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Abstract

In this study, a set of 80 completely sequenced procaryotic genomes has been analysed by an alignment-free method, namely
the expectancy-rectified frequency of bigrams or 2-tuples, representing the 16 combinations of A, T, G, C. It demonstrates that all
genomes exhibit periodic oscillations of their nucleotide sequence, with a period close to 11 phosphodiester bonds, and resembling
in shape an exponentially dampened sinusoid at the distance from 5 to 49 bonds. Interestingly, the amplitude of nucleotide oscil-
lation (but not the period) can differ drastically from one species to another. I show that these differences are due neither to the
(G + C) content, nor to the size of the genome. They are not directly related to phylogeny, since specific genomes from Archaea
and Bacteria can display large as well as small amplitudes. I have compared also a set of genes coding for proteins rich in alpha
helical structures (as determined by X-ray diffraction) with a set of genes coding for proteins devoid of alpha helices. The first
set has periodic oscillations of large amplitude, with an 11-bond period, while the second has none. Furthermore, I analysed a
large number of sets of homologous genes from several different species. They exhibit very different amplitudes of oscillations.
Altogether, the data with their statistical analyses strongly suggest that the nucleotide oscillations are due to the ‘genomic style of
proteins’, which means that homologous proteins, having the same biochemical function in different organisms, may have different
secondary structures or may use different ways to be constructed. I realize that this idea is a heterodox one, but I believe that it
can shed a new light both on phylogenies and on constraints between proteins and their coding sequences. To cite this article:
P.P. Slonimski, C. R. Biologies 330 (2007).
© 2006 Published by Elsevier Masson SAS on behalf of Académie des sciences.

Résumé

Les oscillations périodiques des génomes suggerent des différences majeures dans la maniére de structurer les protéines
homologues chez différentes especes de procaryotes. Un ensemble de 80 génomes procaryotes complétement séquencés a été
analysé par une méthode sans alignement, dite des bigrames (n-tuples avec n = 2), et représentant les 16 combinaisons de A, T, G,
C. Les résultats montrent que tous les génomes observés manifestent des oscillations périodiques de leur séquence nucléotidique,
dont la période est proche de 11 liaisons phosphodiester et qui évoquent une sinusoide amortie, sur une distance de 5 a 49 liaisons.
Contrairement a la période, qui reste constante, I’amplitude des oscillations nucléotidiques peut varier de maniere étonnante d’un
génome a I’autre. Je montre que ces différences ne sont dues, ni a la teneur en (G + C), ni a la taille des génomes. Elles ne sont pas
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reliées a la phylogénie : on observe des oscillations de fortes et de faibles amplitudes, aussi bien dans les génomes des Archae que
dans ceux des Bactéries. J’ai aussi comparé deux ensembles de genes, codant I’'un des protéines riches en hélices alpha (d’apres
les données de diffraction aux rayons X) et ’autre des protéines dépourvues d’hélices alpha. Le premier ensemble présente des
oscillations de forte amplitude, dont la période est de 11 liaisons phosphodiester, alors que le second n’en manifeste pas. J’ai, de
plus, observé que des ensembles de genes homologues, issus d’especes distinctes, peuvent présenter des oscillations d’amplitudes
tres différentes. Ces résultats et leurs analyses statistiques suggerent trés fortement que les oscillations nucléotidiques observées
sont la conséquence du «style génomique des protéines», concept selon lequel des protéines homologues, exergant la méme
fonction chez des organismes différents, peuvent, en raison des propriétés globales du génome, utiliser des modalités différentes
pour établir leur structure secondaire. Je congois que cette idée puisse paraitre hétérodoxe, mais je suis persuadé qu’elle peut ouvrir
de nouvelles perspectives dans le domaine de la phylogénie et révéler les contraintes insoupgonnées qui se sont établies entre les

protéines et leurs séquences codantes. Pour citer cet article : P.P. Slonimski, C. R. Biologies 330 (2007).
© 2006 Published by Elsevier Masson SAS on behalf of Académie des sciences.
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1. Introduction

The vast majority of the methods used until now to
compare genomes have been based upon techniques of
local alignment of two or more DNA or protein se-
quences. These methods are very successful for phylo-
genetic studies of gene/protein families or superfami-
lies and even for the phylogenies of complete genomes
when the evolutionary divergence is not too great.

Alignment-free methods are rarely used in biology,
although they can be quite successful in linguistic stud-
ies [1]. Their actual name in the literature can differ;
they are referred to variously as n-grams, n-words, or
k-tuples. However, they all describe the same concepts
and approaches, namely the analysis of occurrences in
a text, of words of various lengths and containing » let-
ters. For n = 2, the words can be called bigrams. This is
the term I shall use in this article. One can find a more
exhaustive description of various alignment-free meth-
ods in recent reviews [2,3].

Forty years ago, A. Krzywicki and I introduced, for
the first time, the bigram analysis of biological texts,
namely the texts of the very few protein sequences avail-
able in the 1960s [4,5]. We developed the notion of
the expectancy-rectified frequencies of pairs of amino
acids, in other terms bigrams, with spacer (s) — i.e. the
observed frequency of occurrence of the s-pair of amino
acids f%(ij), compared to the expected frequency of
such s-pair occurrence [ f* (i) f*(j)]. We have shown
that, for certain spacer lengths, statistically highly sig-
nificant deviations could be observed, and we spec-
ulated that these deviations were due to spatial con-
straints in the structure of biologically active proteins.
This work had a certain success, since it is quoted in a
recent history of bioinformatics among the few articles

germane as precursors of this scientific discipline in its
‘protohistorical’ era [6]. It was, at the same time, a to-
tal failure, since nobody has followed up or developed
our approach. More than thirty years later, Radomski
and I used, to a small extent, the bigram analysis to de-
velop the notion of the genomic style of proteins [7],
and more recently to examine the primary sequences
of proteins from 52 species [3]. In this latter work,
we have shown that amino acid sequences of com-
plete proteomes display a singular periodicity around
3.5 polypeptide bonds. We hypothesized that the oscil-
lations observed at the level of whole proteomes may
result from the periodic nature of the alpha-helical pro-
teins, which have, as it is well known, the same basic
frequency.

In the present work, I have applied the expectancy-
rectified frequency of bigrams to the study of the DNA
from 80 completely sequenced procaryotic genomes.
I show that all genomes display highly significant pe-
riodic oscillations with a period of 11 phosphodiester
bonds, and that these oscillations result from the pres-
ence of open reading frames coding for alpha-helical
proteins. The period of 11 phosphodiester bonds is in
perfect agreement with the period of 3.5 for polypep-
tide bonds.

Unexpectedly however, the amplitude of nucleotide
sequence oscillations in genomes can differ dramati-
cally from one bacterial species to another. Further-
more, sets of homologous and very similar genes from
different organisms can display drastically different os-
cillations. I conclude with a heterodox idea that very
similar proteins having the same biochemical function
and the same ancestor either may have different sec-
ondary structures or may use different ways to be con-
structed.
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2. Materials, symbols and methods
2.1. Materials

All genomic nucleotide sequences were retrieved
from the Comprehensive Microbial Resource (CMR)
Data Base of the Institute for Genomic Research (http:
/Iwww.tigr.org) [8] in February 2005, with their origi-
nal annotations. Chromosomes but not plasmids were
retrieved. All data concerning the structure of proteins
were retrieved from RCSB Protein Data Bank using its
mirror site (http://www.pdb.mdc-berlin.de/pdb) in Sep-
tember 2005, and the nucleotide sequences correspond-
ing to the coding sequences for these proteins were
retrieved from the EMBL-EBI (http://www//.ebi.ac.uk/
Databases/). In every case, I have verified that the trans-
lation of the EBI coding sequence was identical to the
fasta protein sequence given in PDB. This was essen-
tial since, in a number of cases, the data from the two
databases were contradictory.

2.2. Symbols and methods

The general way of presenting the data will be the
symbol B¢, where B is the number of bigram occur-
rences in a sequence, d is the distance (in number of
phosphodiester bonds) separating the two terminal nu-
cleotides and k is the kind of association of the terminal
nucleotides studied. There are 16 kinds of bigrams: AA,
AG, AT, AC, GA, GG, GT, GC, TA, TG, TT, TC, CA,
CG, CT, and CC.

