.74
ACT 1.08 1.02 1.25 1.39 1.50 111 1.34 1.05 1.31 1.81 1.38 1.23
AGA 1.02 1.67 3.27 1.38 2.53 297 0.94 1.66 3.51 1.54 211 293
AGC 1.12 1.46 1.70 1.57 2.39 1.62 1.19 1.55 1.75 1.05 1.50 1.80
AGG 0.40 2.30 1.70 1.12 3.13 1.48 0.45 2.16 1.52 1.03 2.05 1.57
AGT 0.90 0.95 1.40 1.23 1.44 1.29 1.27 0.97 1.37 1.20 1.31 1.67
ATA 1.63 217 0.69 0.88 1.37 0.49 1.14 2.49 0.70 1.58 243 1.01
ATC 211 1.70 0.92 2.02 1.36 1.14 1.96 1.75 0.91 1.80 1.71 1.30
ATG 219 2.51 0.49 2.28 2.92 0.53 1.88 2.51 0.49 245 3.28 0.76
ATT 2.68 1.91 1.65 1.69 1.09 1.17 2.85 2.00 211 241 1.91 1.92
CAA 143 1.41 2.20 1.70 1.53 3.10 1.27 1.76 2.44 211 218 2.84
CAC 0.75 0.82 1.21 1.46 1.28 1.98 0.86 1.00 1.28 1.03 1.32 1.61
CAG 1.73 1.66 1.16 1.80 1.90 1.36 1.88 1.66 1.06 1.80 219 114
CAT 0.99 0.69 2.07 1.14 0.97 2.25 1.03 0.86 2.07 133 1.34 2.03
CCA 0.83 1.83 113 1.64 224 1.53 0.89 1.70 1.52 1.65 1.77 1.31
Cccc 1.08 111 0.95 1.43 1.24 1.25 1.20 1.34 0.90 0.95 0.98 1.10
CCG 091 2.00 0.97 0.93 1.29 0.93 0.69 1.64 0.96 0.88 1.26 0.72
CCT 113 1.21 1.51 1.34 1.30 1.67 0.94 1.05 1.32 1.45 0.91 1.24
CGA 0.43 0.95 248 0.66 1.15 248 0.61 1.00 2.89 0.63 117 2.07
CGC 1.02 0.95 1.41 0.88 1.09 1.37 1.08 0.96 1.07 0.83 0.92 1.38
CGG 0.77 1.73 1.84 0.72 1.26 117 0.76 141 1.19 0.52 1.16 1.13
CGT 0.84 0.56 1.52 0.69 0.83 1.17 0.92 0.58 1.19 1.16 0.84 1.24
CTA 0.60 1.02 0.98 0.73 0.97 0.89 0.95 1.45 1.09 1.00 1.87 0.87
CTC 1.53 091 0.85 1.65 1.66 1.64 1.28 0.87 1.01 1.25 1.40 119
CTG 1.98 1.81 0.65 1.98 2.54 0.72 1.68 1.71 0.67 1.40 244 0.80
CTT 2.05 1.36 1.69 1.31 117 1.82 1.57 1.41 1.71 1.41 1.36 1.48
GAA 4.32 1.22 1.96 3.28 1.10 2.96 414 1.08 1.97 334 1.14 244
GAC 2.01 0.55 1.00 2.50 0.70 1.39 2.09 0.54 1.02 233 0.71 133
GAG 2.58 111 0.73 3.97 1.34 1.45 248 1.08 0.76 248 1.24 1.04
GAT 2.99 0.61 2.02 2.67 0.59 1.69 3.14 0.54 1.91 3.23 0.77 1.78
GCA 1.88 1.41 1.49 1.64 1.64 2.06 1.91 1.46 1.63 1.93 1.38 1.42
GCC 2.46 0.88 0.99 2.07 0.99 1.48 2.07 0.86 0.92 1.55 0.83 1.10
GCG 1.53 1.36 0.86 1.16 1.24 0.83 113 1.21 0.90 1.24 1.02 0.84
GCT 1.84 0.84 1.70 1.99 0.93 2.36 1.92 0.95 1.71 212 0.81 1.29
GGA 1.76 0.94 2.60 1.72 1.34 3.89 1.76 0.98 2.16 1.67 1.23 2.38
GGC 1.85 0.85 1.97 1.75 0.93 1.93 1.75 0.84 1.89 1.25 0.78 1.52
GGG 1.19 119 1.56 1.23 1.22 1.51 1.16 1.27 1.36 1.08 1.09 113
GGT 1.76 0.56 1.71 1.36 0.61 1.57 1.36 0.63 1.60 1.92 0.76 141
GTA 1.47 1.03 0.59 0.81 0.77 0.70 1.38 1.10 0.65 141 1.36 0.88
GTC 1.24 0.69 0.60 1.58 0.87 1.23 1.18 0.75 0.65 1.39 0.85 1.04
GTG 1.88 1.39 0.40 233 1.73 0.74 1.74 1.47 041 1.67 1.87 0.70
GTT 2.01 0.88 1.48 1.36 0.73 1.42 1.92 0.80 1.61 2.05 1.02 1.67
TAA 0.00 1.82 2.64 0.00 0.99 1.42 0.00 1.97 3.07 0.00 1.79 2.88
TAC 1.34 091 1.32 1.59 0.68 0.88 1.22 0.98 1.16 1.62 1.09 1.52
TAG 0.00 1.99 0.75 0.00 0.91 0.69 0.00 1.91 0.96 0.00 1.78 1.20
TAT 1.92 1.18 243 1.16 0.67 117 2.00 118 213 2.09 1.15 211
TCA 0.90 1.97 1.35 1.38 2.53 1.60 1.09 2.08 1.46 1.54 222 1.74
TCC 0.96 1.16 1.35 1.58 1.38 1.48 0.81 1.02 1.25 1.06 1.24 1.38
TCG 0.71 1.90 0.64 1.08 1.90 0.73 0.83 1.60 0.87 0.79 1.62 0.88
TCT 1.25 1.23 1.59 1.67 1.47 1.51 1.25 1.34 1.48 1.53 1.21 141
TGA 0.00 2.27 3.29 0.00 2.35 3.55 0.00 2.07 3.05 0.00 2.16 4.01
TGC 0.46 1.80 2.23 1.13 224 222 0.46 1.82 215 0.77 1.49 2.08
TGG 1.11 2.69 1.78 1.15 3.02 2.02 1.36 247 1.73 1.35 221 212
TGT 0.47 1.03 2.00 0.98 1.36 2.04 0.58 1.04 1.75 0.90 1.42 221
TTA 2.06 2.25 1.21 0.81 113 0.62 2.06 2.51 1.30 1.86 225 1.20
TTC 1.75 1.69 1.55 1.96 1.45 1.36 1.68 1.55 1.49 1.88 1.52 144
TTG 1.44 322 0.50 1.63 224 0.56 1.42 2.92 0.45 1.31 2.85 0.83

TIT 2.98 237 333 1.72 113 1.55 2.83 2.10 3.04 2.20 1.46 2.24
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simply defined by

Card(K)

> sp(PrefFr(t, Gy)). )

i=1

PrPrefFrs(t,K) = Card(®)

Remark 4. Y>> PrPrefFrs(t,K)=1.
f=012

Proposition 1. If PrPrefFry(t,K)=1/3 for the three frames
f€1{0,1,2} then the trinucleotide t has no preferential frame in the
gene kingdom K, i.e. t occurs in the three frames equiprobably in K.

2.5. Occurrence probability of a complementary/permutation
trinucleotide set in a gene kingdom

The class of C* self-complementary trinucleotide circular codes
C3SCC (Definition 8) is included in a larger class of codes C3SC by
relaxing the circularity property. Precisely, a new definition of a
class of codes is given here on which the developed statistical
approach will be based.

Definition 9. A trinucleotide code C CA?1 is C* self-complementary
and called C3SC if C, C; =P(C) and C, =P?(C) are trinucleotide
codes satisfying the following properties C=C(C) (self-comple-
mentary), C(C;)=C; and C(C3)=C; (C; and C, are com-
plementary).

In order to study the C* self-complementary codes C3SC inc-
luding the class of circular codes C3SCC, Eq. (4) defined for a
trinucleotide is extended to a set T of six trinucleotides related to
the complementarity and permutation maps C and P simulta-
neously, precisely T={{t,C(t)}, {P(),PCt)}, {P1),P>C(t)}}
with t e A2\PPT = {AAA, CCC, GGG, TTT} and {t.c(t)} in frame O,
{P(t), PC(t)} in frame 1 and {P*(t), P2(C(t))} in frame 2.

Remark 5. P(t) = C(P*(C(t))) and P*(t) = C(P(C(L))).

Then, the occurrence probability PrCP(T,K) of a complemen-
tary and permutation (CP) trinucleotide set T= {{t,C(t)}, {P(t),
PECt)}, {PX(t), P2(C(t)}} in a gene kingdom K is equal to

PrCP(T,K) = % [PrPrefFro(t,K)+PrPrefFro(C(t), K)+ PrPref Fri(P(t), K)
+PrPrefFri(P(C(t)), K)+ PrPrefFry (P2(t), K)
+PrPrefFry (P2(C(1)),K)] (5)
where PrPrefFry(t,K) is defined in Eq. (4).

Proposition 2. If PrCP(T,K)=1/3 then the complementary and
permutation (CP) trinucleotide set T has no preferential frame in
the gene kingdom K.

When the trinucleotide t is given then the trinucleotide C(¢) is
also known. Thus, there are 60/2 =30 CP trinucleotide sets noted

Ty, ..., T3o where T; = {{t,C(D)},, {P(t), P(C(t) },, {P*(). P>(C(t)};}
with {t,c(t)},; in frame 0, {P(t), P(C(t))}, in frame 1 and {P*(1),
P2(C(t)}; in frame 2. A maximal (20 trinucleotides) C° self-

complementary code C3SC is identified with the 10 first values
of the occurrence probabilities PrCP(T,K),...,PrCP(T;o,K). Pre-
cisely, the code C3SC has 20 trinucleotides C3SC=C3SCy=
{{t.cv}y. ... {t.c®)},,} in frame 0, 20 trinucleotides C?SC; =

P(C3SC) = {{P(t), PC(t)};, ... [P, PC(E)} o} in frame 1 and
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20  trinucleotides C3SC2=P2(C3SC)={{7>2(t),7?2(C(t))}1,...,
{PX(0), PA(C(t)} 1o} in frame 2 with C’SC=c(C’SO), ¢(C*SCy)
—3sc, and c(c-“scz) —(3sc,. only 216 C self-comp-

30
lementary trinucleotide codes c3sc among <10> =30,045,015

are circular C3SCC.

Notation 3. A complementary and permutation (CP) trinucleo-
tide set T={{t.C(t)}, {P(t), PC(t)}, {P*(t), P>(C(t)}} is said to
belong to the C? self-complementary trinucleotide circular code X,
ie. TeX,if {t,C(t)} NX # @. Ten among the 30 CP trinucleotide sets
T belong to the C° circular code X, ie. such that {t,C(t)} eX,
{P(t), PC(t)} e PX) = X1 and {P2(t), PA(C(£)} € PA(X) = Xo.

2.6. A probabilistic model for estimating a code probability in a
shifted frame of a gene kingdom

The probabilistic model is applied here to the four codes X = X,
X1 =PX), X, =P*X) and PPT = {AAA, CCC,GGG, TTT}. The four
studied codes C can be investigated by the preferential frame
approach developed here. The preferential frame occurrence
probability PrPrefFrs(C,K) of a trinucleotide code C in a frame
fe{0,1,2} of a gene kingdom K is obviously equal to

PrPrefFri(C.K) = %CI(C)ZPrPrefFrf(t, K) 6)
teC

where PrPrefFry(t,K) is defined in Eq. (4).

These four studied codes C can also be analysed by the
frequency approach. The occurrence probability PrFrs(C,K) of a
trinucleotide code C in a frame f € {0, 1, 2} of a gene kingdom K is
obviously equal to

1
PrFrp(C.K)= mz;wrf(t, K) (7
te

where PrFr(t,K) is defined in Eq. (2).

Egs. (6) and (7) rely on the same frame concept.

A simple probabilistic model based on the independent occur-
rence of trinucleotides in reading frame f = 0 can estimate the real
circular code probabilities PrPrefFry(C,K) (Eq. (6)) and PrFr(C,K)
(Eq. (7)) observed in the shifted frames f € {1, 2} of a gene kingdom

K. Indeed, the estimated trinucleotide probabilities P?ﬁf(t, K) for
the two shifted frames f € {1, 2} of a gene kingdom K are obtained
from the product of two trinucleotide probabilities PrFry(t’, K) and
PrFro(t”,K) in frame 0 with the 64 x 64 =4096 di-trinucleotides
t't"e A} x A3 and with the simplest hypothesis of independent
events. The method here is very similar to the method developed
in Michel (2014). Let t = lpl1 ], € Af’, be a trinucleotide occurring with
a frequency PrFry(t,K) in frame f = 0 of a gene kingdom K such that

>~ PrFro(t,K) = 1. By convention, the reading frame f = 0 is estab-
teA;
lished by the letter Iy of t =Iyl;l;. The frames f =1 and f =2 start
with the letters Iy and I, respectively, of t. Let the di-trinucleotide w
be a concatenation of two trinucleotides t' =I[y/;l, A} and
t'=plleAl, ie. w=tt'cAjxAl. We denote by
t1w) =11 L1; e A3 and ty(w) = bIgl| € A} the trinucleotides in frames
1 and 2, respectively, of a di-trinucleotide w. The concatenation of
the two trinucleotides t' and t” yield a trinucleotide t;(w) in a
shifted frame f e {1,2}. For example, the concatenation of the
trinucleotides t'= ACG and t” = TAC, i.e. w=ACGTAC, leads to
the trinucleotides t;(w)= CGT in frame f=1 and t;(w)=GTA in
frame f = 2.

