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ABSTRACT

We review concepts and methods for comparative analysis of complete genomes
including assessments of genomic compositional contrasts based on dinucleotide
and tetranucleotide relative abundance values, identifications of rare and fre-

quent oligonucleotides, evaluations and interpretations of codon biases in several
large prokaryotic genomes, and characterizations of compositional asymmetry

between the two DNA strands in certain bacterial genomes. The discussion also
covers means for identifying alien (e.g. laterally transferred) genes and detecting

potential specialization islands in bacterial genomes.
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INTRODUCTION

Molecular sequence data are accumulating at an unprecedented pace. Dozens
of complete genomes, tens of thousands of proteins, and several hundred nonre-
dundant protein structures are now available. The coming phase of molecular
biology will see increasing efforts to categorize and analyze these data using
empirical and interactive statistical and computational methods with the goal
of understanding on a molecular level the nature of information: its mode of
expression and its biological meaning, its transfer in biological systems, and
its evolution.

Genomic global and local compositional heterogeneity is widely recognized.
The many facets of DNA heterogeneity include isochore compartments in
vertebrate species (5) and the+-G- and A+T-rich halves of the bacterio-
phage lambda genome (40); transposable elements (such as Ty in yeast, IS in
Escherichia coliand Alu in human) (4); centromeric satellite tandem repeats
(such as the 171-bp human alpha satellite DNA) (92); characteristic telom-
eric sequences (such as the hexanucleotide AGGGTT tandem repeats in hu-
mans) (9); repetitive extragenic palindromes (REP<.afoliandSalmonella
typhimurium(11, 32, 61); repeat induced point mutation (RIPNeurospora
and other fungi (83); recombinational hot spots [such as chi elements in
E. coli(61)]; universal underrepresentation of the dinucleotide TpA (20); under-
representation of the dinucleotide CpG in vertebrates and many thermophiles
(41,56); HTF islands (DNA sequences that generally occur upstream of ver-
tebrate genes and are abundant with nonmethylated CpG) (8); the underrep-
resentation of the tetranucleotide CTAG in proteobacterial genomes (45, 56);
GNN periodicity in coding sequences (27); and methyltransferase modifica-
tions (73). Thus, genome organization is complex and variable. In particular,
eukaryotic sequences are often endowed with tandem repeats accruing from
polymerase slippage or unequal crossing-over and with distant direct and in-
verted repeats promoted in part by transposition, translocation, recombination,
amplification, and excision. Many genomic sequences exhibit polymorphisms,
strain variation, DNA inversions, and rearrangements reflecting a state of flux.
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Prokaryotic genomes especially are in a state of flux influenced by natural ge-
netic transformation (competence). Under appropriate conditions, almost all
cells of Haemophilus influenzaand Neisseria gonorrhoeaare competent.
Generally, although exogenous DNA incorporation is widespread in bacterial
cells, nonspecific integration into the chromosome seems to be rare (69). Bio-
logical phenomena are generally highly variable at the molecular level, a cir-
cumstance enabling evolutionary developments. [See the discussion between
the protagonists (58) and antagonists (31) of the neutral theory of molecular
evolution for explanations of the extant variability.]

Since 1995 more than two dozen complete prokaryotic and eukaryotic
genomes have been reported and many more genomes and chromosomal sets
are forthcoming. These genomes provide opportunities and pose challenges
for characterizing genomic inhomogeneities, for detecting significant sequence
patterns, and for evolutionary comparisons unbiased by selective sequencing.
The first step of genome analysis commonly aims to identify the gene reper-
toire emphasizing similiarities, differences, and uniqueness among genes (e.g.
60, 89). These authors have introduced methods to determine metabolic path-
ways exploiting comparative functional genomics. A caveat: Sequence (or
gene) similarity does not per se imply functional/structural concordance and
sequence differences do not per se preclude similar function (for examples, see
88).

Methods for analyzing genomes emphasizing sequence features other than
gene comparisons rely on the following assessments of genomic organiza-
tion and sequence heterogeneity) ¢ompositional biases of short oligonu-
cleotides; b) dinucleotide relative abundances (the genome signatucg); (
codon and residue biased)(rare and frequent words (oligonucleotides, pep-
tides, codons);d) clustering, overdispersion, or excessive evenness in the dis-
tribution of various markers, e.g. particular oligonucleotides, restriction sites,
nucleosome placements, methylation targets, origins of replication, repair recog-
nition sites, a myriad of control sequences; afjl iepeat structures in the
genome.

This review emphasizes four (interrelated) areas:

1. Genomic signatures and their evolutionary implications. In particular, we
apply the dinucleotide relative abundance profile for genome comparisons
and phylogenetic reconstructions that do not require alignment. DNA struc-
ture and evolution is fundamental for understanding biases in dinucleotide
relative abundance profiles (the genomic signature).

2. Statistical methods for genome analysis. In this context the use of r-scan
statistics affords means to assess anomalies in the distribution of specific
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markers along sequences and characterizations of genomic heterogeneity
within and between species (e.g. rare and frequent words, motifs or compo-
sitional biases).

3. Genomic codon usage patterns. Identification of constraints on codon and
amino acid usages, codon bias, and genomic signature fluctuations help in
detecting potential pathogenicity islands and in identifying laterally trans-
ferred genes.

4. Strand compositional asymmetry. Data are presented and interpretations are
proffered in terms of replication asymmetries, mutational biases, transcrip-
tion coupled repair mechanisms, and concomitants of multiple origins of
replication.

GENOME SIGNATURE

Dinucleotide relative abundance values (dinucleotide bias) are assessed through
the odds ratipxy = fxy/fx fy, where fx denotes the frequency of the nu-
cleotide X andfyy is the frequency of the dinucleotide XY in the sequence
under study. For double-stranded DNA sequences, a symmetrized vefsion

is computed from corresponding frequencies of the sequence concatenated with
its inverted complementary sequence (44, 56). Dinucleotide relative abundance
profiles{p%y} differences from 1 effectively assess contrasts between the ob-
served dinucleotide frequencies and those expected from random associations
of the component mononucleotide frequencies. From data simulations and
statistical theory, estimates pf,, < 0.78 or p%, > 1.23 convey significant
underrepresentation or overrepresentation, respectively, for sufficiently long
(say>50 kb) random sequences, with the probability at most 0.001 for observ-
ing such an extreme base composition. For a random sequsncealues, for

all XY, approach 1 (deviation from 1 is about.Yn for sequences of lengtt.
Therefore, fom ~ 100, 000, | p%y — 1| is of the order 0.003.

The dinucleotide relative abundance values (Table 1) evaluated 58 Kb)
multiple DNA contigs from the same organism are generally much more sim-
ilar to each other than they are for sequence contigs from different organ-
isms (see below), and closely related organisms generally have more simi-
lar dinucleotide relative abundance values than do distantly related organisms
(44,49,56). Dinucleotide relative abundance values are equivalent to the ro-
bust “general designs” derived from biochemical nearest-neighbor frequency
analysis (41,80, 81). These highly stable DNA doublets are essentially con-
stant in most organisms for bulk DNA including protein coding DNA and for
DNA fractions of differing sequence complexity (81), suggesting that there
may be genome-wide factors such as functions of the replication and repair
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machinery, context-dependent mutations rates, DNA modifications, and base-
step conformational tendencies that impose limits on the compositional and
structural patterns of a genome sequence. Thus, the set of dinucleotide relative
abundance values constitutes a genomic signature (44, 56) that may reflect the
influence of such factors.

Dinucleotide relative abundances capture most of the departure from ran-
domness in genome sequences. Comparisons were made in terms of di-, tri-,
and tetranucleotide relative abundance differences. The di- and the correspond-
ing di- + tri- 4 tetra-relative abundances between sequences correlate highly
(47,49), suggesting that DNA conformational arrangements are principally de-
termined by base-step configurations (16, 24). Analysis of the distribution of
dinucleotide relative abundances separatett by 1, 2, . .., K other nucleo-
tides has shown that although values for no separation are often highly biased,
those for separation by one or more nucleotides are more nearly random (44).
More specifically,o*(XN«Y), k > 1 are almost always in the random range
and uninformative. Parenthetically, prokaryotic genomes tend to be homoge-
neous in their G-C content but this property is not diagnostic in discriminating
among prokaryotes.

Comparisons Among Genome Signature Values

CG is underrepresentated (significantly low relative abundances) in vertebrate
sequences, many protist genomemémodium falciparum, Dictiostelium dis-
coideum, Entamoeba histolytichut not Trypanosoma brucgi dicots (44),
animal mitochondrial genomes (22), small viral genomes (48), several ther-
mophilic bacteria (56), and several prokaryotic species,Bogrelia burgdor-

feri, Clostridium acetobutylicurandMycoplasma genitaliugrand overrepre-
sented inHalobacterialsp., Bacillus stearothermophilysindNeisseria gon-
orrhoeae(53). The dinucleotide TA is broadly underrepresented in the bulk of
prokaryotic and eukaryotic sequences (54, 56). In contrast, TA representations
are normal inC. acetobutylicunand in the archaeal genomesRjfrococcus
horikoshii, Pyrobaculum aerophilum, Methanococcus jannaselmd also in
Sulfolobussp.