Notice that the actual length of oligonucleotides
analysed is equal to (d + 1), e.g., B}\IC corresponds to the
complete set of all dodecanucleotides beginning with
A (adenine) and terminating with C (cytosine), inde-
pendently of the nature of nucleotides between A and
C. Furthermore, Bék is different from B /lxlc because of
the 5’ to 3’ polarity of the polynucleotide chain. When
necessary, the abbreviation of the genome analysed is
given, e.g., HelPy B }&: corresponds to all such dode-
canucleotides from the genome of Helicobacter pylori
(for the list of abbreviations, see Table 1).

Notice that:

— (i) each nucleotide in a certain position of the se-
quence is represented 400 times in the sum total
of bigrams, e.g., a given C in a position p is rep-
resented, on the one hand, in 200 oligonucleotides
having Cytosine at the 5" end and terminating by
anyone of the four nucleotides at the 3’ end (sym-
bolized by ng) and, on the other hand, the same C

at the same position is represented in 200 oligonu-
cleotides having A, G, C or T at the 5" terminus and

a Cytosine at the 3’ end (symbolized by B;‘éc);
— (i) the sum total of all bigrams counted in a
nucleotide sequence of a length L is equal to
Zz%m(L — d). For example, in Helicobacter,
where L = 1667785, this sum is 335204484,
while for an average ORF of L = 1000, the sum
is 180699. The total number of bigrams analysed
in all 80 genomes is 4.7 x 10'° (see Table 1 for the

complete dataset).

The computer program, written by Jo&l Prince in the
‘4™ dimension’ software for a PC, counts all the 16
kinds of bigrams from d = 1 to d = 201 in about an
hour for a genome of a few million nucleotides. These
counts are symbolised as ObSB,‘f for the observed oc-
currences. They will be compared to the CXPB,f, the
expected values computed on the basis of the null hy-
pothesis, i.e. a random association of nucleotides. The
exp B,‘g values are calculated as a product of the frequen-
cies of single nucleotides A, G, T and C in the oligonu-
cleotide segment analysed, for each different d value.
Notice that the ®*P Bf values are practically identical for
all the different d values in the case of very long nu-
cleotide sequences, such as those of complete genomes,
while they may be quite different for much shorter se-
quences such as the individual protein coding sequences
(ORFs, Open Reading Frames). In this latter case, the
ObSB,‘f and e"PB,‘f numbers are calculated separately for
every individual ORF and summed, if necessary. In this
way, it is possible to build up a representation of the
complete proteome of a species, or a subset of ORFs
from it. Excel was used for other calculations.

To facilitate the comparisons, the sizes of the var-
ious genomes were normalized to one Genome Unit
Size, GUS (one GUS = 500 000 nucleotides). This nor-
malization consists in multiplying all the B,‘f values
computed for the whole genome by a normalization
factor: 500 000/the size of the genome in nucleotides.
The smallest genome analysed, Nanoarchaeum equi-
tans, has a size close to 1 GUS.

3. Results and discussion
3.1. Raw data

The main purpose of this study is to analyse the dif-
ferences between the observed bigrams and those pre-
dicted by the null hypothesis. The computer programme
calculates these differences, ObSB,f - eXPBg, for every
separate d, separate k and separate genome. These val-
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KINGDOM

ARCHAEA
ARCHAEA
ARCHAEA
ARCHAEA
ARCHAEA
ARCHAEA
ARCHAEA
ARCHAEA
ARCHAEA
ARCHAEA
ARCHAEA
ARCHAEA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA
BACTERIA

TAXON Il ORDER

ARCHAEOGLOBI
HALOBACTERIA
METHANOBACTERIA
METHANOCOCCI
METHANOCOCCI
METHANOPYRI
NANOARCHAEUM
THERMOCOCCI
THERMOPLASMATA
THERMOPROTEI
THERMOPROTEI
THERMOPROTEI
ACTINOBACTERIDAE
ACTINOBACTERIDAE
ACTINOBACTERIDAE
ACTINOBACTERIDAE
ACTINOBACTERIDAE
ACTINOBACTERIDAE
ALPHAPROTEOBACTERIA
ALPHAPROTEOBACTERIA
ALPHAPROTEOBACTERIA
ALPHAPROTEOBACTERIA
ALPHAPROTEOBACTERIA
AQUIFICALES
BACILLALES

BACILLALES

BACILLALES

BACILLALES
BACTEROIDALES
BACTEROIDALES
BACTEROIDES
BETAPROTEOBACTERIA
BETAPROTEOBACTERIA
BETAPROTEOBACTERIA
BETAPROTEOBACTERIA
BETAPROTEOBACTERIA
CHLAMYDIALES
CHLAMYDIALES
CHLOROBIA
CHLOROFLEXI
CHROCOCCALES
CHROCOCCALES
CHROCOCCALES
CHROCOCCALES
CLOSTRIDIA

CLOSTRIDIA

DEINOCOCCI

DEINOCOCCI
DELTAPROTEOBACTERIA
DELTAPROTEOBACTERIA
DELTAPROTEOBACTERIA
EPSILONPROTEOBACTERIA
EPSILONPROTEOBACTERIA
EPSILONPROTEOBACTERIA
FUSOBACTERALES
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
GAMMAPROTEOBACTERIA
LACTOBACILLALES
LACTOBACILLALES
LACTOBACILLALES
MOLLICUTES
MOLLICUTES
MOLLICUTES
NOSTOCALES
PLANCTOMYCETACIA
PROCHLOROPHYTES
SPIROCHAETALES
SPIROCHAETALES
SPIROCHAETALES
THERMOTOGALES

GENOMES ANALYSED
( data retrieved from CMR data base of TIGR)

SPECIES NAME

Archaeoglobus fulgidus DSM4304
Halobacterium sp. NRC-1
Methanobacterium thermoautotrophicum delta H
Methanococcus jannaschii DSM2661
Methanosarcina acetivorans C2A
Methanopyrus kandleri AV19
Nanoarchaeum equitans Kin4-M
Pyrococcus abyssi GES
Thermoplasma volcanium GSS1
Aeropyrum pernix K1

Pyrobaculum aerophilum IM2
Sulfolobus solfataricus P2
Bifidobacterium longum NCC2705
Corynebacterium diphtheriae NCTC13129
Mycobacterium leprae TN
Mycobacterium tuberculosis CDC1551
Streptomyces coelicolor A3(2)
Tropheryma whipplei TW08/27
Caulobacter crescentus CB15
Mesorhizobium loti MAFF303099
Rhodopseudomonas palustris CGA009
Rickettsia conorii Malish 7

Rickettsia prowazekii Madrid E
Aquifex aeolicus VFS

Bacillus subtilis 168

Listeria innocua CLIP 11262
Oceanobacillus iheyensis HTE831
Staphylococcus aureus MuS0

Porphyromonas gingivalis W83
Prevotella intermedia 17
Bacteroides thetaiotaomicron VPI-5482
Bordetella bronchiseptica RB50
Chromobacterium violaceum ATCC12472
Neisseria meningitidis MC58
Nitrosomonas europaea ATCC 19718
Ralstonia solanacearum GMI1000
Chlamydia muridarum strain Nigg
Parachlamydia sp. UWE25
Chlorobium tepidum TLS
Dehalococcoides ethenogenes 195
Gloeobacter violaceus PCC7421
Synechococcus sp. WH8102
Synechocystis sp. PCC6803
Thermosynechococcus elongatus BP-1
Clostridium acetobutylicum ATCC824
Thermoanaerobacter tengcongensis MB4(T)
Deinococcus radiodurans R1_11
Thermus thermophilus HB27
Bdellovibrio bacteriovorus HD100
Desulfovibrio vulgaris Hildenborough
Geobacter sulfirreducens PCA
Helicobacter hepaticus ATCC 51449
Helicobacter pylori 26695
Wolinella succinogenes DSMZ 1740
Fusobacterium nucleatum ATCC 25586
Buchnera aphidicola (Baizongia pistaciae )
Coxiella burnetii RSA 493
Escherichia coli O157:H7 VT2-Sakai
Haemophilus ducreyi 35000HP
Methylococcus capsulatus Bath
Pasteurella multocida PM70
Salmonella typhimurium LT2 SGSC1412
Shewanella oneidensis MR-1
Vibrio cholerae El Tor N1696 1
Vibrio vulnificus CMCP6

ipestris pv. campesiris ATCC33913
Xylella fastidiosa 9aSc
Enterococcus faecalis V583
Lactobacillus johnsonii NCC 533
Streptococcus pyogenes MGAS315
Mycoplasma genitalium G-37
Phytoplasma asteris Onion Yellows strain
Ureaplasma urealyticum parvum biovar serovar 3
Nostoc sp. PCC 7120
Pirellula sp. strain |