The estimated probability P?ﬁf(tf(w),K) of a trinucleotide
ty(w) € A} in a frame f e {1,2} of a di-trinucleotide w=t't" € A} x
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Ai in a gene kingdom K is equal to the product of probabilities
PrFro(t’,K) and PrFro(t”,K) in frame O (with the simplest hypoth-
esis of independent events)

PrFre (t;(w),K) = PrFro(t’,K) x PrFro(t”, K).
Then, the estimated probability Pr/F\rf(t, K) of a trinucleotide teAi

in a frame f € {1, 2} of a gene kingdom K is equal to the probability
sum obtained with all the di-trinucleotides w=t't" e A3 x A}

PrFre(t,K) = >

weAjxA; | tr(w) =t

P?ﬁf (tf(W), K) .

Finally, the estimated probability P?ﬁf(C,K) of a trinucleotide
code C in a frame f € {1,2} of a gene kingdom K is equal to

PrFry(C.K) = _PrFr(t. K). ®)
teC

2.7. Identification of variant X codes

Section 3 will show that the C? self-complementary circular code X
is again identified in average in genes of prokaryotes, eukaryotes,
plasmids and almost completely in genes of viruses.

However, as already observed in 1996, a few trinucleotides among
the 60 x 3 = 180 trinucleotides are poorly assigned in some frames of
genes, mainly GTG and TGG in prokaryotes and AAG, GTG, TGC and
TGG in eukaryotes (Arques and Michel, 1996, Tables 1a and 1b,
respectively). Gonzalez et al. (2011) have also observed this variability
of the circular code X by analysing its covering capability among the
216 3 self-complementary trinucleotide circular codes C3SCC. A
third approach based on the probability (efficiency) of reading frame
coding (RFC) of usage of the circular code X also confirmed this
variability of X (Michel, 2015). Indeed, the highest RFC probabilities of
usage of X are identified in bacterial plasmids and bacteria (about
49.0%), then, by decreasing values, in viruses (45.4%) and nuclear
eukaryotes (42.8%) (Michel, 2015).

The statistical approach developed in Michel (2015) allows to
quantify the usage of X (RFC probability) in genes. It does not propose
another code, i.e. a subset of X which is always circular or a code Y
different from X which can be circular or not, in the case where a low
usage of X is observed in some genes, i.e. in the case where some
trinucleotides of X are less significant for reading frame coding. The
approach developed here allows to identify variant X codes in genes,
i.e. trinucleotide codes which differ from the circular code X.

For each gene taxonomic group G in a given kingdom K, the
number of correctly assigned trinucleotides (CAT) with respect to
the frame is counted in a complementary and permutation (CP)
trinucleotide set T = {{t,C(t)}, {P(t), PCE)}, {P*{), P*C(t)}}
(Section 2.5), precisely {t,C(t)} are in frame 0, {P(t), P(C(t))} in
frame 1 and {P?(t), P>(C(t))} in frame 2. Precisely, the numbers
NbCAT(T,G) and MdNbCAT(T,G) of correctly assigned trinucleo-
tides (CAT) with respect to the frame in a CP trinucleotide set
T={{t,ct)}, {P@®). PC®)}. {P*(t), P*(C(t))} } of a gene taxonomic
group G are equal to

NbCAT(T, G) = 59(PrefFr(t, G))+do(Pref Fr(C(t), G))

+681(PrefFr(P(t), G))+81(Pref Fr(P(C(t)), G))

+8, (PrefFr(P2(t),G)) + &, (PrefFr(P*(C()), G))

MANbCAT(T, G) = 5o(MdPrefFr(t, G)) + 5o(MdPrefFr(C(t), G)) )

+61(MdPref Fr(P(t), G))+61(MdPref Fr(P(C(t)), G))

+ 82 (MdPrefFr(P2(¢), G) )+ (MdPref Fr(P*(C(t)), G))

where §¢(PrefFr(t,G)) and &;(MdPrefFr(t, G)) are defined in Eq. (3).

Proposition 3. 0 < NbCAT(T,G)<6 and 0 < MdINbCAT(T,G) <6
according to Eq. (9).

Proposition 4.
P(T) = {{P©).C(Pt)}, {P*(6), PCP®O)}, {t. PHCP)) )}

= {{P®),cPt)}, {PA0).ct}, {t. PCt)}}

and
PXD) = {{P2(0.c(P*®) }. {t. P(C(P*®))) }.{P©).P*(C(P*(1))) } }

= {{P2(t).c(P*(1)) }. {t. P>C(t) }, {P(t),C()} }.

Proof. (i) For P(T), as P(t)=C(P*C(t))) (see Remark 5),
PC(P(t) =P(C(C(P*C(t)))) =P(PA(Ct)) =C(t) and  P*(C(P
(1) =P*(C(C(P*(C(1)))) =P (P*(C(1) = P(C(L)).

(ii) For PX(T), as P*(t)=C(P(C(t))) (see Remark 5), P(C(P>
(1)) =PCC(PE))) =P*(C(t) and P*(C(P*(1))) = P*(CC(PC(t)
N) = C(b).

Proposition 5.
NbCAT(T, G)+NbCAT(P(T), G)+NbCAT (P*(T), G) = 6 by definition.

A complementary trinucleotide pair {t,C(t)} of the circular
code X is replaced by the complementary trinucleotide pair
{P(t),C(P(t))}géX if

NbCAT(P(T),G) > 4. (10)

Similarly, a complementary trinucleotide pair {t,C(t)} of the
circular code X is replaced by the complementary trinucleotide
pair {P2(t),C(P*(t)) } ¢ X if

NbCAT (P*(T),G) = 4. 11

The chosen minimal number 4 means that four trinucleotides
among six, i.e. a number strictly greater than the mean number 3,
in a CP trinucleotide set T are correctly assigned with respect to
the frame. If inequality (10) or (11) is verified then NbCAT(T,G) < 3
according to Proposition 5.

Finally, the mean numbers NbCAT (T, K) and MdNbCAT (T, K) of
correctly assigned trinucleotides (CAT) with respect to the frame in
a CP trinucleotide set T={{t.C(t)}.{P(),PC®)}. {P*t),
Pz(C(t))}} of a gene kingdom K are equal to

Card(K)
NBCAT(T.K) = gy >, NDCAT(T.G))
i=1
Card(K)
MANbBCAT (T, K) = ks > MANDCAT(T, Gy)

i=1

(12)

where NbCAT(T, G;) and MdNbCAT(T, G;) are defined in Eq. (9).

2.8. Explained example of the statistical approach developed

Table 3 gives an explained example of the statistical approach
developed. Let a gene kingdom K with five groups G, i.e.
K=1{Gy,...,Gs}. Let the CP trinucleotide set T={{t,C(t)},
{P(t), PC(t)}, {P2(t), P2(C(t) } } = {{CAG, CTG}, {AGC, TGC}, {GCA,
GCT}} with {CAG,CTG} in frame 0, {AGC,TGC} in frame 1 and
{GCA, GCT} in frame 2. Then, the CP occurrence probability PrCP
(T,K) of T in K is obtained as follows:

(i) Computation of the three occurrence frequencies PrFr(t,G)
of the six trinucleotides t, C(t), P(t), P(C(t)), P>(t), P*(C(t)) T in the
three frames f e {0, 1,2} of each group G in kingdom K.

(ii) Determination with Eq. (2) of the preferential frame
PrefFr(t,G) € {0,1,2} of the six trinucleotides t belonging to T in
each group G of kingdom K. For example, AGC in G; has a
preferential frame PrefFr(AGC,G;)=1 as PrFr{(AGC,Gy)=1.96 >
Max{PrFro(AGC, G1), PrFry(AGC, G1)} = 1.53 (%).

(iii) Determination with Eq. (4) of the three preferential frame
occurrence probabilities PrPrefFr(t,K) of the six trinucleotides t



Table 3

Explained example of the statistical approach developed. Gene kingdom K with five groups G, i.e. K={G;,...,Gs}, and complementary and permutation (CP) trinucleotide set T = {{t,C(t)}, {P(t), P(C(t)}, {P*(t), P(C(t)} }
= {{CAG, CTG}, {AGC, TGC}, {GCA, GCT}} with {CAG, CTG} in frame 0, {AGC, TGC} in frame 1 and {GCA, GCT} in frame 2. PrFry(t, G) is the occurrence frequency (%) of a trinucleotide t belonging to T in a frame f € {0, 1,2} of a group G in
the kingdom K. PrefFr(t,G) € {0, 1,2} (Eq. (2)) is the preferential frame of a trinucleotide t belonging to T in a group G of the kingdom K. PrPrefFry(t,K) (Eq. (4)) is the preferential frame occurrence probability (%) of a trinucleotide t
belonging to T in a frame f € {0, 1, 2} of the kingdom K. PrCP(T,K) (Eq. (5)) is the occurrence probability (%) of the CP trinucleotide set T in the kingdom K.

K Group G, Group G, Group G3 Group Gy Group Gs
Frame f=0 f=1 f=2 f=0 f=1 f=2 f=0 f=1 f=2 f=0 f=1 f=2 f=0 f=1 f=2
t PrFro(t,Gy)  PrFri(t,Gy)  PrFry(t,Gy) PrFro(t,Gy) PrEri(t,Gy)  PrFry(t,Gy) PrFro(t, Gs3) PrFri(t,G3)  PrFry(t,Gs) PrFro(t,G4) PrFri(t,Gs) PrFry(t,G4) PrFro(t,Gs) PrFri(t,Gs) PrFry(t,Gs)
AGC 139 1.96 153 1.74 2.39 1.68 118 1.50 158 1.07 153 150 149 2.07 133
CAG 218 145 111 2.88 244 2.04 145 1.81 126 1.72 178 1.04 235 133 128
CTG 3.66 153 0.93 2.94 2.81 1.25 1.85 1.80 0.77 191 219 0.78 3.91 139 1.10
GCA 1.69 1.86 2.02 1.74 1.87 1.96 2.02 115 0.96 179 147 1.45 1.66 211 2.08
GCT 1.60 120 3.00 2.02 1.25 212 159 0.81 2.16 192 0.82 154 139 130 3.28
TGC 0.56 2.87 2.18 1.06 213 217 0.45 131 1.87 0.70 1.60 1.98 0.65 2.95 213
K Group G, Group G, Group G3 Group G4 Group Gs
t Preferential frame PrefFr(t,Gy) Preferential frame PrefFr(t, G,) Preferential frame PrefFr(t, G3) Preferential frame PrefFr(t, G4) Preferential frame PrefFr(t, Gs)
AGC 1 1 2 1 1
CAG 0 0 1 1 0
CTG 0 0 0 1 0
GCA 2 2 0 0 1
GCT 2 2 2 0 2
TGC 1 2 2 2 1
Kingdom K
Frame f=0 f=1 f=2
t PrPrefFro(t, K) PrPrefFry(t,K) PrPrefFr,(t,K)
AGC 0 80 20
CAG 60 40 0
CTG 80 20 0
GCA 40 20 40
GCT 20 0 80
TGC 0 40 60

PrPrefFro(t,K) PrPrefFro(C(t),K)  PrPrefFri(P(t),K) PrPrefFri(P(C(t),K)  PrPrefFry(P2(t).K)  PrPrefFr,(P*(C(t)).K)

CAG CTG AGC TGC GCA GCT PrCP(T,K)

60 80 80 40 40 80 =380/6~63

el
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belonging to T in the three frames f € {0, 1,2} of kingdom K. For
example, AGC in K has the preferential frame occurrence prob-
abilities PrPrefFro(AGC,K) =0 in frame O (zero preferential frame
PrefFr(AGC,K) =0 in K), PrPrefFri(AGC,K) = 80% in frame 1 (four
preferential frames PrefFr(AGC,K)=1 among 5 in K) and PrPref
Fry(AGC,K)=20% in frame 2 (one preferential frame PrefFr
(AGC,K) =2 among 5).

(iv) Computation with Eq. (5) of the CP occurrence probability
PrCP(T,K) = Y(PrPrefFro(CAG, K)+PrPrefFro(CTG, K) + PrPrefFry
(AGC, K)+ PrPrefFr{(TGC, K)+ PrPref Fro(GCA, K)+ PrPrefFro(GCT,
K)) = L(60+80-+80-+40-+40+80) =389 ~ 63%.