The two spirochaeteB. pallidumvs B. burgdorferisharply contrast imy.y,
extremes for CG, GC, CC/GG, and AC/GT. The CG representations of
M. genitaliumandMycoplasma pneumoniatearly deviate but have close rela-
tive abundance extremes for TA, AT, and TT/AA dinucleotidés jannaschij
M. thermoautotrophicurrandArchaeoglobus fulgidudiffer much in theirp%
profiles. Notable contrast€. acetobutylicuris significantly underrepresented
in CG but significantly overrepresented in G@ycobacterium tuberculosis
significantly low in TA and significantly high in AT. The archaeal genome
P. aerophilumis normal in all dinucleotide relative abundances.
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TT/AA is overrepresentated in several proteobactdvigcoplasmas, Syne-
chocystisandDeinococcus radiodurareemong eubacteria. There are no under-
representations of TT/AA. High representations of CC/GG inclyleechosys-
tis, B. burgdorferi, M. jannaschii, M. thermoautotrophicuamdP. horikoshii
The symmetric dinucleotide relative abundances TG/CA and GA/TC are per-
vasively in the normal range (the same for AG/CT except forNleésseria
genomes). The dinucleotide AT predominantly shows normal representations
except forMycoplasmglow) andM. tuberculosighigh).

Dinucleotide Compositional Extremes
in Prokaryotic Genomes

Table 1 summarizes the dinucleotide relative abundance extremes for an updated
list of sequence collections. The limited range of ttjg values over multiple

50-kb contigs [consult (53, 54, 56)] confirms the substantial invariance of the
dinucleotide relative abundance profile. (The results are even more stable for
larger contig size, e.g. 100 kb.) There are clear trends, as follows.

1. The dinucleotide TA is broadly underrepresented or low normal in pro-
karyotic sequences at the leveb0 < p;, < 0.82 (exceptions include the
two archaed. aerophilum(p;, ~ 1.07) andSulfolobussp. (o7, ~ 1.01)]
(47,56). TA underrepresentation is also pervasive in eukaryotic chromo-
somes but not in eukaryotic viral genomes or in organellar genomes (22, 46).

2. GC is predominantly overrepresentedjirproteobacterial sequences, in
manyg-proteobacterium examples, and in several lowdSGram-positive
bacterial genomes (e.®. subtilisandC. acetobutylicum

3. CGis underrepresentediif genitalium(but not inM. pneumoniagand in
the low-G+C Gram-positive sequences 8freptococcusind Clostridium
and in many thermophiles, includifd. jannaschii, Sulfolobusp.,M. ther-
moautotrophicumandThermusp., but not irP. aerophilunor P. horikoshii
At the other extreme, CG is overrepresentatdBanillus stearothermophil-
us in halophiles, and also in seveya anda-proteobacterial genomes (e.g.
Rhizobiumsp. and\eisseriasp.).

4. AT is overrepresented in mastproteobacterial sequences.
5. Only a few bacterial genomic sequences are devoid of any dinucleotide

extremes. All dinucleotide relative abundances are in the random range for
S. aureusAnabaenaandP. aerophilum(Table 1).
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Dinucleotide Compositional Extremes
in Eukaryotic Genomes
The following trends were observed.

1. TAis broadly underrepresented in eukaryotic chromosomes generally in the
rangep;, ~ 0.61-0.81. TA occurrences are in the random (normal) range in
animal mitochondrial (Mt) sets and chloroplast genomes. Possible reasons
for TA underrepresentation may be its low thermodynamic stacking energy,
which is the lowest among all dinucleotides (e.g. 16, 24), the high degree
of degradation of UA dinucleotides by ribonucleases in mRNA tracts (6),
and the presence of TA as part of many regulatory signals (e.g. TATA box,
transcription terminators). From this perspective, TA suppression may help
to avoid inappropriate binding of regulatory factors.

2. CG shows drastic suppression in vertebrates. Overgllvalues in verte-
brates range from 0.23 to 0.37. CG is strongly suppressed in the sea urchin
Strongylocentrotus purpuraty®.59), in some yeast&{uyveromyces lac-
tis andCandida albicany and in dicot plants, but is only marginally low
to low normal in monocot plants (44). CG is suppressed in animal mito-
chondria p* values mostly in the range 0.50-0.65), whereas it is in the
normal range in higher plant chloroplast genomes (46). CG has normal rep-
resentations in insects, worms, and most fungi. CG suppression has usually
been ascribed to the classical methylation/deamination/mutation scenario
causing mutation of CG to TG/CA (25, 90). However, this hypothesis can-
not account for the pervasive CG suppression in animal mitochondria that
lack the standard methylase activity. Moreover, some mammalian genomes
and all animal Mt genomes have CC/GG high but TG/CA in the normal range
suggesting a possible C& CC/GG mutation bias. We have proposed that
CG deficiencies may in some circumstances be selected because of struc-
tural constraints related to high dinucleotide stacking energy, supercoiling,
and chromatin packing (44).

3. The dinucleotides CC/GG, TG/CA, and AG/CT, all a single-base mutation
from CG, are (except for dicot plants) overrepresented only in genomes with
strong CG suppression. These dinucleotide relative abundances separate
rodents, posssessing TG/CA and AG/CT of significantly high representa-
tions and CC/GG in the normal range, from the nonrodents (primates, artio-
dactyls, and lagomorphs) that possess relative high abundances of CC/GG,
but TG/CA and AG/CT in the normal range (Table 2) (54).
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Table2 Symbolic dinucleotide extremes

in eukaryotes

CC TT TG
GG AA CA

AG

CG GC TA cT

thuman

: COW
ipig

; rabbit

i mouse
rat

+ hamster
5 chicken

1 Xenopus laevis

Deuterostomes
Vertebrates

posmw

S. purpuratus. .
Drosophila melanogaster
Drosophila virilis
Bombyx mori
Caenorhabditis elegans

P A L L L T S eyl

'S, cerevisiae
: Kluyveromyces lactis
+ Candida albicans

1 S. pombe

i Neurospora crassa

i Emericella nidulans

1 Aspergillus niger

» Ustilago maydis

b4

itobacco
:potato
:fomato
imaize
:barley
irice

Plants

Protists

jparum
: Trypanosoma brucei
: Dictiostelium discoideum

Symbolic dinuclectide extremes in eukaryotes with >100 kb nonredundant DNA available. Thelisted eukaryotes
exhibit no significant extremes for dinucleotides AT, AC/GT and GA/TC. Seealso legend to Table 1.
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4. Other dinucleotide biases in eukaryotes include overrepresentation of GC
in Drosphilia species but apparently not in other higher eukaryotes. GC is
significantly abundant in most-proteobacteria (56).

5. Nodinucleotide extremes were found in the mBtmbyx moror in barley
(Hordeum vulgarg Protists form a diverse group with no consistent pattern
of dinucleotide relative abundances.

CODON SIGNATURE

For a given collection of genes, lék (1), fy(2), fz(3) denote frequencies of

the indicated nucleotide at codon sites 1, 2, and 3, respectively, arig\et
indicate codon frequency. The embedded dinucleotide frequencies are denoted
fxy(1, 2), fyz(2, 3), and fxz(1, 3). Dinucleotide contrasts are assessed thr-
ough the odds ratipxy = fxy/fx fy. In the context of codons, we define

fxy(1,2)
1,2) = ———
pxy(1,2) D@D
fy2(2,3)
2,3)) = ————,
L e NPT
fxz(1,3)
1,3 = X229
G MUTE ATE]

We refer to the profiles{pxy(1, 2)}, {pxz(1, 3)}, {pvz(2,3)}, and also
{pzw(3, 4}, where 4£1) is the first position of the next codon, as the codon
signature to be distinguished from the global genome signature (52).

For large collections of genes (50 or more), we found that the codon signature,
like the genome signature, is essentially invariant. Moreover, the codon signa-
ture in mammals largely parallels the genome signature but also accommodates
amino acid constraints. CG and TA suppression in human (and vertebrate)
sequences is a strong component of the dinucleotide biases in all coding and
noncoding sequences of human. CG suppression is stronger in noncoding se-
quences, whereas TA suppression is stronger in genes, perhaps because of high
susceptibility of RNase activity in transcripts containing UA (6). CG is less
suppressed at sit¢$, 2}, probably reflecting requirements of Arg usage (52).

In human sequences, even though G is the most frequent nucleotide (32—
33%), at codon site £ 4 and C is the most frequent nucleotide at codon site
3(29.3%), the dinucleotide CG frequency is significantly deficient. Moreover,
the extent of CG suppression is less extreme at codon junctigasd, 4) ~
0.44) compared to codon positiofig, 3} (occ(2, 3) &~ 0.36) within a codon.

One way to explain this inequality recognizes the methylation/deamination/
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mutation pathway coupled to the hypothesis that DNA repair in the tran-
scribed strand is more proficient than in the nontranscribed strand (36). Specif-
ically, comparing CG af2, 3} with CG at{3, 4}, we assume that the methy-
lation/deamination/mutation scenario creates mutation at nucleotide C much
more than at nucleotide G.