Prochlorococcus marinus MIT9313
Borrelia burgdorferi B31
Treponema denticola ATCC 35405
Treponema pallidum Nichols
Thermotoga maritima MSB8

Grand total

abbreviation genome size genome size total bigrams

used

ArcFu
HaloB
MetTh
MetJa
MetAc
MetKa
NanEq
PyrAb
TheVo
AerPe
PyrAe
SulSo
BifLo
CorDi
MycLe
MycTu
StrCo
TroWh
CauCr
MesLo
RhoPa
RicCo
RicPr
AquAe
BacSu
LisIn
Ocelh
StaAu
PorGi
Preln
BacTh
BorBr
ChrVi
NeiMe
NitEu
RalSo
ChIMu
ParaU
ChITe
DehEt
Glovi
SyneW
SyneP
TheEl
CloAc
TheTe
DeiRa
TheTh
BdeBa
DesVu
GeoSu
HelHe
HelPy
WolSu
FusNu
BucAp
CoxBu
EscCo
HaeDu
MetCa
PasMu
SalTy
SheOn
VibCh
VibVu
XanCa
XylFa
EntFa
LacJo
StrPy
MycGe
PhyAs
UreUr
NostP
Pirel
ProMa
BorBu
TreDe
TrePa
TheMa

genomes:

(nucleotides) (GUS)

2,178,400
2,014,239
1,751,377
1,664,944
5,751,492
1,694,969

490,885
1,765,118
1,584,804
1,669,695
2,222,430
2,992,245
2,256,646
2,488,635
3,268,203
4,403,487
9,054,847

925,938
4,016,947
7,036,074
5459213
1,268,755
1,111,523
1,551,335
4214814
3,011,208
3,630,528
2,878,040
2,343,476
2,699,436
6,260,361
5,339,179
4,751,080
2,272,351
2,812,094
3,716,413
1,072,912
2,414,444
2,154,932
1,469,720
4,659,019
2,434,428
3,573,470
2,593,857
3,940,880
2,689,445

412,340
1,894,877
3,782,950
3,570,858
3,814,139
1,799,146
1,667,785
2,110,355
2,174,498

615,980
1,995,275
5,498,450
1,698,955
3,304,552
2,257,487
4,857,432
4,969,787
4,033,393
5,126,797
5,076,162
2,679,305
3,218,031
1,992,676
1,900,521

580,074

860,625

751,719
6,413,771
7,145,576
2,410,871

910,639
2,843,201
1,137,883
1,860,725

nucleotides:

80 2.3492E+08

analysed

4.4E+08
4.0E+08
3.5E+08
33E+08
1.2E+09
3.4E+08
9.9E+07
3.5E+08
3.2E+08
3.4E+08
4.5E+08
6.0E+08
4.5E+08
5.0E+08
6.6E+08
8.9E+08
1.8E+09
1.9E+08
8.1E+08
1.4E+09
1.IE+09
2.5E+08
2.2E+08
3.1E+08
8.5E+08
6.1E+08
7.3E+08
5.8E+08
4.7E+08
54E+08
1.3E+09
L.IE+09
9.5E+08
4.6E+08
5.7E+08
7.5E+08
2.2E+08
4.9E+08
4.3E+08
3.0E+08
9.4E+08
4.9E+08
7.2E+08
5.2E+08
7.9E+08
5.4E+08
8.3E+07
3.8E+08
7.6E+08
7.2E+08
7.7E+08
3.6E+08
3.4E+08
4.2E+08
4.4E+08
1.2E+08
4.0E+08
1.IE+09
34E+08
6.6E+08
4.5E+08
9.8E+08
1.0OE+09
8.1E+08
1.0E+09
1.0E+09
5A4E+08
6.5E+08
4.0E+08
3.8E+08
1.2E+08
1.7E+08
1.5E+08
1.3E+09
1 4E+09
4.8E+08
1.8E+08
5.7E+08
2.3E+08
3.7E+08

bigrams:

4698 4.7E+10
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RAW DATA:HELICOBACTER PYLORI (1668kb=3.3 GUS)

6000
5000 w
4000 : ::
__ 3000 Y -+ TA
] - TT
G 2000 -GG
g 1000
)]
z 0- ——CC
e , - X
2 _1000} i
'S
: -20001— ——TC
@ ——CT
£ -3000 ==AC
= ——CA
-4000 ol
-5000 TG
-6000

DISTANCE (number of bonds)

Fig. 1. Raw data: Helicobacter pylori (1668 kb = 3.3 GUS). The difference, difB,‘(i = obs B,‘f — &P B,‘f, between the observed number of occurrences
of bigrams and the expected number of occurrences was calculated for the complete nucleotide sequence of the genome; the resulting values were
normalised to 1 GUS by the coefficient 500 000/1 667 785 and plotted as a function of d, from d =5 to d = 201; the different colours correspond

to different kinds of bigrams.

ues will be referred to as raw data, difB,f, and are plotted
as a function of d. Three examples are shown in Fig. 1
(and Figs. A1-A2Y), and several others are available in
the supplementary material.

The inspection of the raw data discloses, first of all,
a striking and easy to interpret feature. There is a phase
given by three phosphodiester bounds in the frequency
of bigrams. This phase is more easy to perceive in the
kinds of bigrams that protrude from the central mass
like AA, TT, GG, CC, on one hand, or AC, CA, GT,
TG, on the other hand. It is obvious that this phasing
corresponds to the reading frames of the protein cod-
ing sequences (ORFs), which represent most of the nu-
cleotide sequence in all procaryotic genomes. The eight
above-mentioned kinds of bigrams present maximum
deviations in the reading frame zero, i.e. at bond dis-
tances that are multiples of 3 (see Fig. 1 and Table 3
— and Figs. Al and A2). I have verified that this de-
pends neither on the (G + C) content of the genome
nor on the amino acid composition of the proteome. It
is the case with all genomes analysed. Thus, the fre-
quencies, which relate the first position of a codon with

I Figs. A1-A29 and Tables A1-A2 can be found in the web-
available supplementary material.

the first position of another codon (the second position
with the second position and the third with the third),
some 99 or 198 phosphodiester bonds further down are
the most strongly deviating from random (see Tables 2
and 3 for more explanations). The fact that the ORFs are
not in phase on the same DNA strand, on the one hand,
and that, on the other hand, the nucleotide sequence
analysed is the Watson strand only, while the ORFs can
be (and most frequently are) located on both strands,
does not influence the issue. Since the programme scans
the distances smaller than 201, and the average size
of an ORF is close to 900, the majority of bigram oc-
currences counted is located inside the ORFs and not
outside or between them. This argument becomes even
stronger when one considers that the most interesting
deviations from randomness occur at distances smaller
than 50 phosphodiester bonds (see below).