The number NbCAT(T,G) of correctly assigned trinucleotides
(CAT) with respect to the frame in the above chosen CP trinucleo-
tide set T={{t.Ct)},{P),PCE)}, {P*1t),P*C(t)}} ={(CAG,
CTG}, {AGC, TGC}, {GCA, GCT}} is given for the selected group Gs:
NbCAT(T, G3) = 6o(PrefFr(CAG, G3))+ 8o(Pref Fr(CTG, G3))+ 51 (PrefFr
(AGC, G3))+61(Pref Fr(TGC, G3)) + 62(Pref Fr(GCA, G3))+ 62 (Pref Fr
(GCT,G3)) =0+1+0+0+0+1=2 < 4. Thus, the complementary
pair {t,C(t)} = {CAG, CTG} is replaced either by the complemen-
tary pair {P(t),C(P(t))} = {AGC, GCT} or {P2(t), C(P*(t)) } = {GCA,
TGC}. The number NbCAT(P(T),Gs) in the CP trinucleotide set
P(T) = {P(0), C(P(O)}, {P1), C(0)}, {t, PC(1)} } = {{AGC, GCT},

{GCA, CTG}, {CAG, TGC}} (Proposition 4; trinucleotides {GCA, CTG}
in non-lexicographical order for easier reading) in Gs is equal to
NbBCAT(P(T), Gs) = 8o (PrefFr(AGC, G3)) -+ 8o (Pref Fr(GCT, Gs)) + 81 (Pref Fr
(GCA, G3))+61(Pref Fr(CTG, G3))+ 82(Pref Fr(CAG, G3))+ 6, (Pref Fr
(TGC,G3)) =0+0+0+0+0+1 =1 < 4. The number NbCAT(Pz(T),
G;) in the CP trinucleotide set P*(T)= {{P%(t), P(C(t))}, {t, P
€y}, {P),ct)} } = {{GCA, TGC}, {CAG, GCT}, {AGC, CTG}} (Prop-
osition 4) in Gs is equal to NbCAT(P*(T),Gs) = 6o(PrefFr(GCA,
G3))+8o(Pref Fr(TGC, G3))+ 61 (Pref Fr(CAG, G3))+61(Pref Fr(GCT, G3))
+ 82 (PrefFr(AGC, G3))+6,(PrefFr(CTG,G3)) =1+0+1+0+1+0
=3<4. Even_if NbCAT(P*T),G3)=3> Max{NbCAT(T,Gs),
NbCAT(P(T),Gs) } =2, the number NbCAT(P*(T),G3) of correctly
assigned trinucleotides (CAT) with respect to the frame is con-
sidered by this approach as being not significant (not strictly
greater than the mean number 3). In this example, the comple-
mentary pair {t,C(t)} = {CAG, CTG} is removed from the trinucleo-
tide code and not replaced, i.e. leading to a subset of the code and
not to a variant code.

3. Results
3.1. C self-complementary circular code X in genes of bacteria

The two indicators PrefFr(t,B) and MdPrefFr(t,B) (Eq. (2))
show very close results for the trinucleotide assignment of a
preferential frame in the bacterial gene kingdom K=B
(Tables 2a and 2b). Indeed, 54 trinucleotides among 64, i.e.
about 84%, have the same preferential frame with PrefFr(t, B)
and MdPrefFr(t,B). The 10 trinucleotides with a different pre-
ferential frame in B are AGC, CTA, CTT, GCA, GCT, GGC, GGT, GTT,
TCC and TGC (the trinucleotides of X being in bold). Seventeen
trinucleotides of X are assigned to the frame O with both
indicators PrefFr(t,B) and MdPrefFr(t,B). The three trinucleo-
tides of X having a different preferential frame assignment in B
are GGC in frame 0 with PrefFr(t,B) and in frame 2 with
MdPrefFr(t,B), GGT in frame 2 with PrefFr(t,B) and in frame
0 with MdPrefFr(t,B), and GTT in frame 2 with PrefFr(t,B) and in
frame 0 with MdPrefFr(t,B). The indicator MdPrefFr(t, B) identi-
fies directly 19 trinucleotides of X among 20 in frame 0.

Table 4a gives the preferential frame occurrence probabilities
PrPrefFrs(t,B) (Eq. (4)) of the 60 trinucleotides (without
PPT = {AAA,CCC,GGG, TTT}) in the three frames fe{0,1,2} of
genes in bacteria B (Table 1). As in 1996, the three sets of

trinucleotides X, X; =P(X) and X, =P3(X) are almost directly
identified. Indeed, only by inspection, i.e. without any statistical
tool, a set Sy of 24 trinucleotides occurs in frame f = 0 such that its
trinucleotides have preferential frame occurrence probabilities
PrPrefFro(t,B) > 4/10 (Table 4a), the value 4/10 being the ceiling
of the random value PrPrefFro(t,B)=1/3 (Proposition 1). By
decreasing values of PrPrefFry(t,B), the set So (ordered by > and
with a notation given in parenthesis) is (ATT, GAA, GAC, GCC, GAG,
GTC, GAT, GTA, GTG, AAT, ACC, GTT, ATC, CTC, AAC, CTT, GCA, GCG,
GCT, GGT, TAC, CTG, CAG, TTC) (Table 4a) where the trinucleotides
of X are in bold, the trinucleotides of X; are in italics and the
trinucleotides of X, are both in bold and italics. Sy contains 19
trinucleotides of X. Similarly, a set S; of 21 trinucleotides occurs in
frame f=1 such that its trinucleotides have probabilities
PrPrefFri(t,B)>4/10 (Table 4a). By decreasing values of
PrPrefFr(t,B), the ordered set S; is (ACG, TAG, CCG, TCG, TIG,
AAG, ATA, CCA, TGG, TTA, ATG, ACA, TCA, AGG, CTA, CAG, CTG, AGC,
GCG, TGC, TCC) (Table 4a). S; contains 17 trinucleotides of X;. A set
S, of 24 trinucleotides occurs in frame f=2 such that its
trinucleotides have probabilities PrPrefFry(t,B) > 4/10 (Table 4a).
By decreasing values of PrPrefFr,(t,B), the ordered set S, is {CGA,
CAT, CAC, TGT, CGC, CGT, AGA, TAT, GGA, TAA, TGA, AGT, CGG, GGC,
CCT, AGC, CAA, TCC, TCT, TGC, TAC, CTA, GCT, GGT} (Table 4a). S,
contains 17 trinucleotides of X,. Thus, only by inspection, three
sets of trinucleotides are identified, one set per frame. In addition,
these three sets are related by the complementarity and the
circular permutation maps simultaneously. The complementarity
map (Definition 1) can be revealed by inspection (i) within the
trinucleotides in Sy (self-complementarity of Sp); and (ii) among
the trinucleotides S; and S, (complementarity between S; and S).
Furthermore, as the complementarity map of a trinucleotide set
has a biophysical basis with the complementary and antiparallel
double helix, its identification in Sy, S; and S, is obvious. The
circular permutation map of a trinucleotide set can also be
revealed by inspection of the trinucleotides in Sy, S; and S,.
However, in contrast to the complementarity map, the permuta-
tion map (Definition 2) has no biophysical basis and is mainly
related to a “mathematical” property of codes. All subsequent
works on trinucleotide circular codes after 1996 have shown its
importance in biology, in particular for coding the shifted frames
in frameshift genes, e.g. Ahmed and Michel, 2011.

The identification of three sets related to the complementarity
and permutation maps such that each set has 20 trinucleotides per
frame needs a minor statistical investigation. Indeed, a problem
arises with a few trinucleotides having preferential frame occurrence
probabilities close to the random value PrPrefFro(t,B)=1/3
(Proposition 1) (Table 4a). In this case, a preferential frame for such
trinucleotides cannot be assigned easily. In addition, there are also
trinucleotides with a preferential frame but also occurring in the
other frames. For example, by restricting to the trinucleotides having
a preferential frame in frame 0, AAC also occurs in frames 1 and
2 with equiprobability (PrPrefFro(AAC, B) = 60%, PrPrefFr(AAC, B)
= 20%, PrPrefFry(AAC, B) = 20%, Table 4a), AAT also occurs in frame
2 but not in frame 1 (PrPrefFro(AAT, B) = 68%, PrPrefFri(AAT, B)
=0, PrPrefFr,(AAT, B) = 32%, Table 4a), ATC also occurs in frame
1 but rarely in frame 2 (PrPrefFro(ATC, B) = 64%, PrPrefFr{(ATC, B)
= 32%, PrPrefFr,(ATC, B) = 4%, Table 4a), etc. A similar observation
exists with the trinucleotides having a preferential frame in frames
1 and 2 (Table 4a).

The 10 complementary and permutation (CP) trinucleotide sets
TeX, ie {t.C()} e X, {P(t),PC(t)} € X1 and {P*(t), PA(C(t)} € X2,
belong to the 10 highest values PrCP(T,B) (Eq. (5)) among 30 in
genes of bacteria (Table 4a), leading to the 20 trinucleotides of X in
frame 0, 20 trinucleotides of X; in frame 1 and 20 trinucleotides of
X, in frame 2. The 10th value PrCP(T, B) = 39% is greater than the
random value 1/3 (Proposition 2). This result confirms the
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Table 4a

Preferential frame occurrence probabilities PrPrefFr¢(t, B) (Eq. (4)) (rounded %) of the 60 trinucleotides t (without {AAA, CCC, GGG, TTT}) in the three frames f € {0, 1,2} of
genes in bacteria B (Table 1). Occurrence probabilities PrCP(T,B) (Eq. (5)) (rounded %) of the 30 complementary and permutation (CP) trinucleotide sets
T={{t.ci},{P®).PCt)}. {’Pz(t),PZ(C(t))}} in bacteria B. The CP trinucleotide sets T are ranged according to the decreasing values of PrCP(T, B). The 20 trinucleotides
of the C? self-complementary circular code X are in bold, the 20 trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of X, = P2(X) are both in bold and italics.
The 10 CP trinucleotide sets T such that the complementary pairs {t,C(t)} belong to the circular code X are in bold.

t Frame f =0 Frame f =1 Frame f =2 Frame f =0 Frame f =1 Frame f =2 PrcpP
PrPrefFrq PrPrefFr; PrPrefFr, t C(t) P(t) P(C(t)) PA(t) P2(C(t))

AAC 60 20 20 GAC GTC ACG TCG CGA CGT 93
AAG 24 76 0 AAT ATT ATA TTA TAA TAT 77
AAT 68 0 32 ATC GAT TCA ATG CAT TGA 73
ACA 28 64 8 AAC GIT ACA TIG CAA TGT 70
ACC 68 8 24 GCC GGC CCG GCG CGC CGG 69
ACG 0 100 0 CTC GAG TCC AGG ccT GGA 65
ACT 40 24 36 GTA TAC TAG ACT AGT CTA 60
AGA 0 24 76 GAA TTC AAG TCT AGA CIT 59
AGC 0 44 56 ACC GGT CCA GTG CAC TGG 57
AGG 0 60 40 CAG CTG AGC TGC GCA GCT 39
AGT 0 32 68 AGC GCT GCA CTG CAG TGC 33
ATA 24 76 0 GTG CAC TGG ACC GGT CCA 33
ATC 64 32 4 AAG CIT AGA TIC GAA TCT 32
ATG 32 68 0 GCG CGC CGG GCC GGC CCG 29
ATT 100 0 0 TGC GCA GCT CAG CTG AGC 27
CAA 12 32 56 ACT AGT CTA GTA TAC TAG 25
CAC 0 16 84 ATG CAT TGA ATC GAT TCA 23
CAG 44 52 4 AGG ccT GGA CTC GAG TCC 21
CAT 0 8 92 ATA TAT TAA ATT AAT TTA 19
CCA 24 76 0 TG CAA TGT AAC GIT ACA 17
CCG 4 96 0 TAG CTA AGT TAC GTA ACT 15
ccr 36 0 64 TCC GGA ccr GAG CTC AGG 14
CGA 0 0 100 ACA TGT CAA GIT AAC TTG 13
cGC 16 4 80 CCA TGG CAC GGT ACC GTG 1
CGG 0 32 68 TCT AGA CIT GAA TIC AAG 9
CGT 20 0 80 ACG CGT CGA GTC GAC TCG 7
CTA 0 56 44 TCA TGA CAT GAT ATC ATG 5
CTC 64 32 4 TTA TAA TAT AAT ATT ATA 3
CTG 48 52 0 CCG CGG CGC GGC GCC GCG 2
CIT 56 8 36 TCG CGA CGT GAC GTC ACG 1
GAA 100 0 0

GAC 100 0 0

GAG 92 8 0

GAT 76 0 24

GCA 56 32 12

GCC 96 0 4

GCG 56 44 0

GCT 56 0 44

GGA 28 0 72

GGC 32 0 68

GGT 56 0 44

GTA 72 8 20

GTC 80 16 4

GTG 72 28 0

GIT 68 0 32

TAA 0 28 72

TAC 52 0 48

TAG 0 100 0

TAT 24 0 76

TCA 16 64 20

TCcC 4 40 56

TCG 0 96 4

TCT 20 24 56

TGA 0 28 72

TGC 0 44 56

TGG 0 72 28

TGT 0 16 84

TTA 20 72 8

TIC 44 32 24

TG 12 88 0

existence of the circular code X in genes of bacteria observed in groups of bacterial genes and the number of trinucleotides is
1996. Furthermore, its statistical significance is strongly increased. multiplied by a factor of 527 (4,708,758 trinucleotides in 1996,
Indeed, the quantitative approach is based here on 25 taxonomic 2,481,566,882 trinucleotides here).
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3.2. C self-complementary circular code X in genes of eukaryotes

The two indicators PrefFr(t,E) and MdPrefFr(t,E) (Eq. (2)) also
show, as in the bacterial gene kingdom, very close results for the
trinucleotide assignment of a preferential frame in the eukaryotic gene
kingdom K =E (Tables 2a and 2b). Indeed, 56 trinucleotides among
64, i.e. about 88%, have the same preferential frame with PrefFr(t, E)
and MdPrefFr(t,E). The eight trinucleotides with a different prefer-
ential frame in E are ACC, CAG, CCC, CTC, CTG, GIT, TCC and TGC.
Thirteen trinucleotides of X are assigned to the frame 0 with both
indicators PrefFr(t,E) and MdPrefFr(t,E), and GGC and GGT to the
frame 2. The five trinucleotides of X having a different preferential
frame assignment in E are ACC in frame 1 with PrefFr(t,E) and in
frame O with MdPrefFr(t,E), CAG in frame O with PrefFr(t,E) and in
frame 1 with MdPrefFr(t,E), CIC in frame O with PrefFr(t,E) and in
frame 1 with MdPrefFr(t,E), CTG in frame O with PrefFr(t,E) and in
frame 1 with MdPrefFr(t, E), and GIT in frame O with PrefFr(t, E) and
in frame 2 with MdPrefFr(t,E). The indicator PrefFr(t,E) identifies
directly 17 trinucleotides of X among 20 in frame 0. The indicator
MdPrefFr(t,E) is less significant compared to PrefFr(t,E) in E con-
taining a small number of gene taxonomic groups G = E; (11 versus 25
in B). Note also that some trinucleotides of X have very close median
occurrence frequencies MdPrFrs(t,E) (%) in the three frames, ie.
MdPrFro(ACC,E)=1.51, MdPrFr;(ACC,E)=1.43, MdPrFry(CAG,
E)=1.80, MdPrFri(CAG, E) = 1.90, MdPrFro(CTC, E) = 1.65,
MdPrFri(CTC,E) = 1.66, MdPrFr,(CTC,E)=1.64, MdPrFro(GTT,E)
=1.36 and MdPrFr,(GTT,E) = 1.42 (Table 2b).