It is of interest to compare the codon signature with the genome signa-
ture. The genome and codon signatures of human are qualitatively concordant
(52). This result is consistent with our thesis that codon choice in human (and
mammalian) genes is largely a consequence of two factayxofistraints on
amino-acid usages essential for protein structure/function;@mddintaining
DNA structures dependent on base-step conformational tendencies consistent
with the organism’s genome signature determined by genome-wide processes
of DNA modification, replication, and repair (52).

MEASURES OF DIFFERENCES WITHIN
AND BETWEEN GENOMES

A measure of difference between two sequerfcasd g (from different or-
ganisms or from different regions of the same genome) is the average absolute
dinucleotide relative abundance difference calculated as

8*(f,9) = 1/16> _ Ipjy(f) — piy(Q)l,

XY

where the sum extends over all dinucleotides (abbreviatedifferences).
Table 3 compares* (f, g) values within and between large genomic sequence
sets. The averagg-differences are based on multiple 50-kb contigs. To avoid
the possibility of a few extreme dinucleotide relative abundances exerting a
large influence on th&*-value, we have introduced a method of partial order-
ings comparing the complete genome signature vector of the two sequences.
The partial orderings are consistent with accepted evolutionary relationships
and reinforce our conclusions from the distance analysis. For rationale, preci-
sion, and examples, see (49, 51, 56).

Figure 1 displays a set of histograms generated by all paisftisiferences
among nonoverlapping 50 kb contigs of selected species. For convenience,
we describe levels aof*-differences for some reference examples (all values
mutliplied by 1000):

Close ¢* < 50; pervasively within species, human vs cdwctococcus
lactis vs Streptococcus pyogernes

Moderately similar (55< §* < 85; human vs chickerkscherichia colivs
Haemophilus influenza&ynechococcuss Anabaena
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Weakly similar (90< §* < 120; human vs sea urchih. genitaliumvs
M. pneumoniap

Distantly similar (125< 6* < 145; human vsSulfolobus E. coli vs
R. prowazekjiM. jannaschiivs M. thermoautotrophicuin

Distant (150< é* < 180; human vrosophilia E. coli vs Helicobacter
pylori).

Very distant §* > 190; human vE&. coli, E. colivs SulfolobusM. jannaschii
vs Halobacteriun).

Within-species*-differences (diagonal elements of Table 3) range from 20—
43 (all s*-differences are multiplied by 1000), whereas the average between-
species$*-differences range from 34-309. Thus, within-speéfedifferences
are persistently of lower values compared to between-species.

Prokaryotic Taxonomy

There are many uncertainties and active debates regarding the taxonomy of
prokaryotes [for a recent review see (17)]. It is of interest to see how genomic
signature information correlates with other measures of sequence similarity.

Table3 Average " -differences based on 50 kb sequence samples (values multiplied by 1000)
esc haenei nei hel bac str clo mycmycmycmycsyndei tre bor chl

co

in go me py su py ac Ie tu ge pn sq ra pa bu tr

List of species:

esceo (Escherichia coli,
4.64Mb aggregate sequence
sample), haein (Haemophilus
influenzae, 1.83Mb), neigo (Neisseria
gonorrhoeae, 878kb), neime (Neisseria
meningitidis, 2.21Mb), helpy (Helicobacter
pylori, 1.67TMb), bacsu (Bacillus subtilis,
4.21Mb), strpy (Streptococcus pyogenes, 985kb),
cloac (Clostridium acetobutylicum, 4.03Mb), mycle
(Mycobacterium leprae,1.68Mb), myctu (Mycobacterium
tuberculosis, 4.41Mb), mycge (Mycoplasma genitalium,
580kb), mycpn (Mycoplasma prneumoniae, 816kb), synsq
(Synechocystis sp., 3.57Mb), deira (Deinococcus radiodurans,
3.06Mb), trepa (Treponema pallidum, 1.14Mb), borbu (Borrelia
burgdorferi, 911kb), chltr (Chlamydia trachomatis, 1.04dMb), metja
(Methanococcus jannaschii, 1.66Mb), metth (Methanobacterium
thermoautotrophicum, 1.75Mb), arcfu (Archaeoglobus fulgidus2.18Mb), pyrho
(Pyrococcus horikoshii, 1.09Mb), pyrae (Pyrobaculum aerophilum, 2.17Mb), homsa
(human, 5.84Mb), drome (Drosophila melanogaster, 4.30Mb), caeel (Caenorhabditis
elegans, 7.10Mb), sacce (yeast, 12.0Mb), arath (Arabidopsis thaliena, 1.99Mb).

34 1188 237 190 188 230 190 ¢ : 244 217 neigo

31 @%Wﬁ?ﬂgzzs szw 181 Wﬁmzsz 208

(Continued )
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Table3 (Continued)

metmetarc pyr pyr homdro cae sac ara
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279 301 216 309 189 290 FErii s 199 224 [T

268 288 207 302 184 276 §Ptti111184 209 [LLL

186 251 fFiri211 ficsi 218 FRbarinoin o 190 LIS
E’ﬁﬁ %ZOO mmm% bacsu

AFE81 106 41 strpy
AR g M1%m cloac

Diagonal entries show average within-species §*-differences (average
over all pairwise comparisons between digoint 50 kb samples from the
same genome). Non- dlagonal entries show average between-species §*-
differences. The values of §* < 60 are printedon a whlte background,
60< §* < 1200n a light dotted background, 120 < 8" < 1800na dense
dotted background andvaluesof §* > 180are printed whiteon black back-
ground.
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1. Acentral unresolved problem concerns whether archaea are monophyletic
or polyphyletic. Equivalently, are archaea a separate coherent grouping among
prokaryotes? On the basis of rRNA gene comparisons (74, 93), the archaea are
deemed monophyletic. This conclusion is supported by some protein compar-
isons, e.g. the eukaryotic and archaeal RecA-like sequences of Rad51/Dmcl/
RadA (14, 82) and the elongation factor E&dnd EF-2G families (2, 78). How-
ever, many protein comparisons challenge the monophyletic character of the
archaea. For example, bacterial relationships based on comparisons among
the HSP70-kD E. coli DnaK homologue) sequences place thalobacte-
ria closer to theStreptomyceshan to other archaeal or eukaryotic species
(33-35). Further results along these lines apply to the protein families glu-
tamate dehydrogenase (3) and to glutamine synthetase (18). Some of the
anomalies are interpreted in terms of lateral transfer events. Lake and col-
laborators divide the prokaryotes into eubacteria, halobacteria, and eocytes
(65, 78).

With respect to genomic signature comparisdgifolobusshows the fol-
lowing §*-differences to other bacterial genome&ulfolobus, Clostridiumn
§* =87, moderately similar;Julfolobus, Rickettsia /Buchn@ré ~ 130, dis-
tantly similar; Sulfolobus other thermophilic archaed) ~ 110-130; Sul-
folobus purple proteobacteria/high-8C Gram') §* ~ 190-270, very dis-
tant; Sulfolobus vertebrates$* ~ about 90-140, weakly similaidalobac-
terium §*-differences to other prokaryotes are generally very distéint=¢
150-350, mostly-200), excepting* (Halobacterium, Streptomyces= 90—

110, weakly similar. Theé*-differences ofHalobacteriato the archaeal se-
quences ofSulfolobussp. andM. jannaschiiare very distant§* >280 and
>340, respectively. All comparisons wiulfolobussp. haves* values>125

and mostly>180. §*-differences oHalobacteriafrom other archaea exceed
245. Thus, a coherent description for the archaea is not supported by the ge-
nomic §*-difference data. In terms df*-difference, archaea do not behave

as a monophyletic clade, and GranpGranT and archaea tend to be quite
diverse clades and intermeshed. The two thermophilic methanobacterial geno-
mes (M. jannaschiiandM. thermoautotrophicujnare distantly similar§* =

144, and very distant from the halobacterial sequentes-(260), but weakly
similar to theSulfolobussequencesy* ~ 120. These methanogens are very
distant from all proteobacterial genomes (generafly> 250) and weakly
similar or distant from low G-C Gram" sequencess{ values in the range
110-200).

2. The Rickettsialand Ehrlichial groups are designated-proteobacteria
on the basis of 16S rRNA. However, these classifications are problemati-
cal. The traditionak-types consist of two major subgroups:;,Ancluding
Rhizobiaand Agrobacterium tumefacienand A, includingRhodobactesp.
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andParacoccus denitrificandA third group, A, includes theRickettsialand
Ehrlichial clades. However, the following global genomic sequence compar-
isons indicate pronounced discrepancieg:The A, and A, genomes are per-
sistently of high G-C content (generally $60%), whereag genomes are of
low G+C content £35%). () The mutuab*-differences among Asequences
are in the range 45-63 and among the skquenceg*-differences register
65-90. Thes*-differences between Land A, traverse the range 62-91. By
contrast, theRickettsia prowazekgenome, compared to,Aand A, produces
excessivé*-differences, generally 200.