The second feature, as prominent as the first one and
directly related to it, is not as obvious to interpret at its
face value. It concerns the direction of changes. It is ap-
parent that bigrams of the first group (AA, TT, GG, CC)
are always over-represented, while those of the second
group (AC, CA, GT, TG) are always under-represented
in the reading frame zero: the maximum positive points
are red (see Fig. 1 and Figs. Al and A2), while the
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Table 2
This example (which can be verified without computer) illustrates how the number of occurrences of bigrams observed (Obs Bg) is counted and

how the number of occurrences of bigrams expected (CXPB,‘g) is calculated (e.g., f(A) x f(T) x (L —d) = 2X5X9+211<>5<>1<f+2><5><7 =1.22 for

eXp B%T). Obviously, in this example, the difference between the observed and expected occurrences is not statistically significant. For examples of
statistically significant data, see Table 3 and Fig. 5 and Figs. A13—-A16. In procaryotic genomes, the majority of bigrams for distances (d) below
201 (and a fortiori for d below 50) belong to one and the same ORF (Open Reading Frame, a putative protein-coding sequence), and not to an
intergenic region or to two successive ORFs (whether located on the same DNA strand or on opposite strands), for two reasons: (i) the average
length of an ORF is around 900 nucleotides and (ii) the average length of protein coding sequences is close to 90% of the total genomic length.
Therefore, the bigrams corresponding to distances, d, which are multiples of three (i.e. 6,9, 12...) will be referred to as Reading Frame 0, while
other bigrams will be referred to as Reading Frame 41 or —1. This distinction is important as it is apparent from the data calculated on a real
genome (see Table 3)

A SIMPLE EXAMPLE OF THE BIGRAM OCCURENCES IN A 14-MER OLIGONUCLEOTIDE
5'-C-T-G-A-T-G-C-A-T-G-T-C-T-G-3

Reading Frame 0 corresponds to:

1st position of the upstream codon with 1st position of the downstream codon
2nd position of the upstream codon with 2nd position of the downstream codon
3rd position of the upstream codon with 3rd position of the downstream codon

d=6
Bigrams : CC,TA,GT,AG,TT,GC,CT,AG

Reading Frame +1 corresponds to:

1st position of the upstream codon with 2nd position of the downstream codon
2nd position of the upstream codon with 3rd position of the downstream codon
3rd position of the upstream codon with 1st position of the downstream codon

d=17
Bigrams : CA,TT,GG,AT,TC,GT,CG

Reading Frame -1 corresponds to:

1st position of the upstream codon with 3rd position of the downstream codon

2nd position of the upstream codon with 1st position of the downstream codon
3rd position of the upstream codon with 2nd position of the downstream codon

d=5
Bigrams : CG,TC,GAAT,TG,GT,CC,AT,TG,

Sum Three Frames :

d=5+6+17)

Bigrams observed (°~5¢):

AA=0;AT=3; AG=2;AC=0; TA=1; TT=2; TG =2; TC = 2;
GA=1;GT=3;GG=1;GC=1;CA=1;CT=1;CG=2; CC=2;
Bigrams expected (-*5¢):

AA =0.5; AT =1.2; AG =1.0; AC = 0.7; TA = 1.2; TT = 3.1; TG = 2.4;

TC = 1.8;

GA = 1.0;,GT =24;GG=2.0;GC=15;CA=0.7;CT=18; CG=15;CC=1.1

minimal negative points are blue all along the distance
axis (Fig. 1, Table 3, and Figs. Al and A2). This ob-
servation is, once more, true for all genomes. Finally,
the variations of the remaining eight kinds of bigrams,
which also depend on the reading frame, are less con-
spicuous (Table 3) and more variable from one genome
to another. The in-depth analysis of changes related to
the reading frame is not the aim of the present article
and will be presented elsewhere (Slonimski, in prepara-
tion).

To eliminate the reading frame parameter, I have
recalculated the raw data, as in Fig. 1 and Figs. Al
and A2, by a sliding window of three successive B,‘f
values, beginning with B,f. Such smoothed data cor-
respond, in succession, to the average of (B,f + B,? +
B])/3,(Bf + B] + B})/3.(B] + B} + B))/3....,
(31194 + 31195 + 81196)/3. .. and are centred at d = 6,
d =7, d =8, etc. In this way, the occurrences of bi-
grams in the three reading frames are averaged, since
B,f is in the frame —1, B,E’ is in the frame O and BZ in



Table 3
The differences (difB,f) between the observed number of occurrences ((’bSB,‘j) and the expected number of occurrences (“XP B,f) was calculated for the complete nucleotide sequence of the genome

and the resulting values were normalised to 1 GUS by the coefficient 500 000/1 551 335. For each kind of bigram, one obtains 192 values of difB,‘f corresponding to distances from d =5 to
d = 196. These values are grouped into four successive quarters of the total distance and summed up separately for the three Reading Frames (see Table 2). In each Reading Frame and for each
kind of bigram, there are 16 values of difle’ the sum of which is given in black (e.g., difBg At difBg AT difo\k = 56195). For the same 16 values, one calculates the variance, which is
shown in bold, as standard deviation (std, o) of the mean (e.g., 56 195/16 = 3512, 0 = 966 for the Reading Frame 0 of difBgA |, dif Bik). The sum total of difBl‘f is of course 0 and the sum of
standard deviations gives an estimate of the total variance. Some kinds of bigrams are always overrepresented (difB are positive, e.g., AA, TT), some are always underrepresented (difB are negative,
e.g., AT, TA), whatever the Reading Frame and whatever the distance. This observation is true for all the genomes analysed. For other kinds of bigrams, the +1 Reading Frame occurrences are
overrepresented and the —1 Reading Frame occurrences are underrepresented (e.g., GT or GA), while the converse is true for TG and CA. The difference of occurrences (measured by the sum of
the three frames) decreases systematically from the first quarter to the last quarter for the bigrams AA, AT, TA, TT, GG, CC, AC, CA, GT, TG (again this observation is true for all the genomes
analysed), while such a decrease is not systematically observed for the remaining six bigrams and depends on the genome studied. The first quarter of distances is singular in several respects:
(i) its total variance is significantly greater than that of the next quarters (4 to 6 times greater in any one of the genomes analysed), (if) the variance of the Reading Frame 0 is greater than that
of the two other Reading Frames, while this is not the case for the next quarters where the three Reading Frames contribute about 1/3 of variance each, (iii) different kinds of bigrams contribute
unequally to the total variance in the first quarter (e.g., the bigrams AA, AT, TA and TT contribute each 10 to 12%, while the bigrams AG, GA, TC and CT contribute each 4 to 5%), while this
is not the case for the last quarters, where each kind of bigrams contributes roughly 6% of the total variance. Fig. A3 summarizes the results in a graph and Figs. A4 and ASA give examples for
other genomes. In order to make the oscillations of the first quarter more conspicuous, the average background occurrences of the last two quarters are subtracted in phase from those of the first
quarter: ((difB,ff(difB,i01 + difB,&‘w)/Z)), ((difB,iV (difB,i02 + difB,iso)/Z), etc. After this subtraction, referred to as ‘pruning’ and symbolized by ‘3[‘1{) Bd, about 90% of total variance results from
variations in the number of occurrences located in the first quarter (see Fig. A5B) ‘

An example of bigram occurrences: complete genome of Aquifex aeolicus (1551335 nucl.) normalised to 1 GUS

Difference in the number of occurrences %" B = g —exp pd

Variance analysis of occurrences( std=standard deviation of the mean)

Distance  Distance AA AT TA TT GG GC CG cC AG GA TC CT AC CA GT TG SUM 16 KINDS SUM 16 TOTAL
(fraction  (number of bonds) OCCURRENCES STD VARIANCE
of total)

Reading first sum(d =649+ 12+---+51) 56195 —12380 —13831 58461 55113 —8712 —9827 51870 1820 1550 2478 1869 —45636 —43912 —47941 —47116 0

Frame 0 quarter

Reading first sum (d =7+ 10+ 13 +---+52) 21424 —19889 31682 19292 —6520 —20556 20024 —3804 —1038 23209 24858 —3271 —499  —12950 3877 —12477 0

Frame +1  quarter

Reading first sum (d =5+8+11+---+50) 21710 —31440 —23908 20290 —6626 21214 —22928 —5007 23522  —447 2412 25280 —1379%4 2646  —14131 6021 0

Frame —1  quarter

Sum three first total 99329 —63709 —69421 98042 41968  —8054 —12731 43059 24304 24312 24925 23887 —59929 54216 58195 —53572 0

frames quarter

Reading first std@d=6+9+12+---+51) 966 1158 801 965 321 152 229 352 402 281 286 398 382 426 350 404 7873