Table 4b gives the preferential frame occurrence probabilities
PrPrefFry(t,E) (Eq. (4)) of the 60 trinucleotides in the three frames
f€{0,1,2} of genes in eukaryotes E (Table 1).

As in genes of bacteria, there are trinucleotides with prefer-
ential frame occurrence probabilities close to the random value
PrPrefFrs(t,E)=1/3 (Proposition 1) or with a preferential frame
but also occurring in the other frames (Table 4b). Furthermore, the
combinatorial complexity is increased as some trinucleotides may
have the same preferential frame in bacteria and eukaryotes while
other trinucleotides have a different statistical behavior in these
two gene kingdoms. For example, ATT has a preferential frame in
frame 0 in genes of both bacteria (PrPrefFro(ATT,B) = 100%,
Table 4a) and eukaryotes (PrPrefFro(ATT,E)=100%, Table 4b),
AAT has a preferential frame in frame 0 but also occurs in frame
2 of bacterial genes (PrPrefFro(AAT,B)=68%, PrPrefFr;(AAT,
B) =0, PrPrefFr,(AAT, B) = 32%, Table 4a) while it has a preferen-
tial frame only in frame 0 in eukaryotic genes (PrPrefFro(AAT,E) =
100%, Table 4b), etc. However, this trinucleotide variability within
eukaryotic genes and among prokaryotic genes leads to the same
circular code X.

Indeed, the 10 CP trinucleotide sets T € X belong to the 10
highest values PrCP(T, E) (Eq. (5)) among 30 in genes of eukaryotes
(Table 4b). The 10th value PrCP(T,E)=50% is greater than the
random value 1/3 (Proposition 2). This result again confirms the
existence of the circular code X in genes of eukaryotes observed in
1996. Furthermore, its statistical significance is strongly increased.
Indeed, the quantitative approach is based here on 11 taxonomic
groups of eukaryotic genes and the number of trinucleotides is
multiplied by a factor of 72 (11,397,678 trinucleotides in 1996,
824,825,761 trinucleotides here).

3.3. Identification of the C self-complementary circular code X in
genes of plasmids

Genes of plasmids is a kingdom studied for the first time. The
two indicators PrefFr(t,P) and MdPrefFr(t,P) (Eq. (2)) show close
results for the trinucleotide assignment of a preferential frame in
the plasmid gene kingdom K =P (Table 2a and 2b). Indeed, 45
trinucleotides among 64, i.e. about 70%, have the same preferential

frame with PrefFr(t,P) and MdPrefFr(t,P). The 19 trinucleotides
with a different preferential frame in P are AAC, AAG, ACT, AGC,
AGT, CGC, CGG, CTA, CTG, GCA, GCG, GCT, GGC, GTT, TAT, TCC, TCT,
TGA and TGC. Most of trinucleotides with a different preferential
frame assignment concern the circular codes X; in frame 1 and X,
in frame 2. Fifteen trinucleotides of X are assigned to the frame
0 with both indicators PrefFr(t,P) and MdPrefFr(t,P), and GGT to
the frame 2. The four trinucleotides of X having a different
preferential frame assignment are AAC in frame O with PrefFr
(t,P) and in frame 2 with MdPrefFr(t,P), CTG in frame O with
PrefFr(t,P) and in frame 1 with MdPrefFr(t,P), GGC in frame
0 with PrefFr(t,P) and in frame 2 with MdPrefFr(t,P) and GIT in
frame 2 with PrefFr(t,P) and in frame O with MdPrefFr(t, P). The
indicator PrefFr(t,P) identifies directly 18 trinucleotides of X
among 20 in frame 0.

Table 4c gives the preferential frame occurrence probabilities
PrPrefFr(t,P) (Eq. (4)) of the 60 trinucleotides in the three frames
f€{0,1,2} of genes in plasmids P (Table 1). The 10 CP trinucleotide
sets TeX belong to the 10 highest values PrCP(T,P) (Eq. (5))
among 30 in genes of plasmids (Table 4c). The 10th value
PrCP(T,P)=41% is greater than the random value 1/3 (Pro-
position 2). Thus, the C* self-complementary circular code X is
now also identified in genes of plasmids.

3.4. Identification of a subset of the C° self-complementary circular
code X in genes of viruses

Genes of viruses is also a kingdom studied for the first time.
The two indicators PrefFr(t,V) and MdPrefFr(t,V) (Eq. (2)) show
very close results for the trinucleotide assignment of a preferential
frame in the viral gene kingdom K =V (Tables 2a and b). Indeed,
54 trinucleotides among 64, i.e. about 84%, have the same
preferential frame with PrefFr(t,V) and MdPrefFr(t,V). The 10
trinucleotides with a different preferential frame in V are ACC,
AGC, CCT, CGG, CTC, GCG, GGC, GTG, TCC and TTT. Fifteen trinu-
cleotides of X are assigned to the frame O with both indicators
PrefFr(t,V) and MdPrefFr(t,V), and CAG and CTG to the frame 1.
The three trinucleotides of X having a different preferential frame
assignment in V are ACC in frame 0 with PrefFr(t,V) and in frame
1 with MdPrefFr(t,V), CTC in frame 0 with PrefFr(t,V) and in
frame 1 with MdPrefFr(t,V) and GGC in frame O with PrefFr(t,V)
and in frame 2 with MdPrefFr(t,V). The indicator PrefFr(t,V)
identifies directly 18 trinucleotides of X among 20 in frame 0.

Table 4d gives the preferential frame occurrence probabilities
PrPrefFry(t,V) (Eq. (4)) of the 60 trinucleotides in the three frames
fe{0,1,2} of genes in viruses V (Table 1). Nine CP trinucleo-
tide sets T € X belong to the nine highest values PrCP(T, V) (Eq. (5))
among 30 in genes of viruses (Table 4d). The 10th set T = {{CAG,
CTG}, {AGC, TGC}, {GCA, GCT}} € X has a probability PrCP(T, V) = 8%
which is significantly less than the random value 1/3 (Proposition
2), meaning that the two trinucleotides CAG and C(CAG) = CTG do
not occur preferentially in frame O of viral genes and must be
excluded from the code X. Thus, a subset of X which is a non-
maximal C> self-complementary circular code is identified in
genes of viruses. A search of variant X codes in viral genes will
confirm this result (see below Section 3.7.4).

3.5. Circular code asymmetries of the C> self-complementary circular
code X, X1 = P(X) and X5 = P*(X)

3.5.1. Circular code asymmetries in genes of bacteria, eukaryotes,
plasmids and viruses

Table 5a gives the occurrence probabilities PrPrefFry(C,K) (Eq.
(6)) of preferential frame of the C> self-complementary circular
codes C=X, C=X; =P(X) and C=X, =P?*X) which are com-
puted in the three frames fe{0,1,2} of genes in bacteria B,
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Table 4b

Preferential frame occurrence probabilities PrPrefFr(t,E) (Eq. (4)) (rounded %) of the 60 trinucleotides t (without {AAA, CCC, GGG, TTT}) in the three frames f € {0, 1,2} of
genes in eukaryotes E (Table 1). Occurrence probabilities PrCP(T,E) (Eq. (5)) (rounded %) of the 30 complementary and permutation (CP) trinucleotide sets
T={{t.ci},{P®).PCt)}. {Pz(t), P? (C(t)}} in eukaryotes E. The CP trinucleotide sets T are ranged according to the decreasing values of PrCP(T, E). The 20 trinucleotides
of the C? self-complementary circular code X are in bold, the 20 trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of X, = P?(X) are both in bold and italics.
The 10 CP trinucleotide sets T such that the complementary pairs {t,C(t)} belong to the circular code X are in bold.

t Frame f =0 Frame f =1 Frame f =2 Frame f =0 Frame f =1 Frame f =2 PrcpP
PrPrefFrq PrPrefFr; PrPrefFr, t C(t) P(t) P(C(t)) PA(t) P2(C(t))

AAC 91 9 0 GAC GTC ACG TCG CGA CGT 97
AAG 91 9 0 AAT ATT ATA TTA TAA TAT 92
AAT 100 0 0 AAC GIT ACA TIG CAA TGT 86
ACA 0 100 0 ATC GAT TCA ATG CAT TGA 83
ACC 36 55 9 CTC GAG TCC AGG ccT GGA 73
ACG 0 100 0 GTA TAC TAG ACT AGT CTA 59
ACT 36 64 0 CAG CTG AGC TGC GCA GCT 58
AGA 0 36 64 ACC GGT CCA GTG CAC TGG 56
AGC 9 73 18 GCC GGC CCG GCG CGC CGG 56
AGG 0 100 0 GAA TTC AAG TCT AGA CIT 50
AGT 9 73 18 GTG CAC TGG ACC GGT CCA 39
ATA 0 100 0 AAG CIT AGA TTC GAA TCT 38
ATC 73 27 0 GCG CGC CGG GCC GGC CCG 38
ATG 18 82 0 AGC GCT GCA CTG CAG TGC 26
ATT 100 0 0 ACT AGT CTA GTA TAC TAG 23
CAA 0 9 91 TAG CTA AGT TAC GTA ACT 18
CAC 0 9 91 AGG (dy) GGA CTC GAG TCC 17
CAG 64 36 0 TGC GCA GCT CAG CTG AGC 17
CAT 0 9 91 ATG CAT TGA ATC GAT TCA 15
CCA 9 91 0 TG CAA TGT AAC GIT ACA 12
CCG 0 82 18 TCT AGA CIT GAA TIC AAG 12
ccr 36 0 64 TCcC GGA ccr GAG CTC AGG 1
CGA 0 0 100 CCG CGG CGC GGC GCC GCG 6
cGC 18 9 73 ATA TAT TAA ATT AAT TTA 5
CGG 9 55 36 CCA TGG CAC GGT ACC GTG 5
CGT 9 0 91 TTA TAA TAT AAT ATT ATA 3
CTA 0 45 55 ACA TGT CAA GIT AAC TIG 2
CTC 45 36 18 ACG CGT CGA GTC GAC TCG 2
CTG 55 45 0 TCA TGA CAT GAT ATC ATG 2
CIT 27 0 73 TCG CGA CGT GAC GTC ACG 2
GAA 64 0 36

GAC 100 0 0

GAG 100 0 0

GAT 82 0 18

GCA 45 9 45

GCC 100 0 0

GCG 45 36 18

GCT 45 0 55

GGA 9 0 91

GGC 9 0 91

GGT 45 0 55

GTA 27 36 36

GTC 91 0 9

GTG 55 45 0

GIT 55 0 45

TAA 0 0 100

TAC 91 0 9

TAG 0 100 0

TAT 27 0 73

TCA 0 100 0

TCC 36 36 27

TCG 0 100 0

TCT 45 27 27

TGA 0 27 73

TGC 0 55 45

TGG 0 73 27

TGT 0 9 91

TTA 18 82 0

TIC 64 9 27

TIG 9 91 0

eukaryotes E and plasmids P (Table 1). The viral gene kingdom
with only six taxonomic groups is excluded from this computation.
Table 5b gives the occurrence probabilities PrFrs(C,K) (Eq. (7)) of
the codes C=X, C=X;, C =X, and C = PPT = {AAA, CCC, GGG, TTT}
which are also computed in the three frames f € {0, 1,2} of genes

in the three previous kingdoms B, E and P, and also in viruses V
(Table 1).