3. The mutuals*-difference of the two completgpirochaetegenomes,

B. burgdorferiand T. pallidum 188, indicates that these genomes are very
distant. MoreoverB. burgdorferiis very distant from all classical proteobac-
teria ¢*-differences mostly-200). B. burgdorferiis moderately similar to
Clostridium acetobutylicurs* ~ 87), weakly similar to a number of other low
G+C Gram positive sequences, aid(B. burgdorferj M. jannaschi) = 81.

In contrast, th@reponema pallidurgenome is generally moderately to weakly
similar to y- and 8-type proteobacterial sequences and to several G
quencesT. pallidumis very distant from the archaeal sequences.

4. Theé*-differences oH. pylori to all other prokaryotic sequences exceed
110 and mostly exceed 160. The sequences weakly simitatgloriare a few
of the y-proteobacterial sequences and Bhéourgdorferigenome. However,
unlike proteobacterial genomes where the tetranucleotide CTAG is drastically
underrepresented, the pylorigenome carries normal representations of CTAG
(see below). Thédl. pylori genome sequence has a pathogenicity island about
37 kb in length ¢agAregion), putatively of “foreign” origin (23). TheagA
region is the most deviant in terms of genome signature from the rest of the
genome. Specifically, the averadfedifference betweenagAand all otheH.
pylori genomic segments of the same length is 123, significantly higher than
s*-differences among all other segments (average 31, range 6—110). It appears
thats*-differences (genomic signature differences) might be used for detecting
alien DNA sequences, including pathogenicity islands.

5. Chlamydiais very distant from all other eubacteria but remarkably close
to A. fulgidus(s* =47) and weakly to distantly similar tB. horikoshii, P.
aerophilumandSulfolobussp. ¢* values in the interval 100-130). The genome
of A. fulgidusis moderately to weakly similar to some eukaryotéaenorhab-
ditis elegans, Saccharomyces cerevisiaad A. thaliang but distant from
vertebrates.

BACTERIOPHAGE AND EUBACTERIA For a collection of 23 bacteriophages, it
is shown (10) that) the phage genomestoo are endowed with a distinctgenome
signature; If) the enteric temperate dsDNA phages form a coherent group, in
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contrast to the lytic dsDNA phages; ang) (he signatures of phages whose
replication depends on host machinery converge toward the signatures of the
hosts, whereas autologously replicating phages (T4, T7) diverge to their own
characteristic signatures. These observations further support the hypothesis
(44) that the intrinsic replication and repair mechanisms contribute significantly
to the constancy and uniqueness of the species-specific dinucleotide relative
abundances.

s*-Differences Among Eukaryote Genomes and Between
Eukaryotes and Prokaryotes

1. The most homogenous eukaryote genomes occur among fungi (especially
S. cerevisiagsee Figure 1), whereas the most diverse genomes are found among
protists. The distribution of thé&*-differences between human and mouse se-
quence samples is only slightly shifted relativestedifferences within hu-
man sequence samples, reflecting moderate similarity of human and mouse
(Figure 1). On the other hand, thé-differences between human aSdcere-
visiaeand between human a2l melanogasteare substantially higher than
all within-specieg*-differences.

2. The vertebrates show mutyétdifferences of moderate similarity. Strik-
ingly, the invertebrateslY. melanogaster, C. eleganand alsoB. mori) are
generally distant from vertebrate¥ (> 150).

3. The dicotA. thalianaandsS. cerevisiaare very closed* = 39).

4. The §*-differences ofD. melanogastefrom E. coli and H. influenzae
(both classified ag-type proteobacteria) are tantalizingly moderately similar.
They share the same dinucleotide relative abundance extremes.

pxy GC TA TT/AA GC TA TT/AA GC TA TT/AA
+ — + + - (+) e — +
Dros ; E.co ; H.in
1.27 0.75 1.24 1.28 0.75 1.22 ! 1.43 0.75 1.25

(Other p%y are normal.).T. bruceiis also weakly similar t®. melanogaster
(49).

5. Most classical eubacteria (e.g. coli, H. influenzae, M. genitalium, M.
pneumoniae, Synechocystjs) are very distant from vertebrates, but weakly
to distantly similar t&5. cerevisiaédata not shownMethanococcus jannaschii
andM. thermoautotrophicurare closer to all eukaryotes tharFisaerophilum
again reflecting the very diverse origin and evolution of archaea. Or are ar-
chaea generally just deeply divergent prokaryotes that are spread through the
eubacterial kingdom?
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Mechanisms of the Genome Signature

Mechanisms that underlie the signature determination may inch)detext-
dependent mutation (of which the methylation/deamination mechanism can
be taken as prototypic), ob) selection for structural features of DNA. DNA
participates in multiple activities including genome replication, repair, and seg-
regation. In higher eukaryotes, controls on replication can hardly be sequence
specific (62). There are fundamental differences in replication characteristics
betweerDrosophilaand mouse (12)DrosophilaDNA replicates frenetically

in the first hour after fertilization, with replication bubbles distributed about
every 10 kb. Atabout 12 h, effective origins are spread to about 40 kb apart. In
mouse, the rate of replication appears to be uniform throughout developmental
and adult stages. Cell divisions involve DNA stacking on itself and loopouts
that need to be judiciously decondensed to undergo segregation. The observed
narrow limits to intragenomic heterogeneity may correlate with conserved fea-
tures of DNA structure.

The influence of the (double-stranded dinucleotide) base step on DNA con-
formational preferences is reflected in slide, roll, propeller twist, and helical
twist parameters (21, 39). Calculations and experiments both indicate that the
sugar-phosphate backbones are relatively flexible. However, base sequence
influences flexural properties of DNA and governs its ability to wrap around
histone cores. Moreover, certain base sequences are associated with intrinsic
curvature, which can lead to bending and supercoiling. Inappropriate juxta-
position or distribution of purine and pyrimidine bases could engender steric
clashes (39). For example, transient misalignment during replication is associ-
ated with structural alterations of the backbone in alternating purine-pyrimidine
sequences. On the other hand, purine and pyrimidine tracts have fewer steric
conflicts between neighbors (37, 39). Dinucleotide relative abundance devia-
tions may reflect duplex curvature, supercoiling, and other higher-order DNA
structural features. Many DNA repair enzymes recognize shapes or lesions in
DNA structures more than specific sequences (26, 63). Nucleosome position-
ing, interactions with DNA-binding proteins, and ribosomal binding of mMRNA
appear to be strongly affected by dinucleotide arrangements (21, 91).

Other general influences relate to environmental conditions affecting DNA
sequence and structure include osmolarity gradients, UV irradiation, temper-
ature extremes, hydrostatic pressures, pH environment, metal concentrations,
habitat variants, energy sources and systems, interacting fauna and flora, and
stress conditions that can trigger transposition events and alternative recombi-
nation pathways. Further factors that affect genomic structure and organization
and flux of DNA involve direct or indirect transfer of genomic pieces between
organisms.
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FREQUENT AND RARE WORDS
(OLIGONUCLEOQTIDES) IN SOME
PROKARYOTE GENOMES

It is of interest to determine which words of moderate size in the genome
occur with unusually high or low frequencies and to identify anomalies in
their distribution. For DNA, rare words might be binding sites for transcription
control factors restricted to specific locations. Alternatively, rare words may
be discriminated against due to structural defects (kinking), e.g. as has been
suggested for the tetranucleotide CTAG, which is extremely rare in most purple
proteobacterial genomes (20). The crystallographic resolution of the TrpR-
DNA complex (75) and also for the MetJ-DNA complex (76) indicates CTAG
kinks that may be structurally deleterious elsewhere in the DNA. The potential
role of thevsrgene product (very short patch repair system) in attenuating the
frequency of CTAG in certain bacterial genomes is also recognized (7, 45).

Frequent words often include parts of repetitive structural, regulatory and
transposable elements, e.g. uptake signal sequen¢édnfluenzag87) and
Chi sites ofE. coli (which in association with the RecBCD complex promote
recombination). [For the formal statistical theory of rare and frequent words,
see (47,50, 55)]. In proteins, frequent oligopeptides often reflect characteristic
motifs shared in certain protein families, e.g. the sequence environment of
the catalytic triad of serine proteases, the ATP-binding motif (Walker-box) of
prokaryotic and eukaryotic proteins. A comparison of texts or distributions
of such words within sets of sequences from different organisms may suggest
important evolutionary tendencies or constraints at work.

A remarkably frequent word called the Highly Iterated Palindrome
GGCGATCGCC (see 79) occursinthe cyanobactertbymechocystsp. (PCC
6803), genome (2768 occurrences). The principal frequent worlis gén-
italium are related to multiple long trinucleotide iterations of (GTA), (CTT),
and (CTA).