Frame 0 quarter

Reading first std(d=7+10+13+-.-+52) 511 378 472 451 153 152 232 172 204 239 276 269 367 289 370 314 4849

Frame +1  quarter

Reading first std(d=5+8+11+---+50) 636 677 591 664 184 195 142 192 284 286 282 174 320 327 284 329 5567

Frame —1  quarter

Sum three first total 2113 2213 1864 2080 659 499 603 716 890 805 844 841 1069 1042 1004 1047 18289

frames quarter

Reading second sum (d =54 +574+60+---4+99) 50049 —14616 —12550 52403 48644 —8679 —10209 45529 3724 1536 2302 3718 —39166 —39025 —41475 —42185 0

Frame 0 quarter

Reading second sum (d =55+58+61+---4+100) 16741 —18965 —29225 15314 —8304 —20382 18414 —5863 —110 22788 23905 —2242 2326  —10296 5923 —10024 0

Frame +1  quarter

Reading second sum (d =53456459+---+98) 16556 —28184 —18560 15367 —6890 19666 —21704 —5892 22434 —1712 —2973 23887 —10815 3724 —11039 6135 0

Frame —1  quarter

sum three  second total 83347 —61765 —60335 83084 33450 9396 —13499 33775 26047 22612 23235 25363 —47656 —45597 —46592 —46073 0

frames quarter

Reading second std (d =54 +57+60+---+99) 122 153 127 110 79 99 91 72 78 87 132 115 93 71 110 134 1671
Frame 0 quarter

Reading second  std (d =55+ 58+ 61+ .-+ 100) 109 123 71 90 105 104 111 84 145 86 95 121 63 95 76 87 1565

Frame +1  quarter
(continued on next page)
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GENOME OSCILLATIONS:HELICOBACTER PYLORI (1668kb=3.3 GUS)
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Fig. 2. Pruned data: Helicobacter Pylori. The difB]‘f numbers of bigram occurrences shown in Fig. 1 were ‘pruned’ by subtraction in

dif BQ

phase as explained in Table 3 and averaged by the sliding window of three successive values: (, B;" = (dif BE + dif B,? + dit BZ)/3;

sub sub sub sub
the frame +1. All successive bigrams are averaged in
the same manner.

The second calculation, which is another way to the
main issue of this study, is even simpler. I observed
that the amplitude of the reading frame oscillations of
the raw data is more heterogeneous for the small dis-
tances, from d = 5 to d = 52, than for the much larger
distances. This effect appears to be small but can be eas-
ily detected in Fig. 1, while it is not as conspicuous in
Figs. Al and A2 of the raw data. However, it can be
demonstrated in all genomes and it is explained in de-
tails in Table 3. Figs. A3—AS show the results of a vari-
ance analysis along the distance axis. I have calculated
the standard deviations for four sets of the B,f values
in the same reading frame and separately for each quar-
ter of the total nucleotide length examined. Each quar-
ter (for the first quarter: bonds 6,9, 12,...,51 for the
reading frame O; bonds 7, 10, 13, ..., 52 for the reading
frame +1; bonds 5, ..., 50 for the reading frame —1;
for the other quarters, see the abscissas of Figs. A3—
A5 and Table 3) gives 16 values of standard devia-
tions, which are summed to estimate the total variance.
In all genomes examined and in every reading frame,
the variance is much greater for the first quarter, i.e.
short distances d, than for the last quarters (long dis-
tances d). Three examples are shown in Figs. A3-AS5
and others can be consulted in the supplementary mate-
rial. Furthermore, the variance of the last two quarters

sub sub sub

dif B,% = (4if B,? + dif B,Z 4 dif BE) /3, etc. and plotted as a function of the average distance d.

is always the same. In other words, there is a novel
source of heterogeneity of B,‘f values occurring at dis-
tances from 5 to 52 bonds, which is superimposed on
a constant background resulting from the reading frame
effects. To make this novel source of heterogeneity more
conspicuous, I have subtracted, in phase, from the B;f
values of the first quarter an average of the two last quar-
ters: [B] — (B[°! + B}*) /2], [BY — (B} + B}>") /2],
[BZ — (81103 + 81151)/2], etc. This subtraction and the
sliding window operation transform the raw data into
‘pruned’ (symbolized as ‘3“53 B,‘f ) data, which allows the
main conclusions of this work to be deduced. Fig. ASB
shows that the pruned data make the oscillations of the
first quarter more conspicuous and significant.

3.2. Pruned data

The main results are straightforward and are given in
a series of figures (Figs. 2—4 and Figs. A6—-A12). They
show that the frequency of bigrams in a genome varies
in a regular and periodic manner as a function of the
number of bonds separating the two terminal, 5" and 3/,
nucleotides in the span of distances between 6 and 51
nucleotides. This periodicity is not due to the reading
frame effects discussed above, since we are dealing here
with the pruned data.

In Fig. 2, one can see that the various kinds (pa-
rameter k) of bigrams vary either in conjunction with
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GENOME OSCILLATIONS:HELICOBACTER PYLORI (1668kb=3.3 GUS)
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Fig. 3. Combined data: Helicobacter pylori. The data of Fig. 2 were combined by adding, as indicated, the different kinds of pruned and averaged

numbers of bigram occurrences and plotted as in Fig. 2. (AA+ TT + GG + CC) = dif Bldg At ‘;ﬁg B’%T + dif B%G + dif Bd*

etc.

sub sub sub™ CC?

GENOME OSCILLATIONS:MESORHIZOBIUM LOTI(7036=14.1 GUS)
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Fig. 4. Combined data: Mesorhizobium loti. As in Fig. 3.

each other (e.g., k = AA or k =TT are both very
high for d = 11 and d = 12, high for d = 21 and
d = 22, and moderately high for d = 32 and d =
33, etc.) or in opposition (for the same values of d,
the bigrams k = TA or k = TG display negative fre-
quencies). In other terms, the associations AA or TT

are more abundant than random for distances 11 and
12, while the associations TA or TG are less abun-
dant than random for the same distances. The oscilla-
tions of frequencies along the distance axis are even
more striking when one groups together various kinds
of bigrams, as shown in Fig. 3. In this figure, I have
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added the numbers of bigrams of different kinds in
various combinations, e.g., B(dA A+TT+GGACC) = Bl’i AT

B%T + BgG + Bé’c. It is apparent that the positive, over-
represented oscillations become stronger after grouping
as well as the negative, under-represented ones (e.g.,
B GTACALTGHAGHCT+GATG))- Finally, the oscilla-
tions of the Helicobacter pylori genome appear with a
regular periodicity: the average period for the positive
oscillations is 10.9 bonds and the average period for
the negative ones is not distinguishable from it, i.e. 10.8
bonds.

These observations immediately raise a number of
questions. I shall try to answer a few of them:

— (i) what is the statistical significance of the results
observed?

— (i) how general is the presence of periodic oscil-
lations? Is it different either in amplitude or in the
period itself for different species? If so, how is it re-
lated to their phylogeny and evolution, or to some
other overall properties of genomes, such as their
size or their (G + C) content?

— (iii) there are 16 kinds of bigrams, which can be
grouped or combined in many different ways. Is
there a simple way to describe the oscillations? In
other terms, is there a unique combination, or a
small number of combinations, which could lead
to the most germane description of all genomes on
one hand, and to the most pertinent discrimination
between genomes on the other?

— (iv) finally, what is the origin or cause of the pe-
riodic oscillations of the nucleotide sequences of
genomes?