The two real probabilities PrPrefFrs(C, K) (Eq. (6)) and PrFrs(C,K)
(Eq. (7)) retrieve the classical circular code asymmetry in frame O in
all studied gene kingdoms K which has already been observed in
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Table 4c

Preferential frame occurrence probabilities PrPrefFr(t,P) (Eq. (4)) (rounded %) of the 60 trinucleotides t (without {AAA, CCC, GGG, TTT}) in the three frames f € {0, 1,2} of
genes in plasmids P (Table 1). Occurrence probabilities PrCP(T,P) (Eq. (5)) (rounded %) of the 30 complementary and permutation (CP) trinucleotide sets
T={{t.ct)}, {P®)., PC(t)}, {P?(t), P>C(t)}} in plasmids P. The CP trinucleotide sets T are ranged according to the decreasing values of PrCP(T, P). The 20 trinucleotides
of the C* self-complementary circular code X are in bold, the 20 trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of X, = P2(X) are both in bold and italics.
The 10 CP trinucleotide sets T such that the complementary pairs {t,C(t)} belong to the circular code X are in bold.

t Frame f=0 Frame f =1 Frame f =2 Frame f =0 Frame f =1 Frame f =2 PrcpP
PrPrefFrg PrPrefFry PrPrefFr, t C(t) P(t) P(C(t)) PA(t) PA(C(t))

AAC 45 18 36 GAC GTC ACG TCG CGA CGT 88
AAG 36 64 0 AAT ATT ATA TTA TAA TAT 80
AAT 73 9 18 ATC GAT TCA ATG CAT TGA 62
ACA 36 55 9 CTC GAG TCC AGG ccr GGA 62
ACC 55 18 27 AAC GIT ACA TIG CAA TGT 61
ACG 9 91 0 GCC GGC CCG GCG cGC CGG 61
ACT 45 27 27 GAA TTC AAG TCT AGA CIT 59
AGA 0 45 55 ACC GGT CCA GTG CAC TGG 55
AGC 0 45 55 GTA TAC TAG ACT AGT CTA 55
AGG 0 55 45 CAG CTG AGC TGC GCA GCT 41
AGT 9 45 45 GCG CGC CGG GCC GGC CCG 39
ATA 9 91 0 ATG CAT TGA ATC GAT TCA 33
ATC 55 36 9 GTG CAC TGG ACC GGT CCA 33
ATG 27 73 0 AGC GCT GCA CTG CAG TGC 32
ATT 100 0 0 AAG CIT AGA TTC GAA TCT 29
CAA 27 18 55 ACT AGT CTA GTA TAC TAG 27
CAC 0 27 73 TGC GCA GCT CAG CTG AGC 27
CAG 45 55 0 TIG CAA TGT AAC GIT ACA 24
CAT 9 9 82 AGG CcCcT GGA CTC GAG TCC 24
CCA 18 64 18 TAG CTA AGT TAC GTA ACT 18
CCG 0 100 0 ACA TGT CAA GIT AAC TTG 15
ccT 45 0 55 ATA TAT TAA ATT AAT TTA 14
CGA 0 0 100 TCC GGA ccT GAG CTC AGG 14
CGC 18 0 82 TCT AGA CTT GAA TTC AAG 12
CGG 0 64 36 CCA TGG CAC GGT ACC GTG 12
CGT 36 0 64 ACG CGT CGA GTC GAC TCG 1
CTA 0 55 45 TTA TAA TAT AAT ATT ATA 6
CTC 55 45 0 TCA TGA CAT GAT ATC ATG 5
CTG 45 55 0 TCG CGA CGT GAC GTC ACG 2
CIT 36 9 55 CCG CGG CGC GGC GCC GCG 0
GAA 91 0 9

GAC 91 0 9

GAG 100 0 0

GAT 55 0 45

GCA 55 27 18

GCC 100 0 0

GCG 73 27 0

GCT 55 0 45

GGA 36 0 64

GGC 18 0 82

GGT 55 0 45

GTA 64 0 36

GTC 82 9 9

GTG 55 45 0

GIT 55 0 45

TAA 0 9 91

TAC 45 0 55

TAG 0 100 1]

TAT 45 0 55

TCA 9 55 36

TCC 0 45 55

TCG 0 100 0

TCT 36 45 18

TGA 0 45 55

TGC 0 45 55

TGG 0 64 36

TGT 0 27 73

TTA 27 73 0

TIC 45 27 27

TTG

—_
2]
oo}
N
o
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Table 4d

Preferential frame occurrence probabilities PrPrefFr¢(t.V) (Eq. (4)) (rounded %) of the 60 trinucleotides t (without {AAA, CCC, GGG, TTT}) in the three frames f € {0, 1,2} of
genes in viruses V (Table 1). Occurrence probabilities PrCP(T,V) (Eq. (5)) (rounded %) of the 30 complementary and permutation (CP) trinucleotide sets
T={{t.ci},{P®).PCt)}. {Pz(t),PZ(C(t))}} in viruses V. The CP trinucleotide sets T are ranged according to the decreasing values of PrCP(T, V). The 20 trinucleotides
of the C? self-complementary circular code X are in bold, the 20 trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of X, = P?(X) are both in bold and italics.
The 10 CP trinucleotide sets T such that the complementary pairs {t,C(t)} belong to the circular code X are in bold.

t Frame f =0 Frame f =1 Frame f =2 Frame f =0 Frame f =1 Frame f =2 PrcpP
PrPrefFrq PrPrefFr; PrPrefFr, t C(t) P(t) P(C(t)) PA(t) P2(C(t))

AAC 83 17 0 GAC GTC ACG TCG CGA CGT 94
AAG 33 67 0 AAC GIT ACA TIG CAA TGT 92
AAT 100 0 0 AAT ATT ATA TTA TAA TAT 92
ACA 0 83 17 ATC GAT TCA ATG CAT TGA 92
ACC 33 33 33 GAA TTC AAG TCT AGA CIT 72
ACG 0 100 0 ACC GGT CCA GTG CAC TGG 67
ACT 100 0 0 CTC GAG TCC AGG ccr GGA 64
AGA 0 0 100 GCC GGC CCG GCG CGC CGG 64
AGC 0 17 83 GTA TAC TAG ACT AGT CTA 50
AGG 0 100 0 AGC GCT GCA CTG CAG TGC 50
AGT 0 33 67 ACT AGT CTA GTA TAC TAG 44
ATA 0 100 0 TGC GCA GCT CAG CTG AGC 42
ATC 67 33 0 AGG ccT GGA CTC GAG TCcC 36
ATG 0 100 0 GCG CGC CGG GCC GGC CCG 36
ATT 83 17 0 GTG CAC TGG ACC GGT CCA 22
CAA 17 0 83 AAG CIT AGA TIC GAA TCT 14
CAC 0 0 100 TCT AGA CTT GAA TTC AAG 14
CAG 33 67 0 CCA TGG CAC GGT ACC GTG 11
CAT 0 0 100 CAG CTG AGC TGC GCA GCT 8
CCA 33 67 0 ATG CAT TGA ATC GAT TCA 8
CCG 0 100 0 TTG CAA TGT AAC GIT ACA 8
ccr 83 0 17 ACG CGT CGA GTC GAC TCG 6
CGA 0 0 100 ATA TAT TAA ATT AAT TTA 6
cGC 0 0 100 TAG CTA AGT TAC GTA ACT 6
CGG 0 50 50 TTA TAA TAT AAT ATT ATA 3
CGT 33 0 67 ACA TGT CAA GIT AAC TTG 0
CTA 0 100 0 CCG CGG CGC GGC GCC GCG 0
CTC 33 67 0 TCA TGA CAT GAT ATC ATG 0
CTG 1] 100 0 TCC GGA ccT GAG CTC AGG 0
CIT 17 0 83 TCG CGA CGT GAC GTC ACG 0
GAA 100 0 0

GAC 100 0 0

GAG 100 0 0

GAT 100 0 0

GCA 100 0 0

GCC 100 0 0

GCG 83 17 0

GCT 100 0 1]

GGA 0 0 100

GGC 17 0 83

GGT 83 0 17

GTA 67 33 0

GTC 100 0 0

GTG 33 67 0

GIT 100 0 1]

TAA 0 0 100

TAC 67 0 33

TAG 0 100 0

TAT 17 0 83

TCA 0 83 17

TCC 0 33 67

TCG 0 100 0

TCT 83 0 17

TGA 0 0 100

TGC 0 0 100

TGG 0 50 50

TGT 0 0 100

TTA 17 83 0

TTC 83 17 0

TG 0 100 0
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Table 5a
Circular code asymmetries in genes of bacteria, eukaryotes and plasmids. Occurrence probabilities PrPrefFry(X,K), PrPrefFry(X,,K) and PrPrefFr;(X,,K) (Eq. (6)) (%) of

preferential frame of the C> self-complementary circular code X, X; = P(X) and X, = P2(X), respectively, in the three frames f {0, 1,2} of genes in bacteria K = B (7,851,762
genes, 2,481,566,882 trinucleotides), eukaryotes K = E (1,662,579 genes, 824,825,761 trinucleotides) and plasmids K = P (237,486 genes, 68,244,356 trinucleotides) (Table 1).

Bacteria B Eukaryotes E Plasmids P
Frame f =0 Frame f =1 Frame f =2 Frame f =0 Frame f =1 Frame f =2 Frame f =0 Frame f =1 Frame f =2
PrPrefFry PrPrefFry PrPrefFr, PrPrefFry PrPrefFry PrPrefFry PrPrefFrq PrPrefFry PrPrefFry
X 69.2 13.0 17.8 69.5 12.7 17.7 63.6 13.6 22.7
X4 18.8 64.2 17.0 18.6 73.6 7.7 20.0 64.1 15.9
X3 15.2 19.4 65.4 11.8 18.2 70.0 18.6 223 59.1

Table 5b
Circular code asymmetries in genes of bacteria, eukaryotes, plasmids and viruses. Occurrence probabilities PrFrs(X, K), PrFry(Xy,K), PrFr¢(X,,K) and PrFr¢(PPT,K) (Eq. (7)) (%)

of the C? self-complementary circular code X, X; = P(X), X = P2(X) and PPT = {AAA, CCC, GGG, TTT}, respectively, in the three frames f € {0, 1,2} of genes in bacteria K = B
(7,851,762 genes, 2,481,566,882 trinucleotides), eukaryotes K = E (1,662,579 genes, 824,825,761 trinucleotides), plasmids K = P (237,486 genes, 68,244,356 trinucleotides)

and viruses K =V (184,344 genes, 45,688,798 trinucleotides) (Table 1). Estimated probabilities P?F\rf(x, K), P?Frf X1,K), P'rF,\rf (X2,K) and P?I—T\rf(PPT, K) (Eq. (8)) (%) of the
codes X, X1, X, and PPT, respectively, for the two shifted frames f e {1,2} in the four previous gene kingdoms B, E, P and V. The eight estimated probabilities P?ﬁf(c ,K) are
very close to the eight real probabilities PrFr¢(C, K) in the shifted frames f e {1, 2} in all gene kingdoms K: correlation coefficients r(PrF 17(C. K), PFF\rf(C LK )) are equal to 0.999
in bacterial genes, 1.000 in eukaryotic genes, 0.999 in viral genes and 1.000 in plasmid genes.

Bacteria B Eukaryotes E Plasmids P Viruses V

Framef=0 Framef=1 Framef=2 Framef=0 Framef=1 Framef=2 Framef=0 Framef=1 Framef=2 Framef=0 Framef=1 Framef=2

PrFro PrFry PrFry PrFry Prry Prfrg PrFry PrFry Prfry Prfry Prfro PrFry PrFry Prfry Prfry Prfro Prry PrFry Prfry Prfr,
X 466 214 220 274 274 415 256 255 294 294 475 210 209 279 275 434 245 246 276 277
X1 258 431 424 213 227 282 390 390 230 237 259 434 430 212 221 267 412 407 225 233
Xy 203 289 295 441 434 228 289 291 405 400 203 296 298 446 441 223 280 284 425 418
PPT 72 66 63 72 67 74 65 63 71 70 63 61 63 62 63 7.7 63 63 73 72

prokaryotic genes (Bahi and Michel, 2008, Section 3.1.2) and eukar-
yotic genes (Arques et al., 1997 both Fig. 2 and Section 2.2; Bahi and
Michel, 2004, Section 1.2.2)

(13)

PrPrefFro(Xy,K) > PrPrefFro(X,,K) (Table 5a)
PrFro(Xy,K) > PrFro(X3,K) (Table 5b)

In frame 0, the circular code X; occurs with a frequency higher than
the circular code X5.

These probabilities PrPrefFrs(C, K) (Eq. (6)) and PrFr(C,K) (Eq.
(7)) also identify other circular code asymmetries in frames 1 and
2 in all studied gene kingdoms K (Table 5a and 5b), given here
with PrFrs(C,K)

PrFry(X,K) > PrFr{(X,K)
PrFri(X,.K) > PrFri(X.K) . (14)
PrFry(X, K) > PrFry(X,K)

Thus, in particular, the circular code X occurs with a frequency in
frame 2 higher than in frame 1. This circular code asymmetry may
be related to the biological observation that there are more
putative overlapping genes in the frame 2 than the frame 1 of
mitochondrial genes of primates (Seligmann, 2011), Drosophila
(Seligmann, 2012a) and turtles (Seligmann, 2012b).

3.5.2. A probabilistic model for the circular code asymmetries

The estimated probabilities P?F\rf(C, K) (Eq. (8)) of the codes
C=X, C=X;, C=X, and C=PPT are determined for the two
shifted frames f € {1, 2} in the four previous gene kingdoms B, E, P
and V (Table 5b). Very surprisingly, the eight estimated probabil-
ities P?F\rf(C, K) are very close to the eight real probabilities

PrFry(C,K) (Eq. (7)) in the shifted frames f e{1,2} in all studied
gene kingdoms K: correlation coefficients r(PrFrf(C, B),

P?F\rf(C,B)) :r(PrFrf(C, V),PFF\rf(C, V)) =0999 in genes of
bacteria B and viruses V and r(PrFrf(C,E),Pﬁf(C,E)) =
r(PrFrf(C,P),PFI-?\rf(C,PD =1.000 in genes of eukaryotes E and

plasmids P. The estimated probabilities PFF\rf(C, K) retrieve the set
of inequalities (13) and (14). Thus, the probabilities of the circular
codes X, X; = P(X), X, = P*(X) in frame 0 explain the circular code
probabilities and asymmetries in the two shifted frames f € {1, 2} of
genes in bacteria, eukaryotes, plasmids and viruses.

3.6. C self-complementary circular code X in genes of bacteria,
eukaryotes, plasmids and viruses

30
In the large class of <1O>=30,O45,015 3 self-comp-

lementary trinucleotide codes, the C* self-complementary circular
code X occurs preferentially in genes of bacteria B, eukaryotes E,
plasmids P and viruses V by considering both the occurrence
frequencies PrFry(t,K) and the median occurrence frequencies

MdPrFrs(t,K) of trinucleotides teAf1 in the three frames f e {0,
1,2} in these four gene kingdoms K.