In H. influenzagthree major classes of frequent oligonucleotides stand out:
(a) oligonucleotides related to uptake signal sequences (USSs), AAGTGCGGT
(USS) and its inverted complement (USE (b) multiple tetranucleotide it-
erations (e.g. (CCAAyY, (CCAA),;, (TCAA)35 (TCAA),3), and others; @)
Intergenic Dyad Sequences (IDSs) found as AAGCCCACCCTAC and its dyad
form (71). The USS and USS occur in almost equal counts that are remark-
ably evenly spaced around the genome and that appear predominantly in the
same reading frame in protein coding domains (i88nslated to Ser-Ala-Val,
USS translated to Thr-Ala-Leu). These observations suggest that USSs contri-
bute to global nonspecific genomic functions, for example, in replication and/or
repair processes, or as membrane attachments sites, or as sequences helping
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to pack DNA. The extensive tetranucleotide iterations (i.e. unknown in prokary-
otes other thah. influenzag through polymerase slippage during replication
and/or homologous recombination may produce subpopulations expressing al-
ternative proteins. The 13-bp frequent IDS words, AAGCCCACCCTAC and
its inverted complement, invariably intergenic, occur mostly in clusters and
provide potential for various secondary structures, suggesting that these se-
guences may be important signals for regulating the activity of flanking genes
(72).

In Neisseria gonorrhoeaeconstitutive natural uptake of DNA of its own
genus is related to the oligonucleotides TTCAGACGGC and its inverted com-
plement GCCGTCTGAA, which are the most frequent words of size 10 in
N. gonorrhoeadDNA. By contrast, theBacillus subtilisgenome contains no
frequent oligonucleotides.

The most notable frequent words BF. jannaschiiare parts of the 30-bp
oligonucleotide W= RTTAAAATCAGACCGTTTCGGAATGGAAAY (R =
purine, Y= pyrimidine), with 63 occurrences and 3 in its inverted complemen-
tary form. Allowing for >80% identity, 134 such words occur in the genome.
These words mostly occur in clusters separated by 5 long gaps of 130-400-kb
lengths. Within the clusters, the words tend to be regularly spaced and sepa-
rated by approximately 40 bp. These words constitute “short repeat segments”
of a multicopy repeat structure (19).

The frequent word analysis applied to the genoméviethanobacterium
thermoautotrophicunil.75 Mb) (86) revealed 124 perfect copies of the 30-bp
oligonucleotide W = ATTTCAATCCCATTTTGGTCTGATTTTAAC and 47
copies of its inverted complement, with no other occurrences allowing up to 6
errors. All 124 occurrences of ¥\are clustered in the 8-kb region 983325
991536 and all 47 occurrences of the inverted complement are in the 3-kb region
1472410-1475423. Spacings between these words in the clusters range from
64 bp to 80 bp, with insignificant similarity. W and the inverted complement
of W* mismatch only at seven positions.

The Archaeglobus fulgidugenome (59) contains 60 copies of the 30-bp
oligonucleotideN** = CTTTCAATCCCATTTTGGTCTGATTTCAAC. All
copies of W** are confined to the 4-kb region 2089294 to 2093359. There
are no variants oV** in the A. fulgidusgenome, allowing up to 6 mismatch
errors. Notably, there are 47 exact occurrences of the inverted complement to
W** and one occurrence with one mismatch error and no others with at most 6
mismatched errors. The inverted complement words cluster between positions
1691936 to 1695157 (about 3.2 kb) displaced about 1/2 Mb from the other
cluster.

The archaeoyrobaculum aerophilurgenome contains 76 precise copies
of the 24 nucleotide word = CTTTCAATCCTCTTTTTGAGATTC all in
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a single cluster of-5 kb in length, and 3 additional copies (showing up to 4
errors) in the same cluster. There are no copies (accommodating up to 4 errors)
on the complementary strand. The first 15 nucleotideg ahdW* differ at

only 3 positions.

The current GenBank DNA data base, totaling in excess of 700 Mb, was
screened for occurrences bf, W*, andW**, allowing up to 6 mismatches.
Strikingly, only three occurrences were detected, each with six errors, one
amongC. elegansequences and two among mouse sequences. NoneWwf the
W*, or W** was found in classical eubacterial genomes presently available.

The archaeaPyrococcus horikoshigenome (1-Mb contig, available from
National Institute of Technology and Evaluation, Japan, via www (http://www.
nite.go.jp/)] contains the 29-bp oligonucleotide= CTTTCCACACACTATT-
TAGTTCTACGGAAAC at 69 places and 2 exact occurrences of its inverted
complement)’ distributed to three clusters. The first cluster includes 18 oc-
currences about evenly spaced traversing the region 65633-66742 (about 40 bp
separating successive occurrences).

Allowing up to 6 errors,U’ increases to 26 occurrences (predominantly
GTTTCCGTAGAACTCAQTAGTTGGAAAG) confined to 183079-184834
about evenly spaced. The third cluster of 66 copies extends from 966566—
970971, again evenly spaced with about 40 bp separating each phiTbére
is no unambiguous similarity betwedas V, andW. Corresponding repeats
were not found in any nonarchaeal genomes. The significance of these repeats
is unknown.

Distributional Properties of Some Frequent Oligonucleotides

We describe several distributional anomalies of the USS sequent¢ésimof
fluenzaeanalyzed with the assistanceredcanstatistics [for background and
applications of-scans see (13, 15, 42,43, 55)].

OVERDISPERSIONS AND CLUSTERS APPLIED TO THE COMBINED SET OF USSND

USS  OCCURRENCES Significant overdispersion is detected at positions 1.56—
1.59 Mb, a region dominated with phage Mu-like sequences. A second sig-
nificant overdispersion of USSs occurs in the region of positions 834—855 kb,
which is replete with ribosomal protein genes. A significant cluster is found at
1.756 Mb associated with a 168-bp coding sequence (containing a USS dyad)
tandemly repeated four times.

SIGNIFICANTLY EVEN SPACINGS OF USS IN EACH ORIENTATION Another strik-

ing anomaly of USS positions concerns the significantly even spacings of
the USS occurrences and the same for the USfcurrences. Specifically,
both USS positions and USSpositions have respective minimum spacings
significantly higher than expected by chance, with the probabiiily001 to
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observe such an even distribution with the same numbers of randomly dis-
tributed markers.

Comparable to the foregoing, tiescanlengths ¢ = 1, 2,..., 6) reveal-
ed an excessively even distribution of the highly iterated palindrome HIP1
GGCGATCGCC in theSynechocystisp. genome. The even spacing of HIP1
(p* « 0.1%) is more extreme than that of USSsHninfluenzaeThe critical
minimum spacing for 0.1% significance is 9 bp, i.e. the chance that all spacings
are>9 bp has probability0.001 for a random distribution of HIP1 words. The
observed minimunn-scanis 52 bp.

CTAG Underrepresentations

CTAG is significantly underrepresented in many bacteria encompassing purple
proteobacteria (exceptiornts$. pylori and N. meningitidi3, high-G+C Gram-
positive Streptomycesand several archaeal genomes but generally not in eu-
karyotes. Although the tetranucleotide CTAG is very lowHncoli and H.
influenzagTable 4), the distribution of CTAG sites around thecoli genome
shows six significant clusters each contained in a rRNA unit (45), whereas in
theH. influenzaggenome, the-scan statistics (55) demonstrate that the extant
CTAG sites are randomly distributed. The relative clustering of seven to nine
CTAG sites in evenE. coli rRNA gene about once every 400 bp is in sharp
contrast to the mean frequency of CTAGHn coli of about one per 5200 bp
over the whole genome. This anomaly applies to numerous other proteobac-
terial genomes. CTAG is generally low in most classek.ofoli phages (10).
Exceptions are P4 and Mu{ = 0.93 and 0.97, respectively). The CTAG sites
tend to occur in small clusters in each of these phages.

Agrobacterium tumefaciengs significantly low in CTAG ¢*=0.65),
whereas its associated Ti plasmid sequence (106 kb) possgsses= 0.86
in the normal range (data not show. gonorrhoeaés normal for CTAG but
is severely underrepresented for CATG and GATC. ExcepSfeeptomyces
genomes (e.dS. griseusS. lividans andS. coelicoloft* < 0.50]), CTAG is
normally representated in most other Gram-positive sequence sets, including all
low-G+C Gram-positive types, together with the high-G Gram-positive se-
quences oM. tuberculosisandM. leprae Moreover, CTAG is normally rep-
resentated in all cyanobacterium sequences (@84,, < 1.04) and is in the
low-to-normal range for all mycoplasmalsl( genitalium t&r,g = 0.95; M.
capricolum t&y,g = 0.83) and low normal ilBorrelia burgdorferi

Archaeal sequences vary in CTAG occurrences. Whereas the methanother-
mophiles, includingV. thermoautotrophicunand M. jannaschij are signifi-
cantly low, P. aerophilumandSulfolobussp. have CTAG relative abundances
in the normal range (56). Thd. jannaschiigenome is unsurpassed in the ex-
tremely low relative abundance value of its CTAG tetranucleotides. Specifically,
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over theM. jannaschiil.66-Mb genome, there are only 90 CTAG sites, yielding
the very low relative abundance valae = 0.06. Their distribution is highly
anomalous, exhibiting two major clusters and several significantly large gaps.
For example, 9 CTAG sites occur in the region from 154904 to 160584, and 10
counts of CTAG occur in the region from 636994 to 643016. CTAGlither-
moautotrophicunis about as low as i&. coli. Also, their spacings around the
genomes are highly anomalous. Ascanstatistical (56) analysis of their dis-
tribution reveals four clustersin the region of positions 41655-42267, in 51738—
52607, in 1605403—-1606469, and in 17217128-1723045. Intriguingly, the lat-
ter two clusters overlap the two rRNA operondvbfthermoautotrophicurrthe

first located in the 6-kb stretch 1607572-1609150 and the second located in the
region 1717850-1724357. Are CTAG sites possible binding sites for regulatory
proteins and/or possible nucleation sites in the formation of ribosomes?