The answer to the first question is simple. All in-
teresting results are statistically significant. Although
the amplitude of oscillations may appear quite small
in terms of percentages of the total number of bigrams
analysed (e.g., the excess of bigrams AA at the distance
of 11 bonds is equal to 2079 in the total of 499 989 bi-
grams counted for 1 GUS of Helicobacter, i.e. 0.4%,
see Fig. 2), its statistical significance is huge. I have
performed a Khi? analysis of conformity between the
observed and the expected bigrams. To this end, I have
calculated the Khi? [(ObsB,f — ©Xp B,i")2 /&P B,’f] for each
d and each k and plotted them as a function of d. In
addition, I have calculated the Khi? for various combi-
nations of individual k, e.g., k = (AA + TT) and k =
(AA — TT). The rationale of this approach is straight-
forward. If the oscillations are in the same phase, then
the Khi? for k = (AA + TT) should be always much
greater than for k = (AA — TT). If the oscillations are in

opposite phases, then the Khi? of the difference should
be greater than the Khi? of the sum. A few examples
are given in Fig. 5 and Figs. A12-A16, where each
point has one degree of freedom. The probability that
the 0.4% excess of B}JA is due to chance is equal to
2 x 107! for 1 GUS of Helicobacter and 10> for its
true genome size of 1668 kb. This is one of the ma-
jor advantages of working with the complete genomes:
very small variations become highly significant because
of the large numbers involved.

All genomes display the oscillations. However, the
amplitude of oscillations may be quite different from
species to species. A series of figures (Figs. 2-4 and
Figs. A6—A12) illustrates this fact. Two of the displayed
genomes have strong oscillations, two have very weak
ones, and in Figs. A1l and Al12 an average procary-
otic genome presents, as expected, intermediary am-
plitudes. It is important to stress that even one of the
weakest genomes, Caulobacter crescentus, has statis-
tically significant oscillation amplitude: the probability
that its B(IAAJFTT) is due to chance is 10~!8 for 1 GUS
and of course much smaller for its true genome size.
A series of figures (Fig. 5 and Figs. A13—A16) partially
answers the question: “Which is the best discrimina-
tor for the differences in amplitude of oscillations be-
tween different species?” There are 16 kinds of bigrams
and 2'9~1 ways of combining all of them in a single
descriptor. I have proceeded step by step by the Khi?
approach mentioned before. The AA, TT, GG and CC
bigrams vary always in phase in all the 80 genomes
analysed. Their sum (AA + TT + GG + CC) con-
stitutes a good general descriptor and interspecies dis-
criminator. It will be referred to as the combination I
of bigrams. The sum of AC, CA, GT, TG, AT and TA
always varies in the opposite phase to the combination
I and the B(L/l\A+TT+GG+CC—AC—CA—GT—TG—AT—TA) values lead
to a better discrimination between different species than
combination I. It will be referred to as the combination
II. In a few interspecies comparisons, the combination
1T B(Lf\A+’1"1‘+GG+CC+AG+GA+CT+TC—AT—TA—CA—TG—AC—GT) leads
to more pronounced differences between genomes than
combinations I or II. The Bg}c and B‘éG bigrams lead
frequently to ambiguous results and I did not use them
in a systematic manner. In consequence, the calcula-
tions are done routinely with combinations I, II and
III, and the average values from the three combinations
are shown. One can see in Figs. 6 and 7 that the three
combinations give very similar results both for species
with great oscillation amplitude (‘high’ genomes) and
for species with small amplitude of oscillations (‘low’
genomes). Four examples of ‘high’ genomes are given
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GENOME OSCILLATIONS:Khi2 ANALYSIS of BIGRAMS
HELICOBACTER PYLORI
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Fig. 5. KHI2 analysis of significance of genome oscillations (AA; TT): Helicobacter pylori. Statistical significance of the difference between the
observed and expected number of occurrences of bigrams. The ‘raw’ data d'fBg = (obs B,‘f — CXp B,‘f ) of the Helicobacter genome (see Fig. 1) were

normalised and ‘pruned’ as in Table 3. The resulting (51111{)31? values for the bigrams AA, TT, their sum (AA + TT) and their difference (AA —

TT) were analysed by Khi2 statistics: (g&f}Bl‘Z)z /eXpBl‘j and the results plotted as a function of d. For each value, there is one degree of freedom.

It is apparent that Khi2 values are very great for distances (11, 21, 33, 44) corresponding to the oscillation peaks (compare with Fig. 2) and the
probability that they are due to chance is smaller than 10740, Importantly, the significance of the sum of Baa-TT is huge, while that of the
difference Baa_tT is 0. This proves that oscillations of Bpoa and BTt vary in phase, are of equal importance and should be added in order to
estimate the overall oscillations.

GENOME OSCILLATIONS : HELICOBACTER PYLORI (1668 kb=3.3 GUS)
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Fig. 6. Genome oscillations: three combinations of bigrams: Helicobacter pylori. There are 215 possible combinations of grouping the 16 kinds
of bigrams: AA+ AT +TA+---+ TG, AA— AT+ TA+--- + TG, AA — AT — TA + - -- 4+ TG, etc. All have been explored by the approach
described in Fig. 5 (i.e. if the addition increases the significance, then it is kept and if it decreases, it is not kept). Finally, three best combinations
were retrieved (designated I, IT and III). In all genomes, II gives more pronounced oscillations than I, and in the majority of genomes, II is better

than III. Numbers of bigrams correspond to the ‘pruned’ values: gl‘l{) B::iombi nation> With L ILTII= (Br + B + B /3.
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GENOME OSCILLATIONS : MESORHIZOBIUM LOTI (7031kb=14.0 GUS)
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Fig. 7. Genome oscillations: three combinations of bigrams: Mesorhizobium loti. The oscillation amplitude of Mesorhizobium is much smaller than

that of Helicobacter, but it is still discernable (calculation as in Fig. 6).

in Fig. A17 and four examples of ‘low’ genomes in
Fig. A18.

The next series of data pertains to the phyloge-
netic and taxonomic relations between various species
and their genomic oscillations. It is not surprising that
genomes allocated to the same family display almost
identical patterns of oscillations. Two species of Vib-
rionales (Fig. A19) on the one hand, and two species
of Rickettsiales (Fig. A20) on the other hand, illustrate
this notion. Notice that there is a small but conspicu-
ous difference between the two families: although the
second peak is in both cases at d = 21, the first peak
is closer to d = 12 in Vibrionales and closer to d =9
in Rickettsiales. Figs. A21 and A22 give examples of
different patterns of oscillations for species classified in
the same family. This again is not surprising, because
of the well-known difficulties in the taxonomy of pro-
caryotes. On the contrary, the results shown in Fig. 8
are completely unexpected. Two species belonging to
two different kingdoms, Methanopyrus from Archae
and Agquifex from Bacteria display practically identical
genome oscillations. The same is true for the second
pair of species, Methanosarcina from Archae and Cox-
iella from Bacteria (Fig. 9). However, and it seems to
me very important, the genomic oscillations of the first
pair of species are significantly different from those of
the second pair; the first pair is ‘high’ in oscillation am-
plitude, while the second is ‘low’. Furthermore, their

general patterns appear quite different (compare Figs. 8
and 9). Thus, during the one or two billion years, which
have separated the Archae lineage from the Bacterial
one, evolution has selected both specific and similar
overall properties of genomic sequences. It is clear to
me that the classification and the comparative studies
of genomic oscillations, taking advantage of various
classical techniques like principal component analyses,
distance matrices (etc.), will shed a new light on the
phylogeny, taxonomy and classification of procaryotes.

There is no relation between the size of a genome
and the amplitude of its periodic oscillations. Fig. A23
shows an example where a ‘big’ genome has a high am-
plitude and a ‘small’ genome has a low amplitude (Ther-
moanaerobacter versus Ureoplasma). The contrary is
shown in Fig. A24, where a ‘small’ genome, Phyto-
plasma, has high oscillations, while a ‘big’ genome,
Escherichia, has low oscillations.

There is no correlation between the overall (G 4 C)
content of a genome and its periodic oscillations. In
Fig. 10, two species displaying the same (G + C) con-
tent (close to 51%) present very different oscillations. In
Fig. 11, the genome oscillation index, which estimates
the overall extent of oscillations (see legend), is plotted
as a function of (G + C). Although one finds a cluster
of (G + C) rich genomes, which are ‘low’, there is no
obvious correlation when all 80 genomes are examined.
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PHYLOGENY:
GENOMES FROM DIFFERENT KINGDOMS CAN BE SIMILAR AND "HIGH"
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Fig. 8. Phylogeny: genomes from different kingdoms can be similar and ‘high’. Methanopyrus and Aquifex are allocated to different kingdoms
(Archaea and Bacteria). Interestingly, their genome oscillations are quite similar in amplitude, which is high. Calculation as in Fig. A17.