Indeed, for the frequency PrFr(t,K), the nine CP trinucleotide
sets Ty, T, Ty4,..., TioeX have each at least three values
NbCAT(T,K) > 4 (Eq. (9)) among four values NbCAT(T,K) and mean
numbers NbCAT(T,BEPV)>4.0 (Eq. (12)) of correctly assigned
trinucleotides (CAT) with respect to the frame (Table 6a). The
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Table 6a

Identification of the C* self-complementary circular code X in the four gene
kingdoms K of bacteria B, eukaryotes E, plasmids P and viruses V (Table 1). Number
NbCAT(T,K) (Eq. (9)) of correctly assigned trinucleotides (CAT) with respect to the
frame in the 30 complementary and permutation (CP) trinucleotide sets
T = {{t.ct)}, {P®), PCt)}. {P?(t), P*C(t)}} of the four gene kingdoms K. Mean
number NbCAT (T, BEPV) (Eq. (12)) of correctly assigned trinucleotides (CAT) with
respect to the frame in the 30 CP trinucleotide sets T of bacteria B, eukaryotes E,
plasmids P and viruses V. The values NbCAT(T,K)>4 are in bold. The 20
trinucleotides of the C* self-complementary circular code X are in bold, the 20
trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of X, = P*(X) are
both in bold and italics. The first 10 CP trinucleotide sets Ty, ..., T1o belonging to the
C? self-complementary circular code X have complementary pairs {t,c(t)} in bold.

Table 6b

Identification of the C> self-complementary circular code X in the four gene
kingdoms K of bacteria B, eukaryotes E, plasmids P and viruses V (Table 1). Number
MdANbCAT(T,K) (Eq. (9)) of correctly assigned trinucleotides (CAT) with respect to
the frame in the 30 complementary and permutation (CP) trinucleotide sets
T={{t.ct)}, {P®), PCt)}. {P*(t), P*(C(t)} } of the four gene kingdoms K. Mean
number MdNbCAT(T,BEPV) (Eq. (12)) of correctly assigned trinucleotides (CAT)
with respect to the frame in the 30 CP trinucleotide sets T of bacteria B, eukaryotes
E, plasmids P and viruses V. The values MdNbCAT(T,K) >4 are in bold. The 20
trinucleotides of the C* self-complementary circular code X are in bold, the 20
trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of X, = P*(X) are
both in bold and italics. The first 10 CP trinucleotide sets Ty, ..., T1o belonging to the
€3 self-complementary circular code X have complementary pairs {t,c(t)} in bold.

T Frame f=0 Frame f=1 Frame f =2 B E P V NbCAT

t oy P PED)  PAE) PACD)

T Frame f=0 Framef=1 Frame f=2 B E P V MAINbCAT

t cey Py PER) P PAHCL)

T, AAC GIT ACA TIG CAA TGT
T, AAT AIT ATA TIA TAA TAT
Ty ACC GGT C(CA GIG CAC TGG
T, AIC GAT TCA ATG  CAT TGA
Ts CAG CIG AGC TGC  GCA GCT
Te CIC GAG TCC AGG CCT GGA
T, GAA TIC AAG TCT  AGA CIT
Ts GAC GIC ACG TCG  CGA CGT
Te GCC GGC CCG GCG  CGC CGG
Tio GIA TAC TAG ACT  AGT CIA
T, AAG CIT AGA TIC  GAA TCT
T;, ACA TGT CAA GIT  AAC TIG
Ti;3 ACG CGT CGA GIC  GAC TCG
T ACT AGT CTA GIA TAC TAG
Tis AGC GCT GCA CIG  CAG TGC
Tis AGG CCT GGA CIC  GAG TCC
Ty, ATA TAT TAA AIT  AAT TIA
Tis ATG CAT TGA ATC  GAT TCA
T, CCA TGG CAC GGT  ACC GIG
Ty CCG CGG CGC GGC  GCC  GCG
T,y GCG CGC CGG GCC  GGC CCG
T, GIG CAC TGG ACC  GGT CCA
Ty; TAG CTA AGT TAC  GIA ACT
T,y TCA TGA CAT GAT AIC AIG
T,s TCC GGA CCT GAG CIC AGG
T,6 TCG CGA CGT GAC  GIC ACG
Ty, TCT AGA CIT GAA TIC AAG
T, TGC GCA GCT CAG CIG AGC
T,e TIA TAA TAT AAT  AIT ATA
Tyo TIG CAA TGT AAC GIT ACA
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o oO0O—=0O0OO0O=hNOOODOO=R=OORhAbhoOobhoouoaooNno O
—_— 00000 ONW—RLOO~= —O~ROO0CO—=hAuuoununwuun
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T, AAC GIT ACA TIG CAA TGT
T, AAT AIT ATA TIA  TAA TAT
T; ACC GGT CCA GIG CAC TGG
T, ATC GAT TCA ATG (AT TGA
Ts CAG CIG AGC TGC  GCA GCT
Te CIC GAG TCC AGG CCT GGA
T, GAA TIC AAG TCT  AGA CIT
Ts GAC GIC ACG TCG  CGA CGT
Toe GCC GGC CCG GCG  CGC CGG
Tio GIA TAC TAG ACT  AGT CIA
T AAG CIT AGA TIC  GAA TCT
T, ACA TGT CAA GIT AAC TIG
Ti;3 ACG CGT CGA GIC  GAC TCG
Tiu ACT AGT CTA GIA TAC TAG
Tis AGC GCT GCA CIG  CAG TGC
Tie AGG CCT GGA CIC  GAG TCC
T, ATA TAT TAA AIT  AAT TIA
Tis ATG CAT TGA AIC  GAT TCA
Tie CCA TGG CAC GGT ACC GIG
Ty CCG C€GG CGC GGC  GCC GCG
T, GCG CGC CGG GCC  GGC CCG
Ty, GIG CAC TGG ACC  GGT CCA
Ty; TAG CTA AGT TAC GIA ACT
T, TCA TGA CAT GAT AIC ATG
T, TCC GGA CCT GAG CIC AGG
T, TCG CGA CGT GAC  GIC ACG
Ty, TCT AGA CIT GAA TIC AAG
T,y TGC GCA GCT CAG CIG AGC
T,e TIA TAA TAT AAT ATT ATA
Ty TIG CAA TGT AAC GIT ACA
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two CP trinucleotide sets Ts e X and T,,¢X have each no value
NbCAT(T,K) > 4, only one value NbCAT(T,K)=4 and mean num-
bers NbCAT (T, BEPV)=3.0 (Table 6a). The 19 remaining CP trinu-
cleotide sets Tii,..., Ta1, Tas, ..., T30¢X have all the values
NbCAT (T,K)<4 and mean numbers NbCAT(T,BEPV)<1.3
(Table 6a).

For the median frequency MdPrFry(t, K), the nine CP trinucleo-
tide sets Tyq,..., T4, T, ..., T1op € X have each at least two values
MdANbCAT(T,K) >4 (Eq. (9)) among four values MdNbCAT(T,K)
and mean numbers MdANbCAT(T,BEPV)>35 (Eq. (12)) of
correctly assigned trinucleotides (CAT) with respect to the
frame (Table 6b). The CP trinucleotide set TseX has one
value MdANbCAT(Ts,K)=4 but a very low value MdNbCAT
(Ts,BEPV)=1.8 (Table 6b). The 20 CP trinucleotide sets
T11, ..., T30¢X have all the values MdNbCAT(T,K) <4 and mean
numbers MdNbCAT (T, BEPV) < 2.5 (Table 6b).

The partition Ty, ..., Tjo e X and Ty, ..., T30¢X observed with
NbCAT(T,K), NbCAT(T,BEPV), MdNbCAT(T,K) and MdNbCAT(T,
BEPV) confirms that the average code in genes of bacteria B,
eukaryotes E, plasmids P and viruses V is X. Furthermore, this
partition is also retrieved by considering the gene taxonomic
groups of bacteria (see the results with NbCAT(T,B) in Section
3.7.1), eukaryotes (see the results with NbCAT(T,E) in Section

3.7.2), plasmids (see the results with NbCAT(T, P) in Section 3.7.3)
and viruses (see the results with NbCAT(T,V) in Section 3.7.4).

3.7. Variant X codes

3.7.1. Variant X codes in genes of bacteria

Three variant X codes, i.e. trinucleotide codes which differ from
the €3 self-complementary circular code X, are identified in
cyanobacteria Bcyy, deinococcus Bpg; and elusimicrobia Bg;y among
the 25 gene taxonomic groups B¢ of bacteria B (Table 7a), i.e.
3/25=12%. Indeed, among the 20x25=500 values
NbCAT(T;,Bg)) (Eq. (9)) with ie{11,...,30} and je{l, ...,25},
only three values NbCAT(T;,Bg,) are greater or equal to 4, ie.
3/(500/2) ~ 1% as 10 CP trinucleotide sets are exclusive from 10
other CP trinucleotide sets with NbCAT(T;,Bg)=>=4. These
three values are NbCAT(T1,Bcys) =NbCAT(T52, Bpg) = NDCAT
(T15, Bery) = 4 (Table 7a). Furthermore, these three variant X codes
only differ by one complementary trinucleotide pair with respect
to X. Otherwise, all the CP trinucleotide sets Ty, ..., Tig € X have
mean numbers NbCAT(T,B) > 2.4 (Eq. (12)) of correctly assigned
trinucleotides (CAT) with respect to the frame while all the CP
trinucleotide sets Tyi,..., T30¢X have values NbCAT(T,B)<1.9
(Table 7a last column). The partition Ti,...,TioeX and



Table 7a

Variant X codes in genes of the 25 taxonomic groups Bg in bacteria B (Table 1). Number NbCAT(T, B;) (Eq. (9)) of correctly assigned trinucleotides (CAT) with respect to the frame in the 30 complementary and permutation (CP)
trinucleotide sets T = {{t,C(t)}, {P(t), PC(t))}, {P?(t), P2(C(t)} } of the 25 gene taxonomic groups Bg. Mean number NbCAT(T,B) (Eq. (12)) of correctly assigned trinucleotides (CAT) with respect to the frame in the 30 CP
trinucleotide sets T of bacteria B. The values NbCAT(T, B;) > 4 are in bold. The 20 trinucleotides of the C* self-complementary circular code X are in bold, the 20 trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of
X, =P*(X) are both in bold and italics. The first 10 CP trinucleotide sets Ty, ..., T;o belonging to the C* self-complementary circular code X have complementary pairs {t.c(t)} in bold.

T Frame f =0 Frame f=1 Frame f =2 Bacr  Baqu Barv  Bsac Bcar Bcua Bco Bcur Beva Bper Bper Bpic Bew Brp Brr  Brus Boem Bt Bpia Bero Bsp Bsyn Bren Bmup Bruc  NBCAT

t o)y P PCEE) PAH PAC)

T, AAC GIT ACA TIG CAA TGT
T, AAT AIT ATA TIA TAA TAT
T; ACC GGT CCA GIG CAC TGG
T, ATC GAT TCA ATG CAT TGA
Ts CAG CIG AGC TGC  GCA GCT
Te CIC GAG TCC AGG CCT GGA
T, GAA TIC AAG TCT  AGA CIT
Ts GAC GIC ACG TCG  CGA CGT
Te GCC GGC (CG GCG  CGC CGG
Tie GIA TAC TAG ACT AGT CIA
T, AAG CIT AGA TIC  GAA TCT
T, ACA TGT CAA GIT AAC TIG
T3 ACG CGT CGA GIC  GAC TCG
Ty ACT AGT CTA GIA TAC TAG
Tis AGC GCT GCA CTG  CAG TGC
Tis AGG CCT GGA CIC  GAG TCC
T, ATA TAT TAA AIT  AAT TIA
Tis ATG CAT TGA ATC  GAT TCA
Tie CCA TGG CAC GGT  ACC GIG
T CCG €GG CGC GGC  GCC GCG
Ty GCG C€GC (GG GCC  GGC CCG
Ty, GIG CAC TGG ACC  GGT CCA
T;; TAG CIA AGT TAC GIA ACT
T4 TCA TGA CAT GAT AIC ATG
Ts TCC GGA CCT GAG CIC AGG
T¢ TCG CGA CGT GAC  GIC ACG
Ty, TCT AGA CIT GAA TIC AAG
Ts TGC GCA GCT CAG CIG AGC
T,e TTA TAA TAT AAT ATT ATA
Ty, TIG CAA TGT AAC GIT ACA
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T11,...,T30¢X confirms again that the average code in bacterial
genes is X (see Sections 3.1 and 3.6).