Other Tetranucleotide Extremes

The palindromic tetranucleotides CCGG and GGCCHofinfluenzaehave
markedly low representations, and these sites tend to be clustered about rRNA
sequences (55). The same bias and distribution apply to CTAG sife<oli.

Tetranucleotide biases in eukaryotes are relatively uncommon; all genomes
with substantial DNA available show no significant tetranucleotide over- or un-
derrepresentations. Most underrepresented tetranucleotides occur in prokary-
otes.M. jannaschiis very significantly low in five palindromic tetranucleotides,
whereadVl. thermoautotrophicuronly is underrepresented in CTAGL. geni-
taliumandM. pneumoniashow the identical low extreme for TATA. The two
spirochaete8. burgdorferiand Treponema pallidungarry no tetranucleotide
extremes. The same appliesMo lepraeandM. tuberculosis

H. influenzads distinguished with eight low palindrome tetranucleotides.
H. pyloriis uniguely overrepresented for CCGG, ahderophilunis uniquely
overrepresented for GGCC.

Restriction Avoidance

The low values for palindromic tetranucleotides in Table 4 may reflect to
some extent restriction avoidance by the various prokaryotes.M.h@an-
naschiigenome (1.66 Mb complete) features five significantly low palindromic
tetranucleotides and one high nonpalindromic tetranucleotide. On the basis
of sequence similarity, eight potential methylases of restriction modification
systems have been reported (R Roberts, personal communication). The counts
and distributions of the palindromic nucleotid€TAG, GATC, GTAC, CATG

of the same nucleotide content are striking. For example, CTAG occurrences
are drastically low, confined mainly to two significant clusters about kilobase
positions 155 to 161 and 637 to 643, the latter cluster intercalated with seven
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putative tRNA genes. GATC sites tally 252 counts distributed in five significant
clusters about kilobase positions 158 to 159, 349 to 352, 530 to 532, 638 to
640, and 664 to 673, two of which coincide with the CTAG clusters. There are
three significantly long gaps of 70, 71, and 117 kb devoid of GATC gitesgn
statistics). GTAC counts are 334, highlighting again the same two clusters at
kb 155 to 159 and 639 to 643. In sharp contrast, CATG sites show a normal
count of 3554 occurrences, quite randomly distributed around the genome.
GCGC and CGCG tally 119 and 101 counts, respectiveliy.ifannaschii
distributed around the genome featuring clusters in the same regions, about
positions 155 to 161 and 637 to 643. A propos, a profile efGGcounts in
10-kb windows (or 50-kb windows) highlights two regions concentrated about
positions 155to 161 and 637 to 643 with-G frequencies near 50%, contrasted
to a global genome of 31%-&C content.

CODON BIASES IN BACTERIAL GENOMES

The nature of codon choices varies considerably from organism to organism
[for a recent review, see (85)]. Our objective in this part is to highlight some
new perspectives and results on codon biases in selected complete genomes.

Variations in tRNA availabilities are interpreted by several authors as a key
factor in producing codon bias of the “highly expressed genes” of yeast and
E. coli. Translational accuracy and efficiency and codon/anticodon interaction
strength are also influential (1, 64). Selective and nonselective substitutional bi-
ases operating during DNA replication, transcription, and repair processes also
play a role. Compartmental heterogeneity (isochores) in mammalian genomes
underscore S= (C+G) or W = (A+T) nucleotide predominance (38). Other
factors that may influence codon choices in vertebrates include CpG suppres-
sion, methylation effects of DNA (90), tissue or organ specificity (38), mMRNA
stability (1), codon context (52, 57), and species of origin (66).

Establishing the rules of codon usage is of interest with respect to funda-
mental evolutionary questions. Some preliminary analysis suggests that re-
cently imported genes show deviant codon usage from the host gene inventories
(66,67, 70). A deeper understanding of codon and residue choices can help in
gene prediction, in characterizing properties of a given gene and in classifying
gene families.

Comparisons of Codon Usage Between Different
Gene Classes

Variation in codon usage across a genome can be assessed in many ways. One
approach is to compare codon usage within and between various gene classes of
the organism. For example, the genes of bacterial genomes have been divided
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into 14 major function and cellular classes [adapted from (77)], each generally
comprised of several subclasses. Another means in forming gene classes can
be based on partitioning the genome into 100-kb, 200-kb, or longer contigs
and assembling all genes of each contig to define a gene group (S Karlin &
J Mrazek, unpublished).

Gene groups can be generated by fornling.g. k = 2, 3, 5, 10) clusters
distinguishing genes by similarity of codon usage (in 61 dimensional space)
(70), or alternatively by similarity of amino acid usages or relative to a reduced
set of amino acids or codons. The different clusters can be regarded as distinct
gene classes.

Measures of Relative Codon Biases

CODON ADAPTATION INDEX A quantitative measure proposed for assessment
of codon bias is the codon adaptation index [CAl, (84)]. This specifies a refer-
ence set of genes, almost invarial#tf;, chosen from among “highly expressed
genes.” Defininguyy, = 5,/ 0% 15, as the ratio of the frequency of the
codon ky2) to the maximal codon frequency i for the same amino aci,

the CAl of a gene of length is taken ag]]\—, wi)"/" (the log average), where

i refers to thé™ codon of the gene and is calculated as above. High values
(near 1) of CAl correlate with high expression levels. Classification of genes
according to their CAl values has been done in several publications. Genes that
are known (experimentally) to be highly expressed, at least during cellular fast
growth, include most ribosomal protein genes and genes coding for elongation
factors (tuf and fus) and some membrane genes. However, not all ribosomal
proteins have a high CAl value (57).

CODON BIAS (CB) BETWEEN GENE CLASSES We introduce a flexible way to
assess bias of one group of genes (or a single gene) relative to a second group of
genes (57). Leat be aclass of genes with aggregate codon frequeaiey, z)
normalized to 1 relative to each amino acid so that , ,_, ¢(X,y,2) = 1,

where the sum extends over all codamsy, z) translated to amino acid.

Let {f(X, Yy, 2)} indicate the codon frequencies for the gene family F, also
normalized to 1 in each codon family. We assess the codon bias of the gene
family F relative to the gene familg by the formula

BIFIO) =) pa(F) Y. 1T(xy,2)—cx Y, 2 [1]

a (x,y,2=a

where{pa(F)} is the set of amino acid frequencies of the combined genes of
F. Notice the asymmetry & (F | C) in that only the amino acid frequencies of

F appear as weights. We refer to the gene colledian the standard to which
different gene group&®, 7@, ..., F© are compared. The formula [1.] can
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also be applied to a subset of amino acids (e.g. restricted to charge or aromatic
amino acids). Some preliminary results for calculation of codon biases over
different gene classes are outlined next.

Anomalies of Ribosomal Proteins

The ribosomal protein family codon frequencies generally deviate strongly from
overall codon frequencies in many bacterial genomes (Table 5). The greatest
disparity occurs for thE. coliandB. subtilisgenomes about the same magnitude

of difference B(RP| Gg_ o) = 0.520 andB(RP| G 5,,) = 0.567. This strong

Table5 Relative codon bias?for three gene collections (all genes, ribosomal proteins,and amino acyl tRNA
synthetases) in several complete baterial genomes

E. coli H. influenzae H. pylori B. subtilis
(A\MC  all RPtRN all RPtRN all RPtRN all RPtRN
all * 530 297 * 398 179 * 107 70 * 555 163
RP 520 * 289 399 * 317 114 * 156 567 * 475
t RN 284 271 * 177 297 * 67 145 * 159 460 *
#ofgenes 4283 55 22 1680 50 21 1578 52 21 4098 52 24
M. genitalium M. pneumoniae Synechocystis sp. B. burgdorferi
{f}\{C} all RPtRN all RPtRN all RPtRN all RPtRN
al l * 132 65 * 134 100 * 223 91 * 157 47
RP 135 * 181 137 * 176 223 * 238 160 * 183
tRN 64 172 * 96 174 * 90 232 * 47 175 *
# of genes 466 50 20 677 50 19 3168 53 22 851 53 20
M. jannaschii M. thermoautotrophicum A.fulgidus
(A\MG  all RPERN all RPtRN all RPtRN
al | * 270 101 * 160 93 * 121 117
RP 256 * 196 161 * 177 126 * 105
t RN 100 211 * 92 178 * 116 96 *
#ofgenes 1686 60 18 1869 61 17 2408 61 19

2See formula[1]. All values are multiplied by 1000.
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codon bias of RP genes holds also for theénfluenzae, SynechocystsdM.
jannaschiigenomes. By contrast, codon usage of the ribosomal proteins in
the two reported Mycoplasma genom&s @enitalium andM. pneumoniag

H. pylori, andA. fulgidusis largely similar to that of the average gene. The
aminoacyl tRNA synthetases (tRN) have codon frequencies more similar to
the average gene (all) compared to RP, generally by a factor of two or more.
The foregoing results are consistent with the proposition that genes highly
expressed during exponential growth phase, which certainly include ribosomal
proteins, show highly biased codon usages. However, tRNA synthetases are
also essential genes and putatively highly expressed in the same environment,
but the codon bias is much reduced.