PHYLOGENY:
GENOMES FROM DIFFERENT KINGDOMS CAN BE SIMILAR AND "LOW"
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Fig. 9. Phylogeny: genomes from different kingdoms can be similar and ‘low’. Methanosarcina is an Archaeon and Coxiella is a Bacterium.
However, their genome oscillations are very similar, both in amplitude and in general pattern. Notice that the amplitude of these two genomes is
about four times smaller than that of the preceding pair of species shown in Fig. 8. Calculation as in Fig. A17.

Last points deal with the main question, the cause
of periodic oscillations of genomic sequences. The av-
erage estimation of the period length is 11 phosphodi-
ester bonds (based upon measurements of 80 genomes).
The overall pattern can be easily fitted to an exponen-
tially dampened sinusoid with this periodicity. This sug-
gests, but does not prove, that the two sinusoids, the
genomic sinusoid (this work) and the proteomic sinu-

soid [3] have the same cause, since the periodicity of
11 nucleotides found here is equivalent to the period-
icity of 3.5 amino acids observed previously [3] (3.5
codons ~ 11 nucleotides). This is a striking and cer-
tainly non-coincidental correspondence to one turn of
the alpha helix in proteins. However, periodicities of
10-11 base pairs per turn have been generally inter-
preted as resulting from physicochemical constraints of
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GENOME OSCILLATIONS : THE (G+C) CONTENT IS NOT THE CAUSE
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Fig. 10. Genome oscillations: the (G + C) content is not the cause. Methanobacterium and Escherichia have practically the same (G 4 C) content
of their genomes. This suggests that this property is not the cause of conspicuous differences in the amplitude of their oscillations. This conjecture

is proven by the scatter plot of Fig. 11. Calculation as in Fig. A17.

NO CORRELATION BETWEEN (G+C) and OSCILLATIONS
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Fig. 11. No correlation between (G + C) and oscillations. Oscillations of each genome (1 GUS) were calculated as in Fig. A17. The oscillation
index is a measure of the amplitude equal to the sum of 3if BY for @ (9 + 10+ 11+ 12420+ 21 422 + 30 + 31 + 32+ 33 + 42 + 43, i.e. peaks)
minus the sum of gﬁ]{)Bd ford (7T+ 15416+ 17425+26 427 + 36+ 37 +46 + 47 + 48, i.e. valleys). It is normalised to 1 for the corresponding
values of the nucleotide sequence of genes coding for alpha helical proteins (1 GUS, see Fig. 13). In this manner, the index of Helicobacter pylori
genome, the highest one, is 0.93. The scatter plot shows that there is no correlation between the (G + C) content of the genome and its oscillations.

DNA or chromatin (see [3] for a review). I have ap-
proached this dilemma in two ways.

First, I have calculated the frequencies of bigrams in
the protein coding sequences of Open Reading Frames

retrieved from the TIGR data base. The periodic oscilla-
tions are practically identical, both in amplitude and in
position, for the complete genomes and for the collec-
tions of corresponding ORFs. Now, in the collections of
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ARCHAE AND EUBACTERIA
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Fig. 12. Nucleotide oscillations are in the protein coding sequences of genomes. On the one hand, the index of nucleotide oscillations was calculated
for the whole genomes as in Fig. 11. On the other hand, for each species, the complete set of nucleotide sequences coding for proteins was retrieved
from the CMR data base, the Sﬁ{, B,‘ci values were calculated (as in Fig. A17) separately for each ORF, then summed up and the index calculated as
above. The regression coefficient is 0.98 and the correlation coefficient 0.99 for the two datasets.

OREFs, the non-coding intergenic sequences are absent.
Depending on the species analysed, these non-coding
sequences represent 10 to 30% of the total length. If
these intergenic sequences had significant effect on the
periodic oscillations in the genomic sequences, this
would be easily detected. However, when the genomic
and proteomic periodic oscillations of nucleotides are
compared, the regression is practically equal to 1.0 with
very little scatter (see Fig. 12). This suggests that non-
coding sequences do not contribute to the amplitude
of oscillations. Alternatively, one could argue that the
non-coding sequences have the same properties as the
protein-coding ones.

The second approach is more telling. I have re-
trieved (see Section 2 for details), from the protein struc-
ture data base (PDB) and from EBI, the nucleotide se-
quences of genes or gene segments coding for proteins
which have been crystallized and whose 3D structures
have been determined directly by X-ray diffraction (in
a very few cases, this was done by NMR). Table Al
gives the accession numbers of the structure determina-
tions. I have made two sets of data. The first contains
86 genes coding for proteins that are rich in alpha-
helical segments and have no 8 structures. The average
of alpha-helix content of these ‘alpha genes’ is 59% and
their total length is 51423 nucleotides. The second set
is composed of 30 genes, which code for proteins prac-

tically devoid of alpha-helix but rich in g (51%) and
other non-helical structures. They constitute the ‘non-
alpha genes’ (23753 nucleotides in total). I am aware
that these are small figures, both in the number of genes
and in the number of nucleotides. But ‘pure alpha’ or
‘pure non alpha’ proteins are quite scarce in the PDB
and I have tried not to collect duplicate sequences. Ob-
viously, these two sets of genes are not representative
of the diversity of proteins, since most of them are from
vertebrates and not from procaryotes. I have performed
the expectancy-rectified analysis of bigrams on these
two sets of genes, in exactly the same way as on the
whole genomes. The question is: do the ‘alpha genes’
or ‘non-alpha genes’ show the periodic oscillations of
nucleotides? Fig. 13 shows that the ‘alpha genes’ have
periodic oscillations at the same positions and of a sim-
ilar amplitude as the ‘high’ genomes like Helicobacter
or Aquifex. There are not enough sequences of ‘alpha
genes’ in the data bases to constitute 1-GUS length.
Therefore, the bigrams are normalized to 0.1 GUS in
Fig. 13 and the amplitudes have to be multiplied by 10
to be compared to Fig. 6 and Fig. A17. The Khi? analy-
sis (Fig. A25) shows that, in spite of the small number of
nucleotides analysed (ca. 0.1 GUS), the maximal posi-
tive oscillations at d = 10 and d = 21 are highly sig-
nificant: the probability of their occurrence by chance
is close to 1073 and 1074, respectively (Fig. A26). For
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GENOME OSCILLATIONS:
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Fig. 13. Nucleotide oscillations of an average gene coding for alpha helical proteins. Proteins (see the ID in Table Al) rich in alpha helices and
devoid of beta sheets were retrieved from EBI and the nucleotide sequence oscillations calculated in the same manner as for the ORFs of a genome
(see Fig. 12). Since the total length is much smaller than even the smallest genome (there are only 86 genes!), the ordinates are normalised to
0.1 GUS instead of 1 GUS. The four peaks and valleys are present like in genomes.

the occurrence of both of them, the expectancy is 1079,
On the contrary, the ‘non-alpha genes’ are devoid of os-
cillations (Fig. A27). All their apparent deviation from
randomness has a more than 10% probability to occur
by chance. I believe that this demonstrates that the peri-
odic oscillations of bigrams are correlated with the cod-
ing capacity of DNA for alpha-helical proteins. How-
ever, a correlation does not establish the causality.

The final set of data constitutes, in my opinion, the
most interesting series of results. I have retrieved from
the TIGR CMR Data Base all pairs of genes coding for
pairs of homologous proteins ensuring the same bio-
chemical function — as attested by the expert (TIGR)
annotation, as well as by the members of consortia who
sequenced the DNA (original annotation). I have used
a very stringent criterion for establishing homology: a
P value smaller than 10720 (for the majority of pro-
tein pairs, the P value is in fact much smaller than
10_20, see Table A2). I have selected by the ‘best-
hit’ approach only orthologous pairs and have elimi-
nated paralogous genes. In this way, I have compared
five ‘high’ genomes (Aquifex = AquAe, Helicobac-
ter = HelPy, Methanococcus = Metla, Methanopyrus
= MetKa and Wollinella = WolSu) with five ‘low’
genomes (Bdellovibrio = BdeBa, Mesorhizobium =
MesLo, Mycobacterium = MycLe, Pirellula = Pirel
and Rhodopseudomonas = RhoPa) in all pairwise com-
binations of species. Each pair of species compared pro-
vides several hundred pairs of homologous genes for

further analyses. This constitutes therefore a robust set
of several hundreds of thousands of nucleotides. Ta-
ble A2 gives an example of the beginning of a list of
pairs of genes in the comparison, Helicobacter versus
Mesorhizobium.