In cyanobacteria Bcys, the complementary trinucleotide pair
{GCC,GGC} of X is replaced by {CGC,GCG} (T;) leading to the
variant X code

Xa = {AAC, AAT, ACC, ATC, ATT, CAG, CGC, CTC, CTG, GAA,
GAC, GAG, GAT, GCG, GGT, GTA, GTC, GTT, TAC, TTC}. (15)

In deinococcus Bpg, the complementary trinucleotide pair
{ACC,GGT} of X is replaced by {CAC,GTG} (T,;) leading to the
variant X code

Xg = {AAC, AAT, ATC, ATT, CAC, CAG, CTC, CTG, GAA, GAC,
GAG, GAT, GCC, GGC, GTA, GTC, GTG, GTT, TAC, TTC}. (16)

In elusimicrobia Bgy, the complementary trinucleotide pair
{CAG,CTG} of X is replaced by {AGC,GCT} (T;5) leading to the
variant X code

Xc = {AAC,AAT, ACC, AGC, ATC, ATT, CTC, GAA, GAC, GAG,
GAT, GCC, GCT, GGC, GGT, GTA, GTC, GTT, TAC, TTC}. 17)

3.7.2. Variant X codes in genes of eukaryotes

Seven variant X codes are identified in birds Eg, fishes Egs,
insects Ejns, mammals Epgap, basidiomycetes Egas, apicomplexans
E4p; and kinetoplasts Exy among the 11 gene taxonomic groups Eg
of eukaryotes E (Table 7b), i.e. 7/11~64%. Among the 20 x

11 =220 values NbCAT(T,—,EG]) (Eq. (9)) where ie {11, ...,30} and

je({1,...,11}, only nine values NbCAT(Ti,EGj) are greater or equal

to 4, i.e. 9/(220/2) ~ 8%. These nine values are NbCAT(T21, Egi)
= NbCAT(Tzz, EBIR) = NbCAT(T] 1, EFIS) = NbCAT(Tzz, EFIS) = NbCAT
(T11, Eins) = NDCAT(T22, Evam) = NDCAT(T 14, Epas) = NDCAT(T 15, Eapy)
= NbCAT (T3, Exin) =4 (Table 7b). Furthermore, these seven var-
iant X codes only differ by two complementary trinucleotide pairs
with respect to X in Egr and Egs, and by one complementary
trinucleotide pair with respect to X in Ejns, Envans Epas, Eapr and Exn.
All the CP trinucleotide sets T, ..., T1g € X have mean numbers
NbCAT(T,E) > 3.0 (Eq. (12)) of correctly assigned trinucleotides
(CAT) with respect to the frame while all the CP trinucleotide sets
T11, ..., T30¢X have values NbCAT(T,E) < 2.4 (Table 7b last col-
umn). The partition Ty,..., TipeX and Tqq,..., T30¢X confirms
again that the average code in eukaryotic genes is X (see Sections
3.2 and 3.6).

In birds Epg, the two complementary trinucleotide pairs
{{GCC,GGC(C}, {ACC,GGT}} of X are replaced by {{CGC, GCG},
{CAC, GTG}} (T2, To2) leading to the variant X code

Xp = {AAC, AAT, ATC, ATT, CAC, CAG, CGC, CTC, CTG, GAA,
GAC, GAG, GAT, GCG, GTA, GTC, GTG, GTT, TAC, TTC}. (18)

In fishes Eps, the two complementary trinucleotide pairs {{GAA,
TTC}, {ACC,GGT}} of X are replaced by {{AAG,CTT}, {CAC, GTG}}
(T11,T22) leading to the variant X code

Xe = {AAC, AAG, AAT, ATC, ATT, CAC, CAG, CTC, CTG, CTT,
GAC, GAG, GAT, GCC, GGC, GTA, GTC, GTG, GTT, TAC}. (19)

In insects Ejys, the complementary trinucleotide pair {GAA, TTC} of
X is replaced by {AAG, CTT} (T;1) leading to the variant X code

Xr= {AAC, AAG, AAT, ACC, ATC, ATT, CAG, CTC, CTG, CTT,
GAC, GAG, GAT, GCC, GGC, GGT, GTA, GTC, GTT, TAC}. (20)

In mammals Epay and kinetoplasts Eg;y, the complementary
trinucleotide pair {ACC, GGT} of X is replaced by {CAC, GTG} (T»;)
leading to the variant X code Xg (Eq. (16)). In particular, the code
Xg\{GCC, GGC} of 18 trinucleotides is observed in the human genes
(102,788 genes, 62,777,956 trinucleotides according to the data
acquisition in GenBank).
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In basidiomycetes Epas, the complementary trinucleotide pair
{GTA,TAC} of X is replaced by {ACT,AGT} (Tq4) leading to the
variant X code

X = {AAC, AAT, ACC, ACT, AGT, ATC, ATT, CAG, CTC, CTG,
GAA, GAC, GAG, GAT, GCC, GGC, GGT, GTC, GTT, TTC}. (21)

In apicomplexans Esp, the complementary trinucleotide pair
{CAG, CTG} of X is replaced by {AGC,GCT} (T;5) leading to the
variant X code X¢ (Eq. (17)).

3.7.3. Variant X codes in genes of plasmids

Four variant X codes are identified in plasmids of chloroflexi
Pcrr, cyanobacteria Pcys, deinococcus Ppg and spirochaetes Pspy
among the 11 gene taxonomic groups P¢ in plasmids P (Table 7c),
ie. 4/11~36%. Indeed, among the 20 x 11=220 values
NbCAT(T,-,PGJ. (Eq. (9)) where ie{11,...,30} and je{1,...,11},
only four values NbCAT(T;,Pg ) are greater or equal to 4,
ie. 4/(220/2) ~4%. These four” values are NbCAT(T2,Pcr)=
NbCAT(T31,Pcys) = NDCAT (T, Ppgr) = NDCAT(T14, Pspy) = 4 (Table 7C).
Furthermore, these four variant X codes only differ by one
complementary trinucleotide pair with respect to X. All the CP
trinucleotide sets Tq,..., TioeX have mean numbers NbCAT
(T,P)>2.5 (Eq. (12)) of correctly assigned trinucleotides (CAT)
with respect to the frame while all the CP trinucleotide sets T+1,
..., T30¢X have values NbCAT(T,P) <2.4 (Table 7c last column).
The partition Ty, ..., T1p € X and T1y, ..., T30¢X confirms again that
the average code in plasmid genes is X (see Sections 3.3 and 3.6).

In plasmids of chloroflexi Pcrr and deinococcus Ppg, the
complementary trinucleotide pair {ACC, GGT} of X is replaced by
{CAC, GTG} (T53) leading to the variant X code Xp (Eq. (16)).

In plasmids of cyanobacteria Pcys, the complementary trinu-
cleotide pair {GCC,GGC} of X is replaced by {CGC,GCG} (T1)
leading to the variant X code X, (Eq. (15)).

In plasmids of spirochaetes Psp;, the complementary trinucleo-
tide pair {GTA, TAC} of X is replaced by {ACT, AGT} (T14) leading to
the variant X code X¢ (Eq. (21)).

3.7.4. Subsets of the circular code X in genes of viruses

For the CP trinucleotide set Ts, all the numbers NbCAT(Ts, V¢,)
(Eq. (9)) for the six viral gene taxonomic groups Vg where
je{l,...,6} are less or equal to 2 and their mean number
NbCAT(Ts,V)=0.5 (Eq. (12)) (Table 7d), confirming that the
complementary trinucleotide pair {CAG, CTG} does not belong to
X (see Section 3.4). For the CP trinucleotide set Tyq, five numbers
NbCAT(T19,Vg) among 6 are less or equal to 3 and their mean
number NbCAT(Tg,V)=3.0 (Table 7d) suggesting that the com-
plementary trinucleotide pair {GTA, TAC} may also not belong to X.
All the CP trinucleotide sets Tq,..., T4, Ts, ..., Tg € X have mean
numbers NbCAT(T,V)>3.8 of correctly assigned trinucleotides
(CAT) with respect to the frame while all the CP trinucleotide sets
T11, ..., T30¢X have values NbCAT(T,V)<3.0 (Table 7d last col-
umn). Furthermore, no CP trinucleotide set Ty, ..., T30¢X has a
value NbCAT (T, V¢, ) =4 with the six viral groups V¢ (Table 7d).
Thus, no variant X code is identified in genes of viruses, only a
subset of the € self-complementary circular code X which may
have either 18 trinucleotides X\{CAG, CTG} leading to the non-
maximal C> self-complementary circular code

X1s = {AAC, AAT, ACC, ATC, ATT, CTC, GAA, GAC, GAG,
GAT, GCC, GGC, GGT, GTA, GTC, GTT, TAC, TTC} (22)

or 16 trinucleotides X\{{CAG, CTG}, {GTA, TAC}} leading to the non-
maximal C> self-complementary circular code
X16 = {AAC, AAT, ACC, ATC, ATT, CTC, GAA, GAC,

GAG, GAT, GCC, GGC, GGT, GTC, GTT, TTC}. (23)
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Table 7b

Variant X codes in genes of the 11 taxonomic groups E in eukaryotes E (Table 1). Number NbCAT(T, E;) (Eq. (9)) of correctly assigned trinucleotides (CAT) with respect to the
frame in the 30 complementary and permutation (CP) trinucleotide sets T = {{t,C(t)}, { P(t), P(C(t))}. {Pz(t), PZ(C(I))}} of the 11 gene taxonomic groups E;. Mean number
NDBCAT(T, E) (Eq. (12)) of correctly assigned trinucleotides (CAT) with respect to the frame in the 30 CP trinucleotide sets T of eukaryotes E. The values NbCAT(T,E¢) > 4 are in
bold. The 20 trinucleotides of the C> self-complementary circular code X are in bold, the 20 trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of X, = P2(X)

are both in bold and italics. The first 10 CP trinucleotide sets T4, ..., T1o belonging to the c self-complementary circular code X have complementary pairs {t, C(t)} in bold.
T Frame f=0 Frame f =1 Frame f =2 Epir Eps Eins Enpam Erwo Easc Epas Ecar Erpt Eapy Exin NbCAT
t C(t) P(t) PEE) P PACL)
T: AAC GIT ACA TTG CAA TGT 6 5 5 5 4 6 6 3 6 6 5 52
T, AAT ATT ATA TTA TAA TAT 5 5 6 5 6 5 6 5 6 6 6 5.5
Ts ACC GGT CCA GTG CAC TGG 2 2 3 2 3 5 6 3 5 4 2 34
Ty ATC GAT TCA ATG CAT TGA 6 6 5 6 4 6 6 3 5 5 3 5.0
Ts CAG CTG AGC TGC GCA GCT 6 5 6 6 0 2 1 6 0 0 6 35
Te CTC GAG TCC AGG ccT GGA 5 5 5 6 2 3 4 5 3 5 5 44
T, GAA TIC AAG TCT AGA CIT 4 2 2 5 3 4 2 3 2 3 3 3.0
Ts GAC GTC ACG TCG CGA CGT 6 6 6 6 5 6 6 6 6 6 5 5.8
To GCC GGC CCG GCG CGC CGG 1 5 4 1 4 5 4 3 3 4 3 34
T1o0 GTA TAC TAG ACT AGT CTA 5 4 4 5 4 2 1 4 3 3 4 35
T11 AAG CIT AGA TIC GAA TCT 1 4 4 1 3 1 2 3 2 1 3 23
T12 ACA TGT CAA GTT AAC TTG 0 0 0 0 1 0 0 0 0 0 0 0.1
T13 ACG CGT CGA GTC GAC TCG 0 0 0 0 1 0 0 0 0 0 0 0.1
T1a ACT AGT CTA GTA TAC TAG 0 0 0 0 2 3 4 0 3 3 0 14
Tis AGC GCT GCA CTG CAG TGC 0 1 0 0 3 3 3 0 3 4 0 1.5
Tis AGG ccr GGA CTC GAG TCC 0 1 0 0 3 2 2 0 3 0 0 1.0
T17 ATA TAT TAA ATT AAT TTA 1 1 0 1 0 0 0 0 0 0 0 03
T1s ATG CAT TGA ATC GAT TCA 0 0 1 0 1 0 0 3 1 1 3 0.9
T1o CCA TGG CAC GGT ACC GTG 0 0 0 0 3 0 0 0 0 0 0 0.3
Tao CCG CGG cGC GGC GCC GCG 1 0 1 2 0 0 0 0 0 0 0 0.4
T2 GCG CGC CGG GCC GGC CCG 4 1 1 3 2 1 2 3 3 2 3 2.3
Ta GTG CAC TGG ACC GGT CCA 4 4 3 4 0 1 0 3 1 2 4 24
Tas3 TAG CTA AGT TAC GTA ACT 1 2 2 1 0 1 1 2 0 0 2 1.1
Taq TCA TGA CAT GAT ATC ATG 0 0 0 0 1 0 0 0 0 0 0 0.1
Tas TCcC GGA ccr GAG CTC AGG 1 0 1 0 1 1 0 1 0 1 1 0.6
Tas TCG CGA CGT GAC GTC ACG 0 0 0 0 0 0 0 0 0 0 1 0.1
To7 TCT AGA CIT GAA TTC AAG 1 0 0 0 0 1 2 0 2 2 0 0.7
Tas TGC GCA GCT CAG CTG AGC 0 0 0 0 3 1 2 0 3 2 0 1.0
Tag TTA TAA TAT AAT ATT ATA 0 0 0 1] 0 1 0 1 0 0 0 0.2
T3o TTG CAA TGT AAC GIT ACA 0 1 1 1 1 0 0 3 0 0 1 0.7

The statistical approach performed here in the viral kingdom contain-
ing only six gene taxonomic groups of small size (see Table 1) leaves
open three hypotheses for the identification of a circular code in viral
genes: the maximal C> self-complementary circular code X or the
non-maximal C> self-complementary circular codes X;s or Xis.
Additional statistical studies together with an increase of viral gene
data should solve this problem in future.

3.7.5. Combinatorial properties of the variant X codes

The variant X codes X4 (Eq. (15)) in cyanobacteria Beys and
plasmids of cyanobacteria Py, and Xp (Eq. (18)) in birds Egpy are
self-complementary, without permuted trinucleotides but non-
circular.

The variant X codes X3 (Eq. (16)) in deinococcus Bpg, plasmids
of chloroflexi Pcgr and deinococcus Ppg, mammals Epay and
kinetoplasts Exn, Xc (Eq. (17)) in elusimicrobia Bgy and apicom-
plexans Exp, Xg (Eq. (19)) in fishes Egs, Xr (Eq. (20)) in insects Ejns
and X¢ (Eq. (21)) in basidiomycetes Egss and plasmids of spir-
ochaetes Pgp are maximal C> self-complementary circular. Further-
more, the maximal C* self-complementary circular codes Xz, X¢
and X (but not Xr and X¢) belong to the class of 88 circular codes
generated by the nucleotide frequency (NF) method (Lacan and
Michel, 2001; Koch and Lehmann, 1997; Fimmel et al., 2014), X,
Xc and Xg being the 19th, 17th and 35th codes, respectively, in
Table 3 in Lacan and Michel (2001).