Why do the ribosomal proteins often register the largest codon bias in
E. coliandB. subtiliswith respect to their genomes, but markedly less for the
other complete genomes Bi. influenzagM. genitalium andM. jannaschi?

This may, in part, be due to the fast-growing naturé&otoli andB. subtilis
compared to other prokaryotes.

YEAST Theyeast$. cerevisiag(Table 6) nuclear RP codon usages are extrav-
agantly deviantfrom the average yeast protein, B(RP-nuclear|ydhgeast) =

0.743, whereas the mitochondrial RP codon frequencies of yeast are modestly
similar to the average nuclear gene codon frequencies B(RP-mitochdradirial
yeast)= 0.163. The tRN nuclear and mitochondrial genes produce moderately
similar biases, namely B(tRN-nuclegaG-yeast)= 0.175, B(tRN-mitoch|
all-yeast)= 0.107.

Table 6 Relative codon bias?for five gene collections (all genes,
nuclear ribosomal proteins, mitochondrial ribosomal proteins, nu-
clear aminoacyl tRNA synthetases, and mitochondrial aminoacyl
tRNA synthetases) in complete yeast genome

nuc  nt nuc mt

{}}\{C} al | RP RP t RN t RN

al | * 730 170 179 107

nuc- RP 743 * 781 563 844

nt - RP 163 763 * 275 184

nuc-t RNA 175 547 268 * 266
nt - t RNA 107 809 190 267 *
# of genes 6067 53 11 12 6

2See formula[1]. All values are multiplied by 1000.
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Relative Codon Usage Variation Among Bacterial
and Yeast Genomes

The average difference of codon usage of each genome relative to the other
genomes generally exceeds 300 (Table 7). The closdstcoli is B. subtilis

with B(Bsu| Eco) = 274 (see legend to Table 7 for species abbreviations).
Codon usage substantially deviant fréncoli genes occurs for the genes of

H. influenzag (B(Hin | Eco = 518), M. genitalium (B(Mge| Eco = 615),

M. jannaschij (B(Mja| Eco = 677) andM. thermoautotrophicun(B(Mth |

Ecg = 605). The greatest codon biases relativeHtainfluenzaeare seen

for the genes oMth and Afu; the least occurs foMge Hpy and Mth differ
significantly in codon frequencie®. subtilisas a standard entails codon bias
<500 from all other genomes (excdgdth). M. thermoautotrophicuniMth)

genes show codon biases persistently extreme relative to the other bacterial
genomes (excepting. fulgidug, all in excess of 530 (mostly 600 and several
>700). Notably,B(Afu| Mth) is only 279. By contrast, codon bias bf.

Table7 Relativecodon bias® among complete bacterial and yeast genomes(multiplied by 1000)

m\{C} Eco Hin Hpy Bsu Mge Mon Syn Bbu M a Mh Afu Sce G+C

Eco * 522 440 293 673 395 354 741 766 589 521 473 51%
Hi n 518 * 369 402 289 365 416 348 445 802 770 369 38%
Hpy 400 355 * 318 393 357 309 421 482 762 653 354 39%
Bsu 274 394 327 * 462 380 311 477 495 541 459 303 44%
Mye 615 276 382 442 * 393 462 233 286 834 786 335 32%
Mpn 398 379 355 385 402 * 276 520 524 616 559 278 40%
Syn 363 435 339 335 540 280 * 609 627 631 612 367 48%
Bbu 661 328 420 465 244 522 538 * 220 821 778 392 29%
M a 677 444 490 477 299 539 562 214 * 749 720 380 31%
M h 605 780 718 536 787 606 616 764 756 * 289 558 50%
Afu 552 768 625 466 758 565 616 735 720 279 * 507 49%
Sce 443 363 355 300 331 291 346 373 377 577 532 * 38%

Species are abbreviated as follows: Escherichia coli (Eco, includes 4283 annotated genes and ORFs),
Haemophilus influenzae (Hin, 1680 genes), Helicobacter pylori (Hpy, 1578), Bacillus subtilis (Bsu, 4098),
Mycoplasma genitalium (Mge, 466), Mycoplasma pneumoniae (Mpn, 677), Synechocystis sp. (Syn, 3168),
Borrelia burgdorferi (Bbu, 851), Methanococcus jannaschii (Mja, 1680), Methanobacterium thermoautotro-
phicum (Mth, 1869), Archaeoglobus fulgidus (Afu, 2408) and Saccharomyces cerevisiae (Sce, 6067).

aSee formula[1]. All values are multiplied by 1000.
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jannaschiistandard versull. genitaliumis strikingly low, 286, and otherwise
mainly >440.

Site 3 G+-C Frequencies Around the Genome

Each of the bacterial genomes were partitioned into ten contigs of about equal
lengths. The genes of each contig were assembled into a gene class. Figure 2
depicts the variation of site 3-&C frequencies for these ten gene classes.
E. coli and B. subtilisin the ter contig show S3% reduced by at least 5%
from genes near ori-C. ThB. subtilisS3% value is “symmetric” about ori-

C or ter increasing to a maximum about halfway between ori-C and the ter
region in both halves. S3 frequenciedHninfluenzaencrease slightly in both
directions from ori-C to amaximum n the ter contig. The archiegnnaschii

and A. fulgidusS3 frequencies are constant around their genomes, whereas
M. thermoautotrophicunis manifestly variable. Synechocystis is also rather
constant. These results support speculations connecting replication timing to
codon usage and to the possibility of multiple replication origins in several of
these genomes.

Codon Bias and “Alien” Genes

Genes within a species tend to be rather homogeneous in base composition
and in amino acid and codon usages, although the “highly expressed genes”
in bacterial genomes during exponential growth phase are often significantly
differentin codon usage and to a lesser extent in amino acid usage from the av-
erage gene. Prototypes of highly expressed genes in bacterial genomes include
ribosomal proteins, translation elongation factors, major chaperonins and some
outer membrane proteins. Other genes with high codon bias may be consid-
ered to be DNA imported through recent horizontal transfer or to be deviant
due to other disrupting influences. In terms of our codon bias assessments,
we characterize genes as “alien” if they fulfill the following criteria) ¢odon

bias (formula [1]) of geng compared to the average gene of the species ex-
ceeds an appropriately high threshold) ¢odon bias ofj relative to the set

of ribosomal proteins Bg| RP) is also appropriately high. Requiremei} (
excludes most “highly expressed genes” as alien genes. At the time of intro-
gression, horizontally transferred genes reflect the genome composition of the
donor genome that, however, over time shift to the DNA compositional “biases
and asymmetries” of the new genome (66, 67).

For theB. subtilisgenome, Figure 3 plots the codon biases of all long indi-
vidual genes (those of length at least 200 codons) relative to the average gene
on the vertical axis and to the class of RP genes on the horizontal axis [see (57)
for the corresponding analysis Bf coligenes]. Alien genes are defined such
that B @] all) > 0.42 and B ¢ | RP) > 0.45. By these criteria, we distinguish
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Figure 2 S3 (G+C at codon site 3) variation along the complete prokaryotic genomes. Each
genome was divided into ten disjoint contigs of equal lengths. For genomes with known localization
of the origin of replicationipper pané), the first contig (shown both at left and at right) is centered
atthe origin of replication. Opposite to the origin of replication is the contig containing the ter-region
(in the middle of the plot). For genomes where a unique origin of replication was not identified
(lower pane), the position of the first contig is arbitrary.
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Codon bias relative to ribosomal proteins

Figure 3 EachB. subtilisgene of>200 codons is represented by a point with coordinates corre-
sponding to its codon bias relative to the average gene and codon bias relative to ribosomal proteins.
Thresholds for identifying alien and highly expressed genes are indicated by dashed lines.

88 alien genes, including 77 ORFs of unknown function. The distribution of
alien genes contains seven clusters C1,.C2, C7 consisting almost entirely
of ORFs: C1 contains 6 or 7 genes in a 10-kb segment (first gene of C1 starts
at position 546697—Ilast gene of C1 starts at position 556476); C2, 2 genes
(654940-656245); C3, 4 or 5 genes (737109-744359); C4, 2 genes (2068284—
2070341); C5, 3 genes (3463825-3466120); C6, 8 genes (4124150-4137998);
and C7, 4 genes (4172873-4175077).