Itis obvious, but nevertheless important, to stress that
the homologues between a pair of species, say XY, can
be quite different from those of the pair of species XZ
or YZ (the complete list of homologues can be con-
sulted in the supplementary material). Thus, in addi-
tion to the ubiquitous homologues, which are present
in all genomes (e.g., the genes coding for the threonyl—
tRNA synthetase), hundreds of different homologues
are specific for the pair of species considered and de-
pend, of course, on the phylogenetic relationships be-
tween species. A second remark is as important (and as
obvious) as the first. Pairs of homologous proteins dis-
play significant identity/similarity of their amino acid
sequences (it is the very basis for considering them as
homologues), but, at the same time, an important frac-
tion of their sequences is different (e.g., in proteins
HPO0033 and m110663, 56% of their sequences are differ-
ent, in spite of a P value of 107146 (Table A2). Having
these considerations in mind, we can analyse the results
of the comparisons.

In Fig. 14 and Figs. A28-A32, one can see that
genes from a ‘low’ genome, coding for the same func-
tion as their homologues from a ‘high’ genome, dis-
play nucleotide-sequence oscillations of small ampli-
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HOMOLOGOUS GENES FROM HELICOBACTER and MESORHIZOBIUM
coding for the same functions display different oscillations
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Fig. 14. Homologous genes from Helicobacter and Mesorhizobium coding for the same functions display different oscillations. Pairs of homologous
proteins from Helicobacter and Mesorhizobium were retrieved from TIGR-CMR with a stringent homology criterion: P value smaller than 10~20;
only pairs of orthologous genes were kept (the ‘best-hit’ approach), while paralogous genes were eliminated. According to the annotation of the
data base, the members of a pair have presumably the same function in the two species. For each set of 434 orthologous genes (see Table A2
for the complete list), the nucleotide oscillations were calculated as for the genomic ORFs (see Fig. 12) and the (sj&angombinati on 11 Values shown:
homologous genes from two species have different oscillation amplitudes. Notice that the homologues of HelPy to MesLo have the same oscillations
as all the genes from HelPy and, reciprocally, the homologues of MesLo to HelPy have the same oscillations as all the genes from MesLo, although

they represent only a small fraction (434/7887 = 6%) of total genes (compare Fig. 14 with Figs. 3 and 4). Thus, the genomic style of proteins is an

intrinsic and specific characteristic of a species.

tude. The genes from a ‘high’ genome, homologous to
those from a ‘low’ genome, always have a large am-
plitude of oscillations. There is no exception to this
rule in all the pairwise combinations of species. Only
one example is given for Helicobacter, all five compar-
isons analysed are given for Aquifex, and the remaining
comparisons can be consulted in the supplementary ma-
terial. In agreement with this rule, the comparison of
homologues from ‘high’ genomes with different ‘high’
genomes leads to large oscillation amplitudes, and ‘low’
with ‘low’ to small oscillation amplitudes.

Without the results of the comparisons illustrated in
Fig. 14 and Figs. A28—A29, one could argue that large
oscillations observed in Helicobacter or Aquifex were
due to a fraction of their genes having some special
properties, such as unusual codon bias, specific location
on the chromosome, some unknown and exceptional
function, or any kind of a hypothetical intra-genome
heterogeneity. These types of genes would be absent or
scarce in ‘low’ genomes.

However, the results of these comparisons of homo-
logues refute such hypotheses, because the genes coding
for the same function, located in all different and not
homologous section of genomes (there is no synteny be-

tween various ‘high’—‘high’ or ‘low’—‘low’ genomes),
can be either ‘high’ or ‘low’, depending on their origin.
These results demonstrate, I believe, that the oscilla-
tion amplitude is an intrinsic and general property of
a genome. Obviously, this idea is not at all in contra-
diction with the notion that, within a ‘high’ genome,
some individual genes would have large oscillations and
others very small ones, with all possible intermediates
from ‘high’ to ‘low’. It simply states that a gene from
a ‘high’ genome would have a more pronounced am-
plitude of oscillation than its homologue from a ‘low’
genome. It should be borne in mind that this concept
cannot be tested directly on single genes because of
insufficient statistics. To obtain statistically significant
data, one has to analyse a sequence of at least 10 000 nu-
cleotides. There are practically no protein coding genes
of that length in procaryotes.

Taken at face value, the two main findings of this
investigation can be summarized quite simply: (i) alpha-
genes have high nucleotide oscillations while non-alpha
genes have no oscillations; (i) genes present in ‘high’
genomes have high nucleotide oscillations, while their
homologues coding for the same function but occurring
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in ‘low’ genomes have very weak nucleotide oscilla-
tions.

The most straightforward conclusion (but is it a
true syllogism or a specious argument?) would be
that homologous proteins coding for the same function
would be richer in alpha-helical segments when derived
from organisms with ‘high’ genomes, and significantly
poorer in alpha-helical segments when derived from or-
ganisms with ‘low’ genomes. Such an idea is certainly
a heterodox one. It can be easily refuted by crystal-
lizing and determining ab initio the 3D structure of a
series of homologous proteins from, say, Helicobacter
and Mesorhizobium. However, I am not sure that there
are many grant awarding agencies that would be willing
to sponsor the investigation of such heterodox ideas, al-
though the aim of the structural genomics is precisely to
tackle problems of relations between protein structures
and genomes.

A much easier approach is to investigate the relations
between proteins from ‘high’ and ‘low’ genomes by the
various secondary structure prediction methods, with
their well-known limitations and uncertainties. Prelimi-
nary results are encouraging and will be presented else-
where (Slonimski, in preparation).

One could also envisage an alternative explanation
for the observed differences between the homologous
genes from ‘high’ and ‘low’ genomes: homologous pro-
teins would have the same degree of alpha helicity in
both cases, and the striking differences in the periodic
oscillations of nucleotide sequences would result from
different ways of constructing alpha helices in ‘high’
and in ‘low’ organisms. By different ways of construct-
ing alpha helices, I can imagine, for instance, a system-
atic usage of a specific subset of amino acids or codons,
which will be common to all proteins in a ‘high’ species,
and systematically different from it in a ‘low’ species.
Such an interpretation is in line with the concept of the
genomic style of proteins [7]. This is under study.

The last question concerns membrane proteins. It is
well known that the true membrane proteins consist of
one or more transmembrane alpha-helices, with helix
axes normal, or close to normal, to the plane of the bi-
layer. Goffeau et al. [9] have estimated that some 30%
of the genome of Saccharomyces cerevisiae codes for
membrane spanning proteins. It is generally admitted
that similar values are also true for procaryotes. How-
ever, very few membrane proteins have been crystallised
and X-rayed, and as far as [ know, not a single one from
the species that display major differences in the am-
plitudes of genomic oscillations. This is a major issue,
especially in view of the fact that the span of oscilla-
tions described here is similar to the length of the trans-

membrane spans (nucleotide bonds up to 51; 51/3 =17
polypeptide bonds).

Two extreme interpretations can be proposed:
(i) ‘high’-oscillation genomes have more membrane
spanning proteins, and/or more membrane spanning
segments within homologous proteins, than ‘low’ ge-
nomes; (if) ‘high’ genomes construct their membrane
spans with a set of codons and amino acids very differ-
ent from the set used by ‘low’ genomes.

Whatever the answers to the questions raised by the
discovery of nucleotide sequence oscillations (in biol-
ogy, the answers to radical questions are, alas, more
often intermediate than extreme), further studies of this
unexpected property of genomes should shed, I believe,
a new light on some major problems of genomics.
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