The circular code X codes 12 amino acids AA={Ala, Asn, Asp,
Gln, Glu, Gly, Ile, Leu, Phe, Thr, Tyr, Val} according to the standard
genetic code (Arques and Michel, 1996, Table 4a). The code X,

codes 13 amino acids AAUArg, the code Xp codes 12 amino acids
{AA\Thr} UHis, the code X¢ codes 12 amino acids {AA\GIn}USer,
the code Xp codes 12 amino acids {AA\{Gly, Thr} } U {Arg, His}, the
code Xp codes 12 amino acids {AA\{Phe, Thr}}u {His,Lys}, the
code Xr codes 12 amino acids {AA\Phe}ULys and the code X;
codes 12 amino acids {AA\Tyr} USer.

4. Conclusion

The statistical approach developed here quantifies the concept
used in 1996 for determining a preferential frame for the trinu-
cleotides among the three possible frames in genes. Based on the
occurrence probability PrCP(T,K) (Eq. (5)) of complementary and
permutation (CP) trinucleotide sets T in gene kingdoms K, it
confirms the C> self-complementary circular code X in genes of
bacteria and eukaryotes. It also identifies this circular code X in
genes of plasmids and a subset of X in genes of viruses. Note that,
for an order of magnitude, the probability to retrieve the same
circular code X in three independent gene kingdoms is equal to

30° -23
”(10) ~4x 1072,

There are some significant differences between the methods
developed in 1996 and here: (i) in 1996, the trinucleotide frequencies
in the three frames were studied by inspection, here, as mentioned
above, they are analysed by the quantitative parameter PrCP(T, K); (ii)
in 1996, only single gene populations of bacteria and eukaryotes were
available, here the approach uses large gene taxonomic groups in four
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Table 7¢

Variant X codes in genes of the 11 taxonomic groups Pg in plasmids P (Table 1). Number NbCAT(T, P¢) (Eq. (9)) of correctly assigned trinucleotides (CAT) with respect to the
frame in the 30 complementary and permutation (CP) trinucleotide sets T = {{t,C(t)}, {P(t), P(C(t))}, {Pz(t), PZ(C(t))}} of the 11 gene taxonomic groups Pg. Mean number
NDCAT(T, P) (Eq. (12)) of correctly assigned trinucleotides (CAT) with respect to the frame in the 30 CP trinucleotide sets T of plasmids P. The values NbCAT(T, P;) > 4 are in
bold. The 20 trinucleotides of the C* self-complementary circular code X are in bold, the 20 trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of X, = P2(X)

are both in bold and italics. The first 10 CP trinucleotide sets T, ..., T1o belonging to the C* self-complementary circular code X have complementary pairs {t.c(ty} in bold.
T Frame f =0 Frame f =1 Frame f =2 Pacr Ppac Pcvip Pcre Peya Ppgr Prip Prig Prys Ppro Psp; NDCAT
t C(t) P(t) PEE) P2ty PHC)
Tq AAC GIT ACA TIG CAA TGT 3 6 3 3 3 4 5 3 3 4 3 3.6
T, AAT ATT ATA TTA TAA TAT 4 6 4 5 5 5 5 5 3 5 6 4.8
Ts ACC GGT CCA GTG CAC TGG 3 4 4 2 6 2 3 3 3 3 3 33
Ta ATC GAT TCA ATG CAT TGA 3 6 4 4 4 3 4 3 4 3 3 3.7
Ts CAG CTG AGC TGC GCA GCT 5 0 0 6 0 6 5 0 0 5 0 2.5
Te CTC GAG TCC AGG ccT GGA 6 5 1 6 2 6 6 1 1 6 1 3.7
T, GAA TIC AAG TCT AGA CIT 4 3 3 5 4 4 3 3 3 4 3 3.5
Ts GAC GTC ACG TCG CGA CGT 6 6 4 4 5 6 6 5 6 6 4 53
Ty GCC GGC CCG GCG CGC CGG 4 3 3 3 2 3 5 3 5 5 4 3.6
T1o GTA TAC TAG ACT AGT CTA 4 3 3 3 3 4 4 3 3 4 2 33
T AAG CIT AGA TIC GAA TCT 2 3 0 1 2 2 3 2 1 2 1 1.7
Ti ACA TGT CAA GTT AAC TTG 0 0 2 0 0 0 0 2 3 0 3 0.9
T3 ACG CGT CGA GTC GAC TCG 0 0 2 2 1 0 0 1 0 0 1 0.6
T14 ACT AGT CTA GTA TAC TAG 0 2 3 0 3 0 0 3 3 0 4 1.6
Tis AGC GCT GCA CTG CAG TGC 1 3 3 0 3 0 1 3 3 1 3 1.9
T1s AGG ccT GGA CTC GAG TCcC 0 1 3 0 3 0 0 3 3 0 3 1.5
T17 ATA TAT TAA ATT AAT TTA 1 0 1 1 0 1 1 0 3 1 0 0.8
Tis ATG CAT TGA ATC GAT TCA 3 0 1 2 2 3 2 3 1 3 2 2.0
T1o CCA TGG CAC GGT ACC GTG 0 0 0 0 0 0 0 3 2 0 3 0.7
T2 CCG CGG CGC GGC GCC GCG 0 0 0 0 0 0 0 0 0 0 0 0.0
T2 GCG CGC CGG GCC GGC CCG 2 3 3 3 4 3 1 3 1 1 2 24
Ty GTG CAC TGG ACC GGT CCA 3 2 2 4 0 4 3 0 1 3 0 2.0
Ta3 TAG CTA AGT TAC GTA ACT 2 1 0 3 0 2 2 0 0 2 0 11
Toa TCA TGA CAT GAT ATC ATG 0 0 1 0 0 0 0 0 1 0 1 0.3
Tas TCC GGA ccT GAG CTC AGG 1] 0 2 0 1 0 0 2 2 0 2 0.8
Ta6 TCG CGA CGT GAC GTC ACG 0 0 0 0 0 0 0 0 0 0 1 0.1
T2z TCT AGA CIT GAA TIC AAG 0 0 3 0 0 0 0 1 2 0 2 0.7
Tas TGC GCA GCT CAG CTG AGC 0 3 3 0 3 0 0 3 3 0 3 1.6
Tao TTA TAA TAT AAT ATT ATA 1 0 1 0 1 0 0 1 0 0 0 0.4
T30 TTG CAA TGT AAC GIT ACA 3 0 1 3 3 2 1 1 0 2 0 1.5

kingdoms; and (iii) the amount of gene data has increased consider-
ably, e.g. by a factor of 527 for bacterial genes.

The method developed by Gonzalez et al. (2011) also demon-
strated that the circular code X has on average the best covering
capability (CC). This CC method is based on a simple definition of a
statistical function, in the same line of the method proposed here.
It should be stressed that the definition of a simple statistical
parameter in this coding research field, obvious a posteriori, is not
immediate. This also explains the intermediate development of
more elaborate statistical methods for searching circular codes in
genes, e.g. the correlation function per frame (Arqués and Michel,
1997) or the frame permuted trinucleotide frequency methods
(Frey and Michel, 2003, 2006). However, all these code search
methods rely on the same principle with a study of the three
frames in genes. Nevertheless, there are some complementary
aspects between the CC method and the method proposed here:
(i) the CC method uses a gene data set finely selected from 13
classes of proteins, here large gene taxonomic groups of bacteria,
eukaryotes, plasmids and viruses are investigated; and (ii) the CC

method explores the circular code X among the class of the 216 C>
self-complementary circular codes, here the circular code X is

30
analysed in the large class of (10
mentary trinucleotide codes which contains in particular these 216
circular codes.

> = 30,045,015 C> self-comple-

Several circular code asymmetries of the C° self-comple-
mentary circular code X, X; = P(X) and X, = P*(X) are identified
in the three frames of genes in bacteria, eukaryotes, plasmids and
viruses. In particular, (i) in frame 0, the circular code X; occurs

with a frequency higher than the circular code X;; and (ii) the
circular code X occurs with a frequency in frame 2 higher than in
frame 1. The development of a simple probabilistic model based on
the independent occurrence of trinucleotides in reading frame
(frame 0) of genes can estimate the probabilities and asymmetries
of the circular codes X, X; and X, in the two shifted frames
fe{1,2} of genes in bacteria, eukaryotes, plasmids and viruses.

The developed approach also allows the identification of
variant X codes in each gene taxonomic group, i.e. trinucleotide
codes which differ from the C* self-complementary circular code
X. In genes of bacteria, eukaryotes and plasmids, 14 among the 47
studied gene taxonomic groups (about 30%) have variant trinu-
cleotide codes close to X, i.e. containing at least 16 trinucleotides of
X. Seven variant X codes are identified. Two variant X codes X, in
cyanobacteria and plasmids of cyanobacteria, and Xp in birds are
self-complementary, without permuted trinucleotides but non-
circular. Five variant X codes Xp in deinococcus, plasmids of
chloroflexi and deinococcus, mammals and kinetoplasts, X¢ in
elusimicrobia and apicomplexans, Xg in fishes, Xr in insects, and
X¢ in basidiomycetes and plasmids of spirochaetes are C> self-
complementary circular. In genes of viruses, no variant X code is
observed but a subset of X which may have 18 or 16 trinucleotides
according to the viral gene data acquired. The evolution of the
circular code X to a variant X code is an open problem which needs
several investigations, from a theoretical point of view (combina-
torics, statistics) and biological point of view, in particular in
relation to the genetic code (amino acid coding).

In summary, the proposed quantitative statistical approach
based on massive gene data shows that the maximal C> self-
complementary trinucleotide circular code X is a common
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Table 7d

No variant X codes in genes of the six taxonomic groups V¢ in viruses V (Table 1). Number NbCAT(T, V) (Eq. (9)) of correctly assigned trinucleotides (CAT) with respect to the
frame in the 30 complementary and permutation (CP) trinucleotide sets T = {{t,C(t)}, {P(t). P(C()}. {Pz(t),PZ(C(t))}} of the six gene taxonomic groups V. Mean number
NDbCAT(T, V) (Eq. (12)) of correctly assigned trinucleotides (CAT) with respect to the frame in the 30 CP trinucleotide sets T of viruses V. The values NbCAT(T, V) > 4 are in
bold. The 20 trinucleotides of the C> self-complementary circular code X are in bold, the 20 trinucleotides of X; = P(X) are in italics and the 20 trinucleotides of X, = P2(X)
are both in bold and italics. The first 10 CP trinucleotide sets T, ..., T1o belonging to the C* self-complementary circular code X have complementary pairs {t.c(ty} in bold.

T Frame f =0 Frame f =1 Frame f =2 Vpsp Vpsr Vrir Vssp Vssr Vpra NbCAT
t C(t) P(t) P(C(1) P2(t) P2(C(t))
T, AAC GIT ACA TG CAA TGT 6 6 3 6 6 6 5.5
T, AAT ATT ATA TTA TAA TAT 6 6 5 4 6 6 5.5
T3 ACC GGT CCA GTG CAC TGG 4 3 1 5 6 5 4.0
Ta ATC GAT TCA ATG CAT TGA 6 5 6 4 6 6 5.5
Ts CAG CTG AGC TGC GCA GCT 2 0 0 1 0 0 0.5
Te CIC GAG TCcC AGG ccT GGA 6 3 4 3 4 3 3.8
T GAA TIC AAG TCT AGA CcIT 5 5 4 4 4 4 43
Ts GAC GTC ACG TCG CGA CGT 6 6 6 5 6 5 5.7
Tg GCC GGC CCG GCG cGC CGG 6 3 3 3 4 4 3.8
T1o GTA TAC TAG ACT AGT CTIA 3 4 3 2 3 3 3.0
T AAG CIT AGA TIC GAA TCT 0 0 2 1 1 1 0.8
T2 ACA TGT CAA GIT AAC TIG 0 0 0 0 0 0 0.0
Tq3 ACG CGT CGA GTC GAC TCG 0 0 0 1 0 1 03
T1a ACT AGT CTA GTA TAC TAG 2 2 3 3 3 3 2.7
T1s AGC GCT GCA CTG CAG TGC 3 3 3 3 3 3 3.0
Tie AGG ccr GGA CIC GAG TCcC 0 3 2 3 2 3 2.2
T17 ATA TAT TAA ATT AAT TTA 0 0 0 2 0 0 03
Tig ATG CAT TGA ATC GAT TCA 0 1 0 2 0 0 0.5
T19 CCA TGG CAC GGT ACC GTG 0 2 2 0 0 0 0.7
Tyo CCG CGG cGC GGC GCC GCG 0 0 0 0 0 0 0.0
T GCG CcGC CGG GCC GGC CCG 0 3 3 3 2 2 22
Ty, GTG CAC TGG ACC GGT CCA 2 1 3 1 0 1 13
Tos TAG CTA AGT TAC GTA ACT 1 0 0 1 0 0 0.3
Toa TCA TGA CAT GAT ATC ATG 0 0 0 0 0 0 0.0
Tos TCC GGA ccT GAG CTIC AGG 0 0 0 0 0 0 0.0
Tos TCG CGA CGT GAC GTC ACG 0 0 0 0 0 0 0.0
Ty TCT AGA CIT GAA TIC AAG 1 1 0 1 1 1 0.8
Tos TGC GCA GCT CAG CTG AGC 1 3 3 2 3 3 25
Tyg TTA TAA TAT AAT ATT ATA 0 0 1 0 0 0 0.2
T30 TTG CAA TGT AAC GIT ACA 0 0 3 0 0 0 0.5

(average) property in genes of bacteria, eukaryotes, plasmids and
viruses.
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