The highly expressed genes are defined by the codon bias valuesiB (g
0.42 butB (g RP)< 0.45. Table 8 lists all long genes 200 codons) satisfying
these criteria. These include 6 large RPs; the elongation factors EF-G, EF-Tu,
EF-Ts; a number of mainstream glycolysis genes (triose phosphate isomerase,
phosphoglycerate kinase, g3pd, enolase, aldolase, pyruvate dehydrogenase E1,
E2 and E3 subunits); and three chaperonin proteins (DnaK, GroEL and PrsA).
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Table8 Putative highly expressed genes (seetext for details) of length > 200 codonsin B. subtilis

genome
Position in Gene Bias® Bias® S3% Function/Pathway/Subcellular locationd
the genome? All RP
19060 + yaaD 469 272 32.4 h.p.
119107 + rpla 715 286 30.7  ribosomal protein L1
130683 + fus 601 198 31.5 elongation factor G
132881 + tufA 789 292 30.6  elongation factor Tu
135710 + rplC 648 292 30.8 ribosomal protein L3
136367 + rplD 690 259 29.1  ribosomal protein L4
137309 + rplB 689 266 29.4 ribosomal protein L2
138840 + rpsC 596 257 31.8  ribosomal protein S3
649950 + groEL 612 303 38.1  heat-shock protein
976578 + yhbJ 515 368 27.3  hp.
1070718 - prsA 431 413 39.2 molecular chaperonin
1298543 + yjlD 568 286 35.5 hp.
1442338 + ykvO 519 368 27.1 h.p.
1466813 - ykwD 453 324 33.2 h.p.
1488378 + ykuQ 470 352 39.6 h.p.
1527731 + pdhA 427 266 34.3  pyruvate dehydrogenase E1 alpha subunit
1528850 + pdhB 519 237 32.7  pyruvate dehydrogenase E1 beta subunit
1529942 + pdhC 486 221 31.7  pyruvate dehydrogenase (dihydrolipoamide
acetyltransferase E2 subunit)
1531275 + pdhD 512 222 33.1 dihydrolipoamide dehydrogenase E3 subunit
1717325 + rpsB 624 287 33.9  ribosomal protein S2
1718167 + tsf 628 311 31.9  elongation factor Ts
1877669 + glnA 457 343  41.1  glutamine synthetase
2096231 - yocd 584 364 29.5 h.p.
2127057 + yodC 436 439 36.8 h.p.
2235510 + yonB 452 351 27.3  hp.
2239580 + yomU 431 387 26.0 h.p.
2585317 - sodA 483 291  41.3  superoxide dismutase
2627213 - dnakK 519 301 34.9  heat-shock protein
2886690 ~ tig 537 251 30.0 trigger factor (prolyl isomerase)
2893809 - ilve 432 448 37.5  ketol-acid reductoisomerase,
valine/isoleucine biosynthesis=
3356049 - yurU 448 291 45.7 h.p.
3359839 - yurY 520 416 46.5 h.p.
3361650 - Yyusa 445 282 38.0 h.p.
3445139 -~ yvaB 434 393 38.1 h.p.
3476910 - eno 673 306 40.8  enolase, glycolysis
3479229 - tpi 520 368 42.5 triose phosphate isomerase, glycolysis
3480444 - pgk 498 403  40.5 phosphoglycerate kinase, glycolysis
3481768 - gap 725 354 34.1  g3pd, glycolysis
3535072 + sacB 432 366 41.5  levansucrase
3634961 - hag 568 252 29.7  flagellin protein
3781967 - atpD 487 391  40.5  ATP synthase (subunit beta)
3784441 - atpA 443 403  44.3  ATP synthase (subunit alpha)
3801221 - ywka 457 239 33.0 h.p.
3808422 - fbaa 573 236 32.4 fructose-1,6-bisphosphate aldolase,
glycolysis
3988024 + yxkC 484 404 24.1 h.p.

3position of the trandation initiation site and geneorientation (+ or —);?Codon bias multiplied by 1000 relative
to the average B. subtilis gene; “Codon bias multiplied by 1000 relative to B. subtilis ribosomal proteins;
dAbbreviations used in the table: h.p. = hypothetical protein, g3pd = glyceral dehyde-3-phosphate dehydrogenase.
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Figure 4 Plot of sliding windows*-differences of each 50 kb segment compareB .tgubtilis
genome signature.

This collection of highly expressed proteins parallels the highly expressed pro-
teins ofE. coliandH. influenzaddata not shown).

Sliding Window Genomic-Signature Analysis

Itis useful to plot at each position for a 50-kb window*adifference compared
to the average genomic signature (Figure 4)Blsubtilistheses*-difference
values peak about position 2.18 Mb to 2.28 Mb. This region conatains many
ORFs including many alien genes and is also the most deviant 50-kb window in
amino acid usuages and in gene codon bias. The second peak extending from po-
sition 2.65 Mb to position 2.75 Mb is also abundant with ORFs and alien genes.
Pathogenicity islands (Pa-i) contain genes that cause diseases such as genes
encoding invasins, adhesins, and secretion factors that often are sources of tox-
ins. Pathogenicity islands are a subset of specialization islands (linked blocks
of genes with related functions present in some closely related strains or
species but not in others such as COB opero8.afyphimuriufqn These is-
lands generally deviate sharply int& content from the average global genome
G+C frequency. Other means of discriminating islands exploit the genomic
signature profile and codon bias of the island genes compared to the genomic
signature profile and codon bias relative to the average gene, respectively. We
illustrate these ideas with respect to thepylorigenome. Theél. pylorigenome
sequence has a known pathogenicity island about 37 kb in lecagifegion)
(23,29). ThecagAregion is the most deviant in terms of genomic signature
from the rest of the genome (see Figure 5). Explicitly, the avetagifference
betweerncagAand all otheH. pylori genomic segments of the same length is
0.123, significantly higher thasi*-differences among all other segments (av-
erage 0.031; range 0.006 to 0.110). In comparing the codon bias of the genes
in each 50-kb segment to the averadjepylori gene, Figure 5 shows that the
cagAregion carries the highest codon bias.
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Figure 5 Local genomic characteristics in sliding windows of 50 kb in Hedicobacter pylori
genome. Position of known pathogenicity island (Cag-region) is indicated in the top panel.

DNA DUPLEX AND COMPOSITIONAL ASYMMETRY

Several recent studies have uncovered strand compositional asymmetry between
the two DNA strands in certain bacterial genomes (68, 72) (see Figure 6). A
prevalence of G over C in the leading strand relative to the lagging strand
was observed in the genomeskfcoli, of B. subtilis of M. genitalium and
marginally ofH. influenzagM. pneumoniagandH. pylori. The linear genome

of B. burgdorferidivides into two halves of opposite G-C predominance. By
contrast, dinucleotide relative abundances are approximately congruent with
respect to the leading and lagging strands for all prokaryotic and eukaryotic
genomes. The bias of the leading strand favoring G over C irEtheoli
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Figure 6 Sliding window plots of (G-G)/(C+G) counts forB. subtilisand Synechocystisp.
complete genomic DNA. Origin of replication B. subtilisis located at 0 Mb.

genome is at variance with the common belief (e.g. 28) that large contigs of
each strand ift. coliand most genomes tend to be approximately equal in G
and C and approximately equal in A and T base content.

Strand compositional asymmetry is not observed in the cyanobact8yines
chocystissp. genome nor in the archaeal genomebiojannaschii, M. ther-
moautotrophicum, A. fulgidugsndP. aerophilum Several eukaryotic chromo-
somes (and long stretches) including the entire yestérevisiaggenome
(16 chromosomes), three chromosome€ oélegansthe bithorax region (340
kb) of D. melanogasterthe human T-cell receptor beta locus (670 kb on chro-
mosome 7), and the BRCA2 gene region (780 kb on chromosome 14), show
no distinctive strand asymmetry.

The most consistent explanation of the data is that mononucleotide strand
asymmetry in a prokaryotic genome is a consequence of a unique origin of
replication coupled to bidirectional replication that favors purines (especially
G > C) on the leading strand. Along these lines, strand compositional asym-
metry is not apparent in the genomes of organisms known to possess multiple
origins of bidirectional replication present on average about every 50 kb apart.
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A propos, no origin of replication has been identified in the archaea at hand, and
it has been conjectured that many archaeal genomes possess multiple origins
of replication (74).

Lobry (68) associates the basis of strand compositional asymmetry to repli-
cation mutational and repair biases different in the leading versus lagging
strands. Francino & Ochman (30) emphasize a mutational bias associated
with transcription-coupled repair mechanisms and deamination evertsTC
mutations in coding sequences). Other sources of compositional strand asym-
metry might include enzymological and architectural asymmetry at the repli-
cation fork, differences in signal or binding sites in the two strands, differences
in gene density coupled with amino acid and codon biases between the two
strands, and dNTP pool fluctuations during the cell cycle. It appears likely
that there is no single cause of the strand compositional asymmetry but rather
a melange of many influences. In this context, multiple replication origins
putatively attenuate strand compositional asymmetry (72).